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Cell Division Drives Epithelial Cell Rearrangements during Gastrulation in Chick

to be part of the birth of a new lab; it was an incredible adventure. All along these years you have been a mentor to me, I learnt how to do science but also how to deal with science with you. PhD was not always easy but you'

Résumé des travaux de thèse

Au cours du développement, les membres émergent de l'embryon sous forme de bourgeons qui vont ensuite croître pour former la structure tridimensionnelle complexe et fonctionnelle qu'est le membre. La position des membres le long de l'axe antéropostérieur d'un organisme est spécifique et reproductible au sein d'une espèce donnée. Cependant, cette position est extrêmement variable quand on compare différentes espèces entre elles. Comment les membres acquièrent cette position spécifique et quels mécanismes sont à l'origine des variations observées entre différentes espèces reste à ce jour non élucidé. Des études corrélatives ont montrés que ces variations sont associées à celles de l'expression des gènes Hox. De part leur rôle dans la mise en place des axes embryonnaires, ces gènes sont depuis longtemps suspectés de jouer un rôle dans le positionnement des membres. Lors de ce projet de thèse, j'ai posé l'hypothèse que la position des membres est établit précocement au cours du développement et que les précurseurs du membre acquièrent cette information de position au cours de la gastrulation alors même que la lame latérale (i.e. le tissue d'origine des membres) se forme. Et j'ai exploré le rôle des gènes Hox dans ce processus.

En combinant des techniques d'embryologie classique avec des approches moléculaires et d'imagerie en vidéo microscopie chez l'embryon de poulet, j'ai pu établir le rôle précoce et direct des gènes Hox dans la régulation de la position de l'aile chez les oiseaux.

J'ai montré que la formation de la Lame Latérale est un processus graduel qui s'étend sur 24h et au cours duquel les domaines du membre antérieur, du flanc et du membre postérieur sont progressivement déposé le long de l'axe antéropostérieur de l'embryon ; domaines dont la position est déterminé en sortie de gastrulation (soit 24h avant l'initiation des membres). J'ai montré que l'activation colinéaire des gènes Hox au cours de la gastrulation régule la formation des domaines membre en non-membre en régulant le timing d'ingression des cellules précurseurs de la Lame Latérale. Par cette activation colinéaire, les gènes Hox forment ainsi leur propre domaines d'expression caractéristiques dans la Lame Latérale ; domaines qui sont depuis longtemps suspectés de réguler le positionnement des membres le long de l'axe anteropostérieur. A l'aide d'approches de gain et de perte de fonction, j'ai pu déterminer que c'est la position de ces domaines d'expression caractéristique des gènes Hox qui positionne les domaines du membre antérieur et du flanc par une action combinée d'activation (venant des gènes Hox antérieurs tel que Hoxb4) et de répression (venant des gènes postérieurs tel que Hoxb9) sur le programme d'initiation du membre antérieur (i.e. Tbx5).

A l'aide d'une analyse comparative d'embryons de différentes espèces d'oiseaux (le diamant mandarin, le poulet et l'autruche) présentant des variations naturelles de la position de leurs ailes le long du corps, j'ai pu montrer que des changements relatifs dans l'activation colinéaire des gènes Hox au cours de la gastrulation préfigurent des variations relatives dans l'organisation spatial de l'expression de ces gènes dans Lame Latérale et par conséquent les variations naturelles de la position de l'aile. De plus, j'ai montré chez l'embryon de poulet, qu'une modulation de la voie de signalisation de l'Acide Rétinoïque au cours de la gastrulation induit des changements relatifs dans la mise en place des domaines d'expression des gènes Hox dans la Lame Latérale et en conséquence de la position du domaine du membre antérieur.

A partir de l'ensemble de ces résultats, je propose que l'activation colinéaire des gènes Hox à la gastrulation régule la position des membres le long du corps et qu'un changement dans la séquence temporelle d'activation de ces gènes sous-tend les variations naturelles de la position de l'aile chez les oiseaux. 1. ............................................... 2. The forelimb position ................................................................................................... 3. The hindlimb position ................................................................................................... 4. Key points about the regulation of limb position ....................................................... and limb initiation .................................................................................... 3. Wnt and Fgf signaling pathways ............................................................................... The tetrapod limb structure and its development are fascinating for developmental biologists. Starting from a small, undifferentiated bud of mesenchymal cells localized at a very specific position along the body axis, the limb develops into a highly organized structure in the three dimensions. Its fundamental structure is subdivided in three elements (arm/leg, forearm/lower leg and hand/foot), conserved throughout evolution (from fins to wings and arms), to form a structure altogether highly robust, mobile and adaptable. Observing the wide variety of limbs across tetrapod species raises fascinating questions. How come we have four limbs and not six or even more? How does the forelimb grow differently than the hindlimb? How is the limb patterned into the proper arm/forearm/hand structure? How the limb growth is precisely regulated between left and right? And many others… Lastly, one key question remains largely unresolved up to date: how the position of limbs along the body axis is precisely controlled? A question that I will tackle throughout this work.
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II. A great experimental model

The limb is an excellent experimental model for developmental biology and has been studied for over 100 years [START_REF] Harrison | Experiments on the Development of the Limbs in Amphibia[END_REF]. Because the limb is not a vital organ and is easily accessible, it can be experimentally and genetically manipulated to decipher the important cellular and molecular mechanisms that regulate limb development and morphogenesis. It is thus a great model to study more general and fundamental aspects of development and morphogenesis; such as coordinated cell proliferation, death and movements, cell-cell interactions or integration and interpretation of positional information; at the genetic, molecular, cellular and tissue levels. Thus, over the years, the limb has become a key model in the field of developmental biology.

III. A source of human malformations

Limb congenital malformations are the second most common type of human malformation, with a penetrance of 1 in 500 births. These malformations can range from limb truncations for the most severe cases, to more subtle alterations in the number, length or anatomy of the digits. The causes of these malformations are diverse, from genetic mutations (e.g. Holt-Oram syndrome), environmental factors (e.g. exposure to teratogens) or physical constraints (e.g. amniotic band syndrome) [START_REF] Vandermeer | cis-regulatory mutations are a genetic cause of human limb malformations[END_REF]. In the perspective of better understanding how these malformations arise and of finding potential treatments or preventions, it is essential to study limb development in order to decipher the mechanisms of limb positioning, initiation, outgrowth and patterning.

IV. Limb development in history

Over the years, studies on limb development have been the source of discoveries with a major impact on our understanding of common principles on cellular and molecular interactions governing development and morphogenesis in general. Pioneer works come from classical embryology studies from the past century that used the chicken limb to perform ablations and transplantations experiments. These experiments highlighted, before any sign of genetic and molecular regulation, the regulative control of specific tissues or specific groups of cells on the limb development. Notably, using these approaches, [START_REF] Saunders | The proximo-distal sequence of origin of the parts of the chick wing and the role of the ectoderm[END_REF] and [START_REF] Summerbell | A quantitative analysis of the effect of excision of the AER from the chick limb-bud[END_REF] showed that removing the Apical Ectodermal Ridge (AER), an ectodermal thickening at the dosoventral margin of the limb bud, results in limb truncation [START_REF] Saunders | The proximo-distal sequence of origin of the parts of the chick wing and the role of the ectoderm[END_REF][START_REF] Summerbell | A quantitative analysis of the effect of excision of the AER from the chick limb-bud[END_REF]. They revealed that cell-cell interaction between the ectoderm and the underlying mesoderm is essential for limb bud outgrowth; and were among the first to describe an epithelial-mesenchymal cell-cell communication; a process that has proven to be crucial in development as well as in many disease processes such as cancer (reviewed by [START_REF] Ribatti | Epithelial-mesenchymal interactions: a fundamental Developmental Biology mechanism[END_REF].

One important question in the field of developmental biology is to understand how, from an undifferentiated pool of cells, a patterned structure can emerge. Digit formation from the undifferentiated handplate is a perfect illustration of this question. The two main influential models that tackle this question are the "reaction diffusion" model from Alan Turing and the "French flag" or "positional information" model from Lewis Wolpert [START_REF] Turing | The chemical basis of morphogenesis[END_REF][START_REF] Wolpert | Positional information and the spatial pattern of cellular differentiation[END_REF]. The French flag model is based on the concept of morphogen, a diffusible molecule. The morphogen is produced asymmetrically creating a concentration gradient that acts as positional coordinates. The analogy to the French flag is used by Wolpert to represent the effect of a morphogen gradient on cell specification where different morphogen concentrations activate the "blue", "white" or "red" gene [START_REF] Wolpert | Positional information and the spatial pattern of cellular differentiation[END_REF]. The "reaction diffusion" model is a self-organizing system based on two morphogens, homogeneously distributed, that interact with each other: a short-range activator and a longrange inhibitor that diffuses faster than the activator. A slight fluctuation in the homogenous system associated with the different diffusion rates of the two morphogens drives the formation of periodic peaks of activator ("peaks and valleys" of morphogen concentration), hence creating periodic patterns [START_REF] Turing | The chemical basis of morphogenesis[END_REF]. The study of digit formation has played a central role to explore and challenge both of these models. Wolpert's model has been favored over Turing's one for decades, first because it seemed more intuitive conceptually, but more importantly because experimental evidence seemed to favor this theory. The identification of a gradient of Sonic Hedgehog (Shh) emanating from the posterior mesenchyme of the limb bud, strongly supported the "positional information" model [START_REF] Riddle | Sonic hedgehog mediates the polarizing activity of the ZPA[END_REF][START_REF] Tickle | Positional signalling and specification of digits in chick limb morphogenesis[END_REF]. However a revival interest for Turing "reaction diffusion" model is growing more and more, especially concerning the emergence of polydactyly phenotypes. In a recent study, using a reaction-diffusion based model, authors could predict polydactyly phenotypes observed in specific Hox and Fgf mutants [START_REF] Sheth | Hox Genes Regulate Digit Patterning by Controlling the Wavelength of a Turing-Type Mechanism[END_REF]). An idea that was initially proposed 40 years ago but that was not very successful because of a lack of experimental evidence at that time [START_REF] Newman | Dynamics of skeletal pattern formation in developing chick limb[END_REF]. These two examples, far from being exhaustive, highlight the important impact of the discoveries that were made by studying limb development over the years (reviewed by [START_REF] Green | Positional information and reaction-diffusion: two big ideas in developmental biology combine[END_REF].

Because chicken embryos are easy to access and manipulate, this model has played a central role in the study of limb development over the years. As emphasized above, using the classical microsurgery manipulations in this animal, key signaling centers for limb development, such as the Apical Ectodermal Ridge (AER) that promotes the proximo-distale outgrowth of the limb, and the Zone of Polarizing Activity (ZPA) that patterns the digits along the AP axis (from thumb to little finger) [START_REF] Saunders | The proximo-distal sequence of origin of the parts of the chick wing and the role of the ectoderm[END_REF][START_REF] Saunders | Ectodermal and mesenchymal interactions in the origin of limb symmetry[END_REF], were identified). The role of some key molecules for limb development was also discovered in the chick embryo such as Shh, the polarizing factor produced by the ZPA, that was first cloned and identified in the chicken [START_REF] Riddle | Sonic hedgehog mediates the polarizing activity of the ZPA[END_REF], or Fibroblast Growth Factors (FGFs); these molecules have a limb inducing capacity that was discovered in chicken [START_REF] Cohn | Fibroblast growth factors induce additional limb development from the flank of chick embryos[END_REF][START_REF] Ohuchi | An Additional Limb Can Be Induced from the Flank of the Chick Embryo by FGF4[END_REF][START_REF] Ohuchi | Correlation of wing-leg identity in ectopic FGF-induced chimeric limbs with the differential expression of chick Tbx5 and Tbx4[END_REF][START_REF] Yonei-Tamura | FGF7 and FGF10 Directly Induce the Apical Ectodermal Ridge in Chick Embryos[END_REF]. Thus the chicken embryo, as a model to study limb development, has proven to be very useful and remains nowadays a great model to use with access to classical and modern approaches for the study of cellular dynamics, molecular and genetic interactions.

Chapter 2: Origins of the limb

I. Limbs originate from the Lateral Plate Mesoderm

Limbs initiate from a mesodermal tissue called the Lateral Plate Mesoderm (LPM) that lies along the AP axis of the embryo (Figure 1A). They emerge as small buds at very specific and reproducible positions along the body axis of the embryo (Figures 1A and1C) and further elongate to form a limb (Figure 1D). To introduce what is known about limb position, I will first tackle the question of their origin.

As mentioned above, limbs have a mesodermal origin. The mesoderm lies in between the ectoderm (dorsally) and the endoderm (ventrally) and is divided into three different tissues: the paraxial mesoderm further segmented into somites, that will give rise, among other things, to the vertebrae and skeletal muscles; the intermediate mesoderm that principally gives rise to the kidney and the LPM, the most lateral of these mesodermal tissue (Figure 1B).

The LPM is composed of two layers separated by the coelomic cavity (Figure 1B):

-

The splanchnic mesoderm or splanchnopleure, a ventral layer that will give rise to most of the visceral organs (first and second heart fields, lung and gut mesenchyme, blood islands…)

-
The somatic mesoderm or somatopleure, the dorsal layer of the LPM, that will give rise to the limbs but also to the body wall mesenchyme and connective tissues.

The LPM, together with the other mesodermal tissues, is formed in the early steps of development during a major process called gastrulation. 

II. Formation of the Lateral Plate Mesoderm 1. Gastrulation -general principles

The LPM forms during gastrulation; a major morphogenetic process during which the fundamental body plan of the embryo is established. This process leads to the formation, from an undifferentiated pool of cells, of the three embryonic germ layers, the ectoderm, mesoderm and endoderm. Before gastrulation, the embryo is composed of a sheet of epithelial cells called epiblast cells. During gastrulation, these cells undergo large-scale morphogenetic movements resulting in the internalization of a subpopulation of these epiblast cells. In vertebrates, two different internalization strategies are observed [START_REF] Stower | The evolution of amniote gastrulation: the blastopore-primitive streak transition[END_REF]:

-The Involution strategy: a layer of internalizing cells slide on the inner surface of an upper layer of cells. They internalize through a blastopore lip.

This strategy is used by anamniote vertebrates (i.e. fish and amphibians) -The Ingression strategy: cells internalize as single units and not as an intact layer of cells. They undergo an Epithelial to Mesenchymal Transition (EMT)

where they lose their epithelial characteristics and become mesenchymal cells. They ingress through a structure called the primitive streak. This is a strategy used by amniote vertebrates (such as mammals or avian species)

Internalized cells further migrate away from the primitive streak and will form the mesoderm and endoderm layers. Cells that do not internalize form the neurectoderm layer precursor of neural and ectodermal tissues.

Gastrulation in amniotes

Avian species

In birds, the egg is fertilized and then passes down the oviduct before being laid.

During this time (about 22h in chicken), the cleavage stage, first step of development, takes place. When the egg is laid, the embryo is a flat disc organized in a monolayer of about 30.000 epithelial cells called the epiblast. As development proceeds, this epithelial sheet undergoes large-scale morphogenetic movements. These cell movements were first described in 1929 [START_REF] Gräper | Die Primitiventwicklung des Hühnchens nach stereokinematographisen Untersuchungen, kontrolliert durch vitale Farbmarkierung und verglichen mit der Entwicklung anderer Wirbeltiere[END_REF] and named "Polonaise movements" after a polish dance which choreography resembles them. Two counter-rotational flows of cells move toward the posterior midline of the embryo and merge to form the primitive streak (Figure 2A, stage HH2 according to the Hamburger and Hamilton staging classification; Hamburger and Hamilton, 1992), a thick structure composed of accumulating epiblast cells, that further elongates towards the center of the embryo (Figure 2A, stage HH4). This is the site through which cells ingress to form the mesoderm and endoderm tissues (Figure 2B), and it represents the future midline of the embryo. As gastrulation proceeds, the primitive streak keeps elongating and reaches its full length at the stage HH4. Then the anterior tip of the primitive streak, called the Hensen's node (equivalent to the Spemann's organizer in amphibians), starts to move posteriorly and the primitive streak regresses [START_REF] Spratt | Regression and shortening of the primitive streak in the explanted chick blastoderm[END_REF] (Figure 2A, stage HH5). Cells keep ingressing through the streak and progressively form the different structures of the embryonic body (i.e.

the notochord, paraxial, intermediate and lateral mesoderm and endoderm tissues) in a rostral to caudal direction (Figure 2A, stage HH7).

Once they have ingressed, cells migrate away from the primitive streak. They follow stereotypical trajectories to reach their final position in mesodermal or endodermal tissues.

These movements have been proposed to be regulated by a combination of negative and positive chemotaxis mediated by FGF signaling molecules [START_REF] Yang | Cell Movement Patterns during Gastrulation in the Chick Are Controlled by Positive and Negative Chemotaxis Mediated by FGF4 and FGF8[END_REF]. Just after ingression, cells are exposed to high levels of FGF8 (from the primitive streak) that acts as a chemorepellent and triggers them to migrate away from the streak. As the node regresses, the source of FGF8 moves away and mesodermal cells become exposed to a second FGF molecule, FGF4 (from the Hensen's node and the notochord). FGF4 acts as a chemoattractant and attracts the cells back towards the midline to form the different mesodermal tissues [START_REF] Yang | Cell Movement Patterns during Gastrulation in the Chick Are Controlled by Positive and Negative Chemotaxis Mediated by FGF4 and FGF8[END_REF]. At later stages of gastrulation, when the primitive streak has regressed for more than 50% of its original length and when the head process and the first somites are forming (stage HH7 and onward), mesodermal cells still follow stereotypical migration path. Cells originating from the anterior part of the primitive streak keep a medial trajectory and form the paraxial mesoderm while cells that originate from the posterior part of the primitive streak migrate more, following a lateral trajectory, and form the lateral mesoderm (Sweetman et al., 2008). It was proposed that the stereotypical migration of nascent mesodermal cells is controlled by different Wnt signals (Sweetman et al., 2008). Authors demonstrate that Wnt3a and Wnt5a affect cell migration antagonistically. Wnt3a, expressed by cells in the anterior part of the primitive streak, prevents migration while Wnt5a, expressed by cells in the posterior part of the primitive streak, promotes migratory behaviors (Sweetman et al., 2008).

These complementary effects of different Wnt ligands enable proper allocation of progenitor cells into the different mesodermal tissues.

Mammalian species

Gastrulation in mammals is remarkably similar to gastrulation in avian species.

Mammals are composed of about 5000 living species and in most of these species, except rodents, gastrulating embryo is a flat disk of epiblast cells that will undergo large-scale movements to form a primitive streak at the posterior end of the disk. The streak elongates and further regresses and cells ingress to form the mesoderm and endoderm tissues. However, most of our knowledge on mammalian gastrulation comes from the study of mouse development and it appears that the morphology of rodent embryos before and during gastrulation is unique among mammals. Instead of a flat disk of cells, the blastocyst is arranged in a cup-like structure called the "egg-cylinder" composed of an inner layer of epiblast cells surrounded by an outer epithelial layer called the visceral endoderm (Figure 2C). The primitive streak forms at the posterior end of the embryo and cells ingress to form mesodermal and endodermal tissues. Due to this "egg-cylinder" morphology, the germ layers are initially reversed with an inner layer of ectoderm, middle layer of mesoderm and outer layer of endoderm; inversion that will be resolved later by a morphogenetic process called the embryonic turning. This three-dimentional structure complicates analysis of the dynamic gastrulation movements and is a clear disadvantage as compared to the two-dimentional chicken gastrula. Thus the chicken embryo remains a better model to study the dynamics and mechanisms of gastrulation than rodent embryos. I will thus focus this introduction on gastrulation and the formation of mesodermal tissues in the avian model.

Lineage analysis of mesodermal tissues to define their origin

As described above, gastrulation is a highly dynamic process; temporally, it lasts about 48h in the chicken, as well as spatially with the elongation and regression of the primitive streak. To define the origin of ectoderm, mesoderm and endoderm tissues in chicken embryo, the fate of the epiblast has been mapped at various developmental stages and using various tracing methods (Garcia-Martinez and Schoenwolf, 1993;Garcia-Martinez et al., 1993;[START_REF] James | Patterning of the Avian Intermediate Mesoderm by Lateral Plate and Axial Tissues[END_REF][START_REF] Lawson | Epiblast and primitive-streak origins of the endoderm in the gastrulating chick embryo[END_REF][START_REF] Lopez-Sanchez | Localization of Cells of the Prospective Neural Plate, Heart and Somites within the Primitive Streak and Epiblast of Avian Embryos at Intermediate Primitive-Streak Stages[END_REF]Psychoyos and Stern, 1996;Sawada and Aoyama, 1999 for the most recent work). These lineage analyses reflect the dynamic movements observed during gastrulation. As an example, at stage HH3, the prospective somitic mesoderm in the epiblast is found lying on each side of the primitive streak, lateral to the heart precursor cells (that localize in the primitive streak), and extends all along the primitive streak [START_REF] Lopez-Sanchez | Localization of Cells of the Prospective Neural Plate, Heart and Somites within the Primitive Streak and Epiblast of Avian Embryos at Intermediate Primitive-Streak Stages[END_REF]. At later stage (HH4), the prospective somitic mesoderm occupies the rostral third of the primitive streak and the adjacent epiblast, while the heart precursor cells have already disappeared (Garcia-Martinez and Schoenwolf, 1993;Garcia-Martinez et al., 1993). This evolution of somitic compartment origin in the epiblast illustrates well how dynamic gastrulation is.

Principally using die injections and quail-chick transplantation experiments [START_REF] Le Douarin | A biological cell labeling technique and its use in experimental embryology[END_REF], general lineage analyses of all mesodermal tissues were performed (Garcia-Martinez et al., 1993;Iimura and Pourquié, 2006;[START_REF] Lopez-Sanchez | Localization of Cells of the Prospective Neural Plate, Heart and Somites within the Primitive Streak and Epiblast of Avian Embryos at Intermediate Primitive-Streak Stages[END_REF]Psychoyos and Stern, 1996;Sawada and Aoyama, 1999) and resulted in the establishment of a rather complete fate map of the chicken epiblast (Figure 3). Two important informations emerge from these lineage experiments.

(1) The antero-posterior (AP) axis within the primitive steak transforms into the medio-lateral (ML) axis in mesoderm tissues (Garcia-Martinez et al., 1993;Psychoyos and Stern, 1996;Sawada and Aoyama, 1999). Precursors of paraxial mesoderm are localized in a more anterior part of the primitive streak than precursors of the intermediate mesoderm, themselves localized more anteriorly than the LPM precursors (Iimura and Pourquié, 2006;[START_REF] James | Patterning of the Avian Intermediate Mesoderm by Lateral Plate and Axial Tissues[END_REF]Psychoyos and Stern, 1996). The primitive streak is subdivided along the AP axis into several regions (Figure 3):

-Cells in the Hensen's node are precursors of the prospective anterior and axial structures (i.e. notochord, heart, head mesenchyme and foregut) (red shaded area, Figure 3)

-
The most rostral fourth of the primitive streak corresponds to the prospective paraxial mesoderm or somites (orange shaded area, Figure 3)

-
The prospective intermediate mesoderm overlaps with the posterior part of the somitic precursors and extends posteriorly (yellow shaded area, Figure 3)

-
The medial third of the primitive streak correspond to the prospective LPM (green shaded area, Figure 3) -Cells from the most posterior part of the primitive streak will form extraembryonic membranes (blue shaded area, Figure 3) No clear boundaries separate the different domains that largely overlap and this pattern changes over time but the primitive streak can be represented, form anterior to posterior, as aligned regions of the prospective notochord, somites, intermediate mesoderm, lateral plate mesoderm and extraembryonic membranes (Garcia-Martinez et al., 1993;[START_REF] James | Patterning of the Avian Intermediate Mesoderm by Lateral Plate and Axial Tissues[END_REF]Psychoyos and Stern, 1996;Sawada and Aoyama, 1999) (Figure3).

(2) Time plays a key role in mesoderm formation. Anterior structures are produced earlier than posterior ones. The most anterior mesodermal structures of the embryo (i.e. the heart, the head mesenchyme and the foregut) are produced between stages HH3 and HH4

when the primitive streak is elongating. By late stage HH4, all the cardiac precursors have ingressed while the trunk mesoderm begins to gastrulate at this stage (Garcia-Martinez and Schoenwolf, 1993;[START_REF] Lopez-Sanchez | Localization of Cells of the Prospective Neural Plate, Heart and Somites within the Primitive Streak and Epiblast of Avian Embryos at Intermediate Primitive-Streak Stages[END_REF]Psychoyos and Stern, 1996). It shows that time during gastrulation translates into spatial information in mesoderm. This correlation between time and the AP axis is also observed within the somitic compartment where Sawada et al, showed that precursors of the cervical somites ingress earlier than precursors of the thoracic somites themselves ingressing earlier than the lumbosacral somites (Garcia-Martinez and Schoenwolf, 1993;[START_REF] Lopez-Sanchez | Localization of Cells of the Prospective Neural Plate, Heart and Somites within the Primitive Streak and Epiblast of Avian Embryos at Intermediate Primitive-Streak Stages[END_REF]Psychoyos and Stern, 1996). Hence, the vertebrate body axis is progressively formed as gastrulation proceeds.

The epiblast origin of mesodermal and endodermal tissues seems to be conserved in avian and mammals. Indeed, when the epiblast fate map of chicken is compared to the one of other species (i.e quail and mouse), they are remarkably conserved [START_REF] Kinder | The orderly allocation of mesodermal cells to the extraembryonic structures and the anteroposterior axis during gastrulation of the mouse embryo[END_REF]Sawada and Aoyama, 1999).

Patterning of mesodermal tissues during gastrulation

The three body axes (i.e. the AP axis, from head to tail; the ML axis, from notochord to LPM; and the dorso-ventral (DV) axis, from ectoderm to endoderm) are established during gastrulation. After this process, the mesodermal tissues all exhibit a specific patterning along the AP axis:

-The paraxial mesoderm produces the vertebrae showing distinct identities and morphologies along the AP axis

-

The intermediate mesoderm gives rise to the embryonic precursors of the kidney (i.e. pronephros, mesonephros and metanephros) also patterned along the AP axis

-
The LPM is subdivided along the AP axis into forelimb (FL), interlimb (IL)

and hindlimb (HL) domains.

This raises the conceptually interesting question whether these different tissues could be patterned along the AP axis during their formation

The paraxial mesoderm is patterned during gastrulation

The paraxial mesoderm starts to be produced at gastrulation stage HH4, up to stage HH10 (10 to 12 somites) (Psychoyos and Stern, 1996;Sawada and Aoyama, 1999) and originates from the anterior fourth of the primitive streak and the adjacent epiblast (Figure 3).

The AP position of cells in the somites reflects their timing of production during gastrulation.

Using die injection and transplantation experiments, it was shown that the ingression timing of somitic precursor cells defines their position in the somites: the later cells ingress, the more posterior they are localized in the somitic mesoderm (Iimura and Pourquié, 2006;Sawada and Aoyama, 1999). To test whether the somitic mesoderm is patterned during gastrulation, Iimura and Pourquié (2006) performed a series of heterochronic transplantation experiments in chicken. They could show that the patterning of the somitic mesoderm along the AP is already determined in the primitive streak (Iimura and Pourquié, 2006). Cells transplanted heterochronically from the primitive streak of an old embryo into a young embryo reach a more posterior region in the somites than cells transplanted homochronically. On the opposite, cells transplanted heterochronically from the primitive streak of a young embryo into an old one localize more anteriorly in the somitic mesoderm (Iimura and Pourquié, 2006). Thus, the somitic precursors are already determined in the primitive streak before gastrulation; they carry the information of their AP position in the somites. They proposed that Hox genes could regulate the timing of ingression of somitic precursor cells and, in this way, pattern the paraxial mesoderm along the AP axis.

Hox genes are a set of homeodomain-containing transcription factors, 39 genes in avian and mammalian species, organized in four clusters (Hoxa, Hoxb, Hoxc and Hoxd clusters). For each cluster, the genes are positioned on the chromosome in a sequence reflecting their order of expression during development (correlation termed as temporal collinearity) and their expression domain along the AP axis (named spatial collinearity) (Figure 4). This means that genes localized in 3' of the chromosome are expressed earlier and more anteriorly than more Hox genes with a more 5' localization. Hox genes are key regulators of the vertebrate body patterning; they notably regulate the vertebral column regionalization along the AP axis [START_REF] Kessel | Homeotic transformations of murine vertebrae and concomitant alteration of Hox codes induced by retinoic acid[END_REF]. HoxA, HoxB, HoxC and HoxD and their expression in axial structures (nervous system and somites). The position of Hox genes in the cluster reflects their expression domain along the AP axis. 3' Hox genes are expressed in anterior domains of the embryo while 5' Hox genes are expressed in posterior domains of the embryo.

Adapted from Gehring ( 2012), The animal body plan, the prototypic body segment, and eye evolution, Evol. Dev.

Expression of Hox genes from the cluster, a representative example of Hox clusters, initiates during gastrulation in a collinear manner: 3' Hox genes (such as Hoxb1 or Hoxb4) are expressed early and followed by a progressive expression of more 5' Hox genes (such as Hoxb7 or Hoxb9). For each of these genes, expression starts in a subset of epiblast cells in the posterior region of the primitive streak, then expands anteriorly to reach the anterior primitive streak (from which the somitic mesoderm originates). Hox expression is maintained in mesodermal tissues after gastrulation (Denans et al., 2015;[START_REF] Deschamps | Initiation, establishment and maintenance of Hox gene expression patterns in the mouse[END_REF]Iimura andPourquié, 2006, 2007). As the somitic mesoderm is progressively formed, Hox genes are progressively activated (temporal collinearity); while maintaining their Hox expression profile, cells ingress and form the somites. This results in the specific spatial expression of Hox genes along the AP axis (spatial collinearity) (Iimura andPourquié, 2006, 2007). Hence, somites display a unique combinatorial expression of Hox genes (called the "Hox code") that later specifies the vertebral axial formula along the AP axis [START_REF] Kessel | Homeotic transformations of murine vertebrae and concomitant alteration of Hox codes induced by retinoic acid[END_REF] reviewed by Mallo et al., 2010). These specific expression profiles of Hox genes, during and after gastrulation, suggest a potential role of Hox genes in patterning the somitic mesoderm during gastrulation. Iimura and Pourquié (2006) brought evidence that the collinear activation of Hoxb genes regulates the AP patterning of the somitic mesoderm by regulating the ingression timing of somitic precursors during gastrulation (Iimura and Pourquié, 2006).

Using electroporation techniques to overexpress different Hoxb genes in the chicken embryo, they showed that cells overexpressing a 3' Hox gene, such as Hoxb1 or Hoxb4, ingress early and localize anteriorly in the somitic compartment while cells overexpressing a more 5' Hox gene, such as Hoxb7 or Hoxb9, ingress at a later stage and consequently localize more posteriorly in the somitic compartment (Figure 5). Therefore, they propose that this regulated ingression of epiblast cells through temporal activation of Hox genes (i.e. temporal collinearity) would participate to the establishment of the stereotypical Hox expression in the somitic mesoderm (i.e. spatial collinearity) important for vertebral identity; thus patterning the somitic compartment along the AP axis (Iimura andPourquié, 2006, 2007). Early Hox activation also follows a temporal collinearity in mammals [START_REF] Deschamps | Initiation, establishment and maintenance of Hox gene expression patterns in the mouse[END_REF], suggesting that their role in patterning the somitic mesoderm during gastrulation could be conserved in mammals. Hoxb1,pink;and Hoxb4,yellow) start to be expressed before 5' Hox genes (e.g. Hoxb7, green; and Hoxb9, blue). Cells expressing a 3' Hox gene (pink) ingress earlier than cells expressing more 5' Hox genes (yellow, green and blue dots). (B) One day later, this difference in the timing of ingression results in different position of cells along the AP axis in the somitic compartment.

Adapted from [START_REF] Iimura | Hox genes in time and space during vertebrate body formation[END_REF], Hox genes in time and space during vertebrate body formation, Develop. Growth Differ

Patterning of the intermediate mesoderm

As previously mentioned, the intermediate mesoderm originates from the mid primitive streak (Figure 3) and is produced form early stage HH3 onward. The trunk intermediate mesoderm, that will give rise to the pronephros, mesonephros and metanephros, is produced from stage HH4 onward [START_REF] James | Patterning of the Avian Intermediate Mesoderm by Lateral Plate and Axial Tissues[END_REF]Psychoyos and Stern, 1996). As for the somitic mesoderm, it was observed that the formation of the intermediate mesoderm is progressive, the timing of production dictates the AP localization [START_REF] Attia | Analysis of nephric duct specification in the avian embryo[END_REF][START_REF] James | Patterning of the Avian Intermediate Mesoderm by Lateral Plate and Axial Tissues[END_REF]Psychoyos and Stern, 1996). Precursors of the pronephros precursor cells are determined to form more posterior intermediate mesoderm [START_REF] Attia | Analysis of nephric duct specification in the avian embryo[END_REF]. Therefore, as the somitic mesoderm, the intermediate mesoderm is patterned along the AP axis during gastrulation.

Interestingly, Hox genes also seem to play a role in patterning the intermediate mesoderm during gastrulation. It was shown that Hoxb4 and Hoxa6, both expressed in the prospective intermediate mesoderm and in the intermediate mesoderm tissue, are involved in the establishment of the anterior and posterior boundaries of the nephric duct [START_REF] Attia | Analysis of nephric duct specification in the avian embryo[END_REF][START_REF] Preger-Ben Noon | Interplay between activin and Hox genes determines the formation of the kidney morphogenetic field[END_REF]. Hoxb4 anterior boundary of expression in the intermediate mesoderm correlates with the anterior boundary of the pronephros while Hoxa6 anterior boundary of expression corresponds to the posterior boundary of the nephric duct [START_REF] Attia | Analysis of nephric duct specification in the avian embryo[END_REF][START_REF] Preger-Ben Noon | Interplay between activin and Hox genes determines the formation of the kidney morphogenetic field[END_REF]. Misexpression of these two genes during gastrulation perturbed patterning of the pronephros. A precocious activation of Hoxb4 during gastrulation anteriorly expanded its expression in the intermediate mesoderm. This was enough to expand the expression of pronephros markers anteriorly [START_REF] Preger-Ben Noon | Interplay between activin and Hox genes determines the formation of the kidney morphogenetic field[END_REF]. In contrast Hoxa6 represses duct formation when misexpressed in a more anterior region of the intermediate mesoderm, suggesting that Hoxa6 could repress the formation of the nephric duct in posterior intermediate mesoderm [START_REF] Attia | Analysis of nephric duct specification in the avian embryo[END_REF]. These observations suggest that early expression of Hox genes (i.e. Hoxb4 and Hoxa6) during gastrulation participates to the patterning of the intermediate mesoderm along the AP axis; and that a misexpression of these genes at gastrulation results in a mispatterning of the intermediate mesoderm [START_REF] Attia | Analysis of nephric duct specification in the avian embryo[END_REF][START_REF] Preger-Ben Noon | Interplay between activin and Hox genes determines the formation of the kidney morphogenetic field[END_REF].

What about the Lateral Plate Mesoderm?

The lateral plate mesoderm tissue originates from the medial third of the primitive steak (Figure 3), and is produced from stage HH4 up to the complete regression of the node (Garcia-Martinez et al., 1993;Psychoyos and Stern, 1996;Sawada and Aoyama, 1999). At later stage, this tissue is patterned along the AP axis into FL, IL and HL domains. There is very few detailed analysis on the formation and patterning of the LPM at gastrulation. Some old studies performed in chicken have shown that the limb domains seem to be already determined in the early LPM (Chaube, 1959;[START_REF] Rudnick | Limb-forming potencies of the chick blastoderm: including notes on associated trunk structures[END_REF][START_REF] Wolff | Les bases de la tératogénèse expérimentale, des vertébrés amniotes, d'après les résultats de méthodes directes[END_REF] suggesting that this tissue could, as the other mesodermal tissues, be patterned during gastrulation. Using localized X-irradiations, [START_REF] Wolff | Les bases de la tératogénèse expérimentale, des vertébrés amniotes, d'après les résultats de méthodes directes[END_REF] could identify wing and leg fields at the early stage HH10 (9 to 13 somites) [START_REF] Wolff | Les bases de la tératogénèse expérimentale, des vertébrés amniotes, d'après les résultats de méthodes directes[END_REF]. [START_REF] Rudnick | Limb-forming potencies of the chick blastoderm: including notes on associated trunk structures[END_REF] transplanted pieces of blastoderm from various stages into the coelomic cavity of a host embryo and could identify that the earliest stage at which a graft produced wing or leg tissues was at first-somite stage and 6somites stage respectively [START_REF] Rudnick | Limb-forming potencies of the chick blastoderm: including notes on associated trunk structures[END_REF]. These results suggest that limbs are determined very early during development and that the LPM could potentially be patterned into limb and non-limb domains during gastrulation. However, these results have to be approached carefully. In light of the knowledge we have today, the grafted tissues in the coelomic cavity could have the potential to form a limb without being limb tissue per se. Indeed, we now know that the primitive streak expresses Fgf8 [START_REF] Lawson | Classification scheme for genes expressed during formation and progression of the avian primitive streak[END_REF], a molecule that was shown to be able to induce an ectopic limb from flank tissues [START_REF] Ohuchi | Correlation of wing-leg identity in ectopic FGF-induced chimeric limbs with the differential expression of chick Tbx5 and Tbx4[END_REF]. It would be necessary to control the origin of the ectopic limbs created in order to determine whether it originates or not from the grafted piece of blastoderm (using for example the technique of quail-chick graft or fluorescent labeling, through electroporation or transgenesis, of the grafted tissue). In 1959, Chaube produced a fate map of the early LPM from stage HH7 (2 somites) to stage HH13 (16 somites) (Chaube, 1959). By labeling the LPM with colored chalk, she could show that the FL, IL and HL domains are already defined at stage HH7 (Figure 6). The FL and HL domains are distinguishable from each other and a small band of cells, future IL, already separates them. These domains are initially small and expand along the AP axis in a linear fashion as development proceeds. At stage HH13 (18 somites), the future FL localizes at the level of somites 14 to 18 and the future HL in the most posterior part of the LPM (Figure 6). As the node regresses the position of these domains varies relative to axial structures. However, their position along the AP axis relative to each other is already defined by stage HH7. Thus, right after exiting gastrulation, LPM cells seem to be patterned along the AP into limb and non-limb domains suggesting that LPM could be patterned during gastrulation. The method to label cells used by Chaube (1959) indiscriminately labels ectodermal and mesodermal cells and no diffusion of the signal was observed during development of labeled embryos; this suggested to Chaube (1959) that, by stage HH7, the LPM has reached its definite position relative to the ectoderm and that the two tissues expand uniformly to form the limb domains. The author thus propose that the gastrulation movements are completed by stage HH7 and that the LPM is fully formed (Chaube, 1959). However, more recent work suggest that gastrulation is not complete by that stage and that LPM is still produced (Psychoyos and Stern, 1996;Sawada and Aoyama, 1999). Thus, it would be necessary to reassess the results obtained by Chaube with the precise labeling techniques available nowadays (e.g. fluorescent labeling, die injection…). Lastly, these papers focus on the fate and determination of the early LPM post gastrulation; they do not analyze the LPM precursor cells prior and during gastrulation. Thus, what is the LPM precursors behavior during gastrulation and how they arrange themselves in the LPM remains unclear. Both the somitic and intermediate mesoderm tissues are patterned during gastrulation. This process takes time, it spans over 24h in the chicken embryo; and this time seems to play a key role in the formation but also the patterning of mesodermal tissues (i.e. the time translates into spatial information in paraxial and intermediate mesoderm). This leads us to think about the long and dynamic process of gastrulation not only as a producer of mesodermal tissues but also as a major process of patterning of the embryonic tissues along the AP. Interestingly, Hox genes are involved in this early patterning along the AP. Hox genes timing of expression during gastrulation translates into their specific spatial expression in mesodermal tissues (i.e. the temporal collinear expression of Hox genes converts into their spatial collinearity) and in turn patterns the paraxial mesodermal and potentially the intermediate mesoderm along the AP axis.

Therefore, these informations strongly reinforce the importance of unraveling the formation of the LPM during gastrulation to better understand the origin of the limb domains.

And it positions Hox genes as potential candidates in regulating the formation and patterning of the LPM during gastrulation.

III. The Lateral Plate Mesoderm after Gastrulation

Regionalization of the LPM into anterior and posterior LPM

The LPM is subdivided into the anterior LPM (ALPM) and the posterior LPM (PLPM) (Figure 7A). The ALPM corresponds to pharyngeal arches and the cardiac mesoderm while the PLPM corresponds to the trunk LPM further subdivided into FL (lying posterior to the cardiac mesoderm), IL and HL. This subdivision between the ALPM and the PLPM is thought to be the first step to delineate the cardiac and FL competent domains in the LPM. It was suggested that this regionalization could be controlled by retinoic acid (RA) and FGF signaling [START_REF] Cunningham | Antagonism between Retinoic Acid and Fibroblast Growth Factor Signaling during Limb Development[END_REF][START_REF] Marques | Reiterative roles for FGF signaling in the establishment of size and proportion of the zebrafish heart[END_REF][START_REF] Sirbu | Retinoic acid controls heart anteroposterior patterning by down-regulating Isl1 through the Fgf8 pathway[END_REF][START_REF] Waxman | Hoxb5b Acts Downstream of Retinoic Acid Signaling in the Forelimb Field to Restrict Heart Field Potential in Zebrafish[END_REF]. Raldh2 (retinaldehyde dehydrogenase 2) and Rdh10 (retinol dehydrogenase 10), enzymes metabolizing retinoic acid, are expressed in the PLPM and adjacent somites while Fgf8 is expressed in the cardiac mesoderm [START_REF] Sirbu | Retinoic acid controls heart anteroposterior patterning by down-regulating Isl1 through the Fgf8 pathway[END_REF]. Recent studies in zebrafish and mouse embryos have shown that a lack of RA signal from the PLPM results in an upregulation of Fgf8 and a posterior expansion of the cardiac field associated with a dowregulation of Tbx5 (a transcription factor essential for forelimb initiation) and strong impairment of the FL/pectoral fin development (from severe truncation to complete absence of the FL) [START_REF] Begemann | The zebrafish neckless mutation reveals a requirement for raldh2 in mesodermal signals that pattern the hindbrain[END_REF][START_REF] Cunningham | Antagonism between Retinoic Acid and Fibroblast Growth Factor Signaling during Limb Development[END_REF][START_REF] Grandel | Retinoic acid signalling in the zebrafish embryo is necessary during pre-segmentation stages to pattern the anterior-posterior axis of the CNS and to induce a pectoral fin bud[END_REF][START_REF] Marques | Reiterative roles for FGF signaling in the establishment of size and proportion of the zebrafish heart[END_REF][START_REF] Niederreither | Embryonic retinoic acid synthesis is essential for early mouse post-implantation development[END_REF][START_REF] Sirbu | Retinoic acid controls heart anteroposterior patterning by down-regulating Isl1 through the Fgf8 pathway[END_REF][START_REF] Waxman | Hoxb5b Acts Downstream of Retinoic Acid Signaling in the Forelimb Field to Restrict Heart Field Potential in Zebrafish[END_REF][START_REF] Zhao | Retinoic Acid Promotes Limb Induction through Effects on Body Axis Extension but Is Unnecessary for Limb Patterning[END_REF]. From these recent studies, it is thought that RA and Fgf8 act antagonistically to delineate the cardiac mesoderm and the PLPM. [START_REF] Zhao | Retinoic Acid Promotes Limb Induction through Effects on Body Axis Extension but Is Unnecessary for Limb Patterning[END_REF] propose that, by inhibiting Fgf8 signaling in the PLPM, RA provides a permissive environment for induction of the FL buds [START_REF] Zhao | Retinoic Acid Promotes Limb Induction through Effects on Body Axis Extension but Is Unnecessary for Limb Patterning[END_REF]. Interestingly, this regionalization between cardiac mesoderm and PLPM seems to be important for the acquisition of limbs throughout evolution. In the cephalochordate amphioxus, a limbless animal, the heart-like structure is positioned ventrally all along the body axis and the LPM is not regionalized into ALPM and PLPM. This regionalization is thought to be the first key step in the acquisition of paired appendages in vertebrates [START_REF] Onimaru | Development and evolution of the lateral plate mesoderm: Comparative analysis of amphioxus and lamprey with implications for the acquisition of paired fins[END_REF][START_REF] Tanaka | Acquisition of the paired fins: a view from the sequential evolution of the lateral plate mesoderm[END_REF]. Subsequent to subdivision (middle panel), FoxF1 expression is restricted to the splanchnic mesoderm, and Irx3 expression (pink) appears in the somatic mesoderm. Subsequently, somatic mesodermal cells proliferate and form limb buds with overlying ectoderm, while splanchnic mesodermal cells contribute to gut formation (bottom panel).

Adapted from Tanaka (2013), Molecular and evolutionary basis of limb field specification and limb initiation, Develop. Growth Differ.

Subdivision of the PLPM into somatopleure and splanchnopleure

Once specified along the ML and AP axes, the LPM progressively splits from anterior to posterior and forms two epithelial layers: the somatic layer or somatopleure, localized underneath the ectoderm, and the splanchnic layer or splanchnopleure, attached to the endoderm; both separated by the coelomic cavity (Figure 7B). The overlying ectoderm and underlying endoderm have been shown to be important for the specification and maintenance of the somatic and splanchnic layers respectively [START_REF] Funayama | Coelom formation: binary decision of the lateral plate mesoderm is controlled by the ectoderm[END_REF]. Notably, BMP signaling coming from the ectoderm is required to maintain differentiation of the somatic layer [START_REF] Funayama | Coelom formation: binary decision of the lateral plate mesoderm is controlled by the ectoderm[END_REF]. Prior to subdivision, the transcription factor FoxF1 is expressed throughout the LPM. After the subdivision, this transcription factor becomes restricted to the splanchnic layer and another transcription factor Irx3 starts to be expressed in the somatic
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34 layer [START_REF] Funayama | Coelom formation: binary decision of the lateral plate mesoderm is controlled by the ectoderm[END_REF][START_REF] Mahlapuu | The forkhead transcription factor Foxf1 is required for differentiation of extra-embryonic and lateral plate mesoderm[END_REF] (Figure 7B). In FoxF1 null mutant mice, the LPM fails to fully split into somatic and splanchnic layers and to form the coelomic cavity. It suggests that FoxF1 plays a role in subdividing the LPM into somatic and splanchnic mesoderm.

As previously mentioned, limbs originate from the somatic layer of the PLPM. In the lamprey, a vertebrate from the agnatha superclass that lacks paired appendages, the LPM is regionalized into ALPM (or cardiac mesoderm) and PLPM. At the level of the cardiac mesoderm, the LPM separates into somatic and splanchnic layers; however, it does not separate into somatic and splanchnic layers in the PLPM. Irx3 is detected in the somatic layer at the level of the cardiac mesoderm but not in the PLPM further suggesting that the lamprey embryo does not form somatic mesoderm [START_REF] Onimaru | Development and evolution of the lateral plate mesoderm: Comparative analysis of amphioxus and lamprey with implications for the acquisition of paired fins[END_REF][START_REF] Tanaka | Acquisition of the paired fins: a view from the sequential evolution of the lateral plate mesoderm[END_REF].

Thus, it has been proposed that the subdivision of the PLPM into somatic and splanchnic layers is an evolutionary key step towards the acquisition of paired appendages [START_REF] Onimaru | Development and evolution of the lateral plate mesoderm: Comparative analysis of amphioxus and lamprey with implications for the acquisition of paired fins[END_REF][START_REF] Tanaka | Acquisition of the paired fins: a view from the sequential evolution of the lateral plate mesoderm[END_REF].

Chapter 3: Limb Position and Initiation

When the LPM is fully formed and patterned, limbs emerge from the somatopleure and grow to form a fully developed appendage. Limb progenitor cells emerge from the epithelialized somatopleure through an EMT process and further invade the subectodermal space to form the limb bud [START_REF] Gros | Vertebrate Limb Bud Formation Is Initiated by Localized Epithelial-to-Mesenchymal Transition[END_REF]. The limb buds emerge at very specific and reproducible positions along the AP axis of the embryo. How do these bud form at these specific positions and what underlying mechanisms regulate this limb positioning are key questions in the understanding of tetrapod development.

I. The question of limb position

FLs and HLs localize at specific positions along the body axis (Figure 1A). All individuals of one species have their FL and HL positioned at the same level along the body axis. However, across tetrapod species this trait becomes highly variable (Figure 8 and Table 1). This raises the question of the mechanisms that would underlie the establishment and regulation of limb position; a trait that is simultaneously extremely robust within species and highly variable among tetrapod species. Despite these variations, the FL and HL positions seem to always associate with the cervico-thoracic transition and the lumbo-sacral transition respectively (Table 1). The maintained tight association between specific regions of the axis skeleton and limb structures suggests the existence of global patterning mechanisms of the body axis during development, mechanisms that would be conserved among tetrapod species.

Tissues of the body axis can be subdivided into an axial and a lateral domain depending on the origin of the cells forming these domains [START_REF] Burke | A New View of Patterning Domains in the Vertebrate Mesoderm[END_REF][START_REF] Winslow | Global patterning of the vertebrate mesoderm[END_REF]:

the Primaxial domain: composed exclusively of somitic cells, it will form the vertebrae and proximal ribs the Abaxial domain: composed of LPM cells and somitic cells that migrated and differentiated in the context of the LPM tissue, this domain forms the limb girdles, sternal ribs and sternum.

The tight association of the limb position to the cervico-thoracic and lumbo-sacral transitions can be thought as a coupling of the primaxial and abaxial domains, again suggesting a mechanism of global patterning of these two domains. To this day, the only suspected exception to this primaxial-abaxial coupling is the case of two mammals, the tree sloths, Bradypus and Choloepus. Among the approximately 5000 living mammal species, the number of cervical vertebrae is highly conserved; all but three derivatives (namely FL, HL and body wall structure) would have slid along the axial structure (i.e. the vertebral column); in this way loosing the tight relation between limbs and the cervico-thoracic and lumbo-sacral transition [START_REF] Buchholtz | Anatomical transformation in mammals: developmental origin of aberrant cervical anatomy in tree sloths[END_REF][START_REF] Hautier | Skeletal development in sloths and the evolution of mammalian vertebral patterning[END_REF]. These analyses would suggest that the rule of seven cervical vertebrae observed in mammals is even more conserved than previously thought and that, to shift the position of limbs along the body axis or to vary the neck length, an uncoupling between the primaxial and abaxial domains might be required in mammals. Uncoupling that would be extremely rare based on the high conservation of this trait in mammals. The tight correlation between limb position and vertebral identity strongly implies that the development and patterning of both primaxial (vertebrae) and abaxial (limb) domains have somehow to be coordinated to allow a proper arrangement of the limb skeleton with regard to the axial skeleton. I previously introduced that Hox genes were involved in patterning the paraxial mesoderm during gastrulation (Iimura and Pourquié, 2006) and there is substantial evidence that the AP patterning of the axial skeleton is regulated by Hox genes [START_REF] Kessel | Homeotic transformations of murine vertebrae and concomitant alteration of Hox codes induced by retinoic acid[END_REF]Mallo et al., 2010;[START_REF] Mcintyre | Hox patterning of the vertebrate rib cage[END_REF][START_REF] Wellik | Hox10 and Hox11 Genes Are Required to Globally Pattern the Mammalian Skeleton[END_REF]. As limbs and vertebrae positions have to be coordinated, it is relevant to think of Hox genes as potential regulators of limb position. In addition, the position of lateral motor columns, the motoneurons innervating limbs that also have to be positioned at the same level as the limbs, is regulated by Hox genes too [START_REF] Dasen | Motor neuron columnar fate imposed by sequential phases of Hox-c activity[END_REF][START_REF] Lin | Hoxa10 and Hoxd10 coordinately regulate lumbar motor neuron patterning[END_REF][START_REF] Liu | The function of growth/differentiation factor 11 (Gdf11) in rostrocaudal patterning of the developing spinal cord[END_REF]. When looking at the expression pattern of Hox genes in different species, they show some variability; but these patterns always seem to correlate with specific anatomical regions along the axis. It was shown that the anterior boundary of expression of Hoxc6 in chicken, goose, mouse, xenopus and zebrafish correlates with the cervico-thoracic transition and the FL position (Figure 9) (Burke et al., 1995). In mouse and chicken, anterior expression of Hox9 genes correlates with the thoraco-lumbar transition at late development stage (Burke et al., 1995) and their anterior expression correlates with the FL-IL limit at the pre-limb bud stage (Cohn et al., 1997;Nishimoto et al., 2014). Members of the Hox10 paralogue group (Hoxa10, c10 and d10) have their anterior boundary of expression correlating with the lumbosacral transition and HL position both in chicken and mouse (Burke et al., 1995). These correlations suggest that Hox genes could pattern the LPM into FL, IL and HL domains. In addition, in most of the cases where the limb position is perturbed, perturbations in Hox genes expression are also observed. In chicken, an ectopic limb can be produced in the flank of the embryo by implantation of beads soaked with FGF [START_REF] Cohn | Fibroblast growth factors induce additional limb development from the flank of chick embryos[END_REF][START_REF] Ohuchi | An Additional Limb Can Be Induced from the Flank of the Chick Embryo by FGF4[END_REF].

FL position HL position

Depending on the site of implantation along the AP axis, the ectopic limb carries a wing or leg identity; beads implanted in the anterior IL produce wing-like ectopic limbs while beads implanted in the posterior IL induce leg-like ectopic limbs [START_REF] Cohn | Fibroblast growth factors induce additional limb development from the flank of chick embryos[END_REF][START_REF] Ohuchi | An Additional Limb Can Be Induced from the Flank of the Chick Embryo by FGF4[END_REF]. It was shown that, upon bead implantation, the expression of Hox9 genes is altered depending on the identity of the ectopic limb produced (Cohn et al., 1997). Authors observed that, when an ectopic FL is induced, it correlates with a posterior shift of Hoxb9 and Hoxc9 expression while, when an ectopic HL forms, it correlates with an anterior shift of their expression (Cohn et al., 1997). In mouse and chicken, loss-of-function (LOF) and gain-offunction (GOF) of Gdf11, a member of the transforming growth factor ß (TGFß) superfamily, produce shifts of the HL along the AP axis (Jurberg et al., 2013;Matsubara et al., 2017;McPherron et al., 1999). Anterior boundaries of expression of most of the posterior Hox genes (Hox9, Hox10, Hox11, Hox12 and Hox13) are also shifted along the AP axis; their expression follows the HL shift and they maintain their position relative to the HL (Jurberg et al., 2013;Matsubara et al., 2017;McPherron et al., 1999). All these analyses show that there is a strong correlation between the position of limbs and the expression of Hox genes reinforcing the idea that they could be important to position limbs. This is why twenty years ago, these genes were already proposed to position limbs along the AP axis [START_REF] Coates | Fins, limbs, and tails: outgrowths and axial patterning in vertebrate evolution[END_REF][START_REF] Gibson-Brown | Involvement of T-box genes Tbx2-Tbx5 in vertebrate limb specification and development[END_REF]. In addition, a collinear activation and nested expression of Hox genes in the LPM has been suggested to be one of the requirements for acquisition of paired appendages during evolution [START_REF] Tanaka | Acquisition of the paired fins: a view from the sequential evolution of the lateral plate mesoderm[END_REF]. Adapted from Burke (1995), Hox genes and the evolution of vertebrates axial morphology, Development

The forelimb position

As mentioned above, the FL is positioned at the level of the transition between the neck and the trunk. In chicken, it initiates at embryonic stage HH15 (Hamburger and Hamilton, 1992) at the level of somites 15 to 20 and is further refined to extend from somites 18-19 to 21-22 by stage HH24. In mouse, FL buds initiate at embryonic day E9 at the level of somites 8-9 to 13-14 and is further refined to extend from somites 8-9 to 15-16 at embryonic day E13 (Burke et al., 1995).

Hoxc6 expression

Forelimb

As of today, the mechanism that positions these limbs is not fully elucidated but as described above, Hox genes are the best candidates to regulate this process. In 1995, Rancourt et al described a mouse null mutant for Hoxb5 (Hoxb5 -/-) that displays an anterior shift of the FL position along the AP axis (Figure 11; [START_REF] Rancourt | Genetic interaction between hoxb-5 and hoxb-6 is revealed by nonallelic noncomplementation[END_REF]. Interestingly, this mutant exhibits a shift of the FL relative to the axial compartment. Whereas the cervico-thoracic transition occurs at the level of C7 and the branchial plexus (the lateral motor column that will innervate the FL) emerge from the neural tube at the same level as in WT in these mutants, the shoulder girdle is shifted anteriorly bringing the clavicle at the level of the third or fourth cervical vertebrae instead of the fifth in WT. This mutant could then potentially result from an uncoupling of the primaxial and the abaxial domains as observed in the sloths. Adapted from [START_REF] Rancourt | Genetic interaction between hoxb-5 and hoxb-6 is revealed by nonallelic noncomplementation[END_REF], Genetic interaction between hoxb-5 and hoxb-6 is reveales by nonallelic noncomplementation, Genes Dev

Hox genes and Tbx5 expression

Based on this mutant and on the correlation observed between Hox genes expression and the formation of ectopic limb upon Fgf bead implantation (Cohn et al., 1997), Hox genes were proposed to regulate the FL position [START_REF] Coates | Fins, limbs, and tails: outgrowths and axial patterning in vertebrate evolution[END_REF][START_REF] Gibson-Brown | Involvement of T-box genes Tbx2-Tbx5 in vertebrate limb specification and development[END_REF][START_REF] Minguillon | Tbx5 and Tbx4 are not sufficient to determine limb-specific morphologies but have common roles in initiating limb outgrowth[END_REF]. But except for Hoxb5 -/-mutant, the link between Hox genes and limb position was only correlative. Recent studies from the laboratory of M. Logan have shown a direct link between Hox genes and Tbx5, a marker of the FL (Minguillon et al., 2012;Nishimoto et al., 2014). Tbx5 is a transcription factor of the T-box gene family, expressed in the heart and the prospective FL domain, that is essential for FL initiation; upon a Tbx5 knockout, the FL fails to initiate [START_REF] Agarwal | Tbx5 is essential for forelimb bud initiation following patterning of the limb field in the mouse embryo[END_REF][START_REF] Rallis | Tbx5 is required for forelimb bud formation and continued outgrowth[END_REF]. Minguillon and colleagues (2012) isolated a minimal cis-regulatory element, localized in intron 2 of the Tbx5 gene in mouse, responsible for the FL-restricted Tbx5 expression. Through series of targeted mutagenesis and in vivo lacZ reporter analysis on transgenic mice, they identified 6 putative Hox-binding sites required for FL-specific Tbx5 expression (Minguillon et al., 2012).

Hox genes of the 4 and 5 paralogue groups (Hoxa4, b4, c4 and Hoxa5, b5 and c5), genes that are expressed in the FL domain in mouse and chicken, where shown to directly bind to this FL-specific Tbx5 enhancer in vitro; and to activate expression of a LacZ reporter gene under the control of this regulatory sequence in vivo (Minguillon et al., 2012). Conversely, genes located more 5' in Hox clusters and expressed posterior to the FL (Hoxc8, Hoxc9 and Hoxc10) were shown to repress the reporter gene expression. Additionally, Hoxc9 was shown to inhibit Tbx5 expression in chicken (Nishimoto et al., 2014). These results suggest that Hox genes could regulate the endogenous expression of Tbx5 and determine its FL-specific expression by a combination of activation and repression along the AP axis. Therefore, it was proposed that the collinear expression of Hox genes along the AP axis positions the FL domain by regulating the FL-specific Tbx5 expression (Figure 11; Nishimoto and Logan, 2016;Nishimoto et al., 2014). However, these results remain mostly correlative and the direct effect on endogenous Tbx5 has to be demonstrated. Adapted from Nishimoto and Logan (2016), Subdivision of the lateral plate mesoderm and specification of the forelimb and hindlimb forming domains, Semin. Cell Dev. Biol.

The forelimb position in Hox mutants

If Hox genes are major regulators of the FL position, we would expect to observe perturbations of the FL position upon Hox genes mutations. However, the only Hox mutant showing a shift in the limb position is the Hoxb5 -/-mutant [START_REF] Rancourt | Genetic interaction between hoxb-5 and hoxb-6 is revealed by nonallelic noncomplementation[END_REF] (Table 2).

Moreover, the shift observed in this mutant is very subtle (anterior shift of one vertebrae). This is the reason why the role of Hox genes in positioning FLs remains controversial.

However, it is worth to note that other Hox gene mutants might display shifts of the FL position. The deletion ot the full HoxC cluster seems to show the same phenotype as Hoxb5 -/- mutant [START_REF] Suemori | Hox C Cluster Genes Are Dispensable for Overall Body Plan of Mouse Embryonic Development[END_REF]) (Table2). The shoulder girdle of the mutant seems to be anteriorly shifted compared to its axial skeleton and display a V-shape structure, as described by [START_REF] Rancourt | Genetic interaction between hoxb-5 and hoxb-6 is revealed by nonallelic noncomplementation[END_REF] in the Hoxb5 -/-mutant. However, these mutants were interpreted with respect to the FL position. Additionally, several Hox mutants exhibit homeotic transformations of vertebrae at the level of the cervico-thoracic transition (van den [START_REF] Van Den Akker | Targeted inactivation of Hoxb8 affects survival of a spinal ganglion and causes aberrant limb reflexes[END_REF][START_REF] Horan | Homeotic transformation of cervical vertebrae in Hoxa-4 mutant mice[END_REF][START_REF] Horan | Mutations in Paralogous Hox Genes Result in Overlapping Homeotic Transformations of the Axial Skeleton: Evidence for Unique and Redundant Function[END_REF][START_REF] Jeannotte | Specification of axial identity in the mouse: role of the Hoxa-5 (Hox1.3) gene[END_REF][START_REF] Mcintyre | Hox patterning of the vertebrate rib cage[END_REF]. Some show a transformation of the seventh cervical vertebrae into a thoracic vertebra (anterior homeotic transformation; Hoxa4 -/-, Hoxd4 -/-and Hoxa5 -/-mutants), while others display a transformation of the first thoracic vertebrae into a cervical vertebra (posterior homeotic transformation; Hoxb8 -/-mutant, Hox5 -/-and Hox6 -/-compound mutants) (Table 3). As the FL position always correlates with the cervico-thoracic transition, we could suspect perturbations of the FL position in these mutants. Unfortunately, there is no mention of the limb position in the original papers.

FL shift Reference

Single mutant

Hoxb5 -/- Anterior shift of one vertebrae (independent of the axis skeleton)

Rancourt et al., 1995

Cluster mutant

HoxC -/- Potential anterior shift of one vertebrae Suemori and Noguchi, 2000

Table 2: Perturbation of the FL position in Hox mutants

Lastly, the knockout approach in mouse might not be the best to use in order to uncover a role for Hox genes in positioning the FL. It was shown that a large redundancy exists between Hox genes from the same paralogue group, but also between neighboring Hox genes within one cluster. Then we can hypothesize that, in order to perturb FL position, it might necessitate knockout of at least all the Hox genes for the Hox4 and Hox5 paralogues. In this way, the chicken model, in which local gene perturbations (down-and upregulations) are easier to develop, appears to be a good alternative to mouse mutant to study Hox genes implication in FL position.

Shift of the cervico-thoracic transition Reference

Single mutant

Hoxa4 In summary, very little is known about the mechanisms regulating the FL position along the body axis. It was suggested that the Hox code could positions the FL by regulating the FL-restricted Tbx5 expression but this remains to be confirmed in the endogenous context.

And many questions remain unanswered: how is this specific Hox code that would position the limb established; when is the positional information acquired?

The hindlimb position

The HL typically positions at the transition between the trunk and the tail (region termed the trunk-to-tail transition). In the chicken, it initiates at embryonic stage HH15 at the level of somites 25-26 to 31-32 and is further refined to extend from somites 29-30 to 34-35 by stage HH24. In mouse, FL buds initiate at embryonic day E10 at the level of somites 23-24 to 28-29 and is further refined to extend from somites 29-30 to 34-35 at embryonic day E13 (Burke et al., 1995).

The mechanisms that regulate the HL position are better characterized than for the FL.

As mentioned above, the HL localizes at the level of the trunk-to-tail transition and typically associates with other tissues positioned at this trunk-to-tail transition such as the cloaca and its derivatives. While tissues from the trunk originate from the three embryonic germ layers, tail tissues are mostly derived from paraxial mesoderm and ectoderm. This means that the trunkto-tail transition corresponds to the posterior end of the intermediate and lateral plate mesoderm as well as the endoderm. So, this region that corresponds to the termination of LPM and endoderm tissues also corresponds to the region of initiation of HLs and cloaca meaning that these two structures are the last patterned in their respective tissue of origin.

There is substantial evidence that the same mechanism regulates trunk-to-tail transition and HL position supporting the idea that the HL (together with the cloaca and the urogenital tract)

is positioned when and where the embryo terminates its trunk.

Gdf11: the major regulator of hindlimb positioning

One particular signaling pathway, Gdf11 signaling, has drawn the attention of researchers for about two decades now and seems to be a major regulator of the HL position and trunk termination. Gdf11 is a member of the TGFß superfamily; it binds to an heterodimer of serine-threonine kinase receptors (Acvr2b and Alk5) and initiates a signaling cascade mediated by Smad2 transcription factor [START_REF] Andersson | Growth differentiation factor 11 signals through the transforming growth factor-β receptor ALK5 to regionalize the anteriorposterior axis[END_REF][START_REF] Liu | The function of growth/differentiation factor 11 (Gdf11) in rostrocaudal patterning of the developing spinal cord[END_REF][START_REF] Oh | Activin type IIA and IIB receptors mediate Gdf11 signaling in axial vertebral patterning[END_REF].

Gdf11 is first expressed in the primitive streak and the posterior end of the presomitic mesoderm at a stage where mesoderm tissues are still forming. Then, when the primitive streak has fully regressed, Gdf11 is expressed in the posterior neural tube and in the tail bud.

Gdf11 is never expressed in the LPM but diffuses from the axial structure to the LPM (Matsubara et al., 2017;McPherron et al., 1999). A downregulation of Gdf11, both in mouse and chicken, results in a posterior shift of the HL (Jurberg et al., 2013;[START_REF] Liu | The function of growth/differentiation factor 11 (Gdf11) in rostrocaudal patterning of the developing spinal cord[END_REF]Matsubara et al., 2017;McPherron et al., 1999). Gdf11 -/-mutant mice show a striking elongation of their body axis together with a posterior displacement of the HL by 6 to 8 vertebrae and a posterior displacement of all the trunk-associated structures (the cloaca, the urogenital tract…) (Jurberg et al., 2013;McPherron et al., 1999) (Figure 12, compare B with A). In chicken, upon unilateral ectopic expression of Follistatin that inhibits Gdf11, in the neural tube, a posterior shift of the HL was observe unilaterally [START_REF] Liu | The function of growth/differentiation factor 11 (Gdf11) in rostrocaudal patterning of the developing spinal cord[END_REF]. Conversely, a gain-of-function of Gdf11 signaling, both in chicken and mouse, results in an anterior shift of the HL. In mouse, a constitutive activation of Gdf11 receptor Alk5 in the posterior epiblast and primitive streak results in a shortening of the axis together with an anterior shift of the HL (Jurberg et al., 2013) (Figure 12, compare C with A). This anterior shift of the HL is also observed in the chicken after overexpression using Gdf11-soaked bead implantation in the LPM or by electroporation of a plasmid encoding for Gdf11 in the neural tube [START_REF] Liu | The function of growth/differentiation factor 11 (Gdf11) in rostrocaudal patterning of the developing spinal cord[END_REF]Matsubara et al., 2017). Interestingly, the anterior expression boundary of most of posterior Hox genes (i.e.

Hoxa9, d9, a10, c10, d10, a11, c11, d11, d12, a13 and d13) is shifted posteriorly upon Gdf11 downregulation and anteriorly upon Gdf11 upregulation (Jurberg et al., 2013;Matsubara et al., 2017;McPherron et al., 1999) (Figure 12), these genes maintain their position relative to the HL. These different results show that Gdf11 is a major regulator of the trunk termination and HL position. The effect of Gdf11 on trunk termination and induction of posterior derivatives seems to involve a direct activation of Isl1 (Jurberg et al., 2013), a gene previously shown to be required for HL development [START_REF] Itou | Islet1 regulates establishment of the posterior hindlimb field upstream of the Hand2-Shh morphoregulatory gene network in mouse embryos[END_REF]Kawakami et al., 2011). Authors hypothesize that Isl1 could trigger the terminal differentiation of the trunk progenitors, which would mean, in the case of the LPM, induction of the HL (Jurberg et al., 2013). 

An antagonism between Retinoic Acid and Gdf11 patterns the posterior tissues

Gdf11 triggers the trunk-to-tail transition by modulating RA signaling in posterior tissues. RA, a metabolite of vitamin A, is a key signaling molecule required for many developmental processes (eye morphogenesis, heart and liver development…). This signaling plays a critical role in AP patterning of the axis. Modulations of retinoic signaling in mouse have been shown to trigger drastic homeotic transformations of vertebrae (Abu-Abed et al., 2001, 2003;[START_REF] Allan | RARγ and Cdx1 Interactions in Vertebral Patterning[END_REF][START_REF] Kessel | Respecification of vertebral identities by retinoic acid[END_REF][START_REF] Kessel | Homeotic transformations of murine vertebrae and concomitant alteration of Hox codes induced by retinoic acid[END_REF]Lee et al., 2010;[START_REF] Sakai | The retinoic acid-inactivating enzyme CYP26 is essential for establishing an uneven distribution of retinoic acid along the anterio-posterior axis within the mouse embryo[END_REF]. In normal conditions, RA is inactivated in the caudal region by a specific enzyme, the cytochrome P450 Cyp26a1. Repression of RA signaling in the caudal region of the embryo is essential for the vertebral patterning and the development of caudal vertebrae.

In mice deficient for Cyp26a1, high levels of RA activity are observed in the tail bud inducing homeotic transformations of vertebrae, truncations and malformations of the HL and caudal agenesis [START_REF] Sakai | The retinoic acid-inactivating enzyme CYP26 is essential for establishing an uneven distribution of retinoic acid along the anterio-posterior axis within the mouse embryo[END_REF]. Deletion of the RA receptor, RARγ, is able to rescue the phenotypes observed in Cyp26a1 -/-mutant (Abu-Abed et al., 2003) further demonstrating that

GDF11 +/+ A B C GDF11 -/- Cdx2P-Alk5 CA Hoxc10
inhibition of RA activity in caudal tissues is required for the development of posterior structures. Gdf11 mutants are more sensitive than WT to retinoic acid treatment; while inhibiting retinoic acid in Gdf11 mutants partially rescues Gdf11 -/-phenotype (Jurberg et al., 2013;Lee et al., 2010). This suggests that, Gdf11 inhibits retinoic acid in posterior mesoderm.

A possible mechanism for retinoic acid inhibition by Gdf11 would be to regulate Cyp26a1 expression in posterior tissues. In Gdf11 -/-mutant, Cyp26 expression levels are reduced in the posterior end of the embryo (Jurberg et al., 2013); thus suggesting that Gdf11 modulates retinoic signaling by activation of Cyp26 expression. All together these data show the importance of the balanced activity between RA and Gdf11 signaling to properly pattern the caudal region of the embryo and thus position the HL.

Variations in Gdf11 activation underlie variations of the hindlimb position in different species

It was recently shown that variations in HL position across tetrapod species correlates with a delayed induction of Gdf11 expression in the primitive streak and posterior presomitic mesoderm. This information suggests that the natural variation of the HL position may result from a temporal delay in Gdf11 activation with respect to the number of somites produced. If this hypothesis is true, the HL position should be shifted upon changes in Gdf11 timing of activation. In chicken, implantation of a Gdf11-soaked bead in the posterior LPM at stage HH8, before endogenous Gdf11 is expression (Gdf11 starts to be expressed at stage HH10)

results in an anterior shift of the HL bud (Matsubara et al., 2017). In addition, as previously explained, a precocious activation of Gdf11 signaling in mouse results in an anterior shift of the HL position (together with axial structures) (Jurberg et al., 2013). This demonstrates that variations in the timing of activation of Gdf11 induce variations in the HL position. The later Gdf11 is expressed, the more posterior the HL is positioned (Matsubara et al., 2017). This further supports the idea that delayed Gdf11 activation account for natural variations observed in HL position across tetrapod species. Interestingly, in teleost fish, the pelvic fins are shifted anteriorly and do not associate with the cloaca and other structures of the trunk termination.

However, the fin buds initiate at the level of the prospective cloaca as in tetrapod species. At this stage, the correlation between Gdf11 expression, posterior Hox gene expression, pelvic fin position and positioning of the cloaca is maintained [START_REF] Murata | Allometric growth of the trunk leads to the rostral shift of the pelvic fin in teleost fishes[END_REF][START_REF] Tanaka | Revealing the mechanisms of the rostral shift of pelvic fins among teleost fishes[END_REF]. In addition, the correlation between the timing of expression of Gdf11 and the position of pelvic fin buds (before anterior shift) is maintained (Matsubara et al., 2017). Thus supporting an ancestral role of Gdf11 in positioning HLs/pelvic fins shared between teleost fishes and tetrapod species.

Hox genes and hindlimb position

I previously described that posterior Hox gene expression correlates with endogenous HL position in several species (both in tetrapod and teleost species); and that this correlation is maintained upon perturbation of the HL position by modulating Gdf11 signaling (Burke et al., 1995;Cohn et al., 1997;Jurberg et al., 2013;Matsubara et al., 2017;McPherron et al., 1999;[START_REF] Murata | Allometric growth of the trunk leads to the rostral shift of the pelvic fin in teleost fishes[END_REF]. It strongly suggests that Hox genes are important to position HL.

Several mouse knockout mutants for different posterior Hox genes, from the Hox8, Hox9, Hox10 and Hox11 paralogue groups, show shifts in the position of the HL along the AP axis (Table 4) [START_REF] Van Den Akker | Axial skeletal patterning in mice lacking all paralogous group 8 Hox genes[END_REF][START_REF] Davis | Axial homeosis and appendicular skeleton defects in mice with a targeted disruption of hoxd-11[END_REF][START_REF] Favier | Functional cooperation between the non-paralogous genes Hoxa-10 and Hoxd-11 in the developing forelimb and axial skeleton[END_REF]Hostikka et al., 2009;[START_REF] Mcintyre | Hox patterning of the vertebrate rib cage[END_REF][START_REF] Small | Homeotic transformations and limb defects in Hox A11 mutant mice[END_REF][START_REF] Suemori | Hox C Cluster Genes Are Dispensable for Overall Body Plan of Mouse Embryonic Development[END_REF][START_REF] Wahba | The Paralogous Hox Genes Hoxa10 and Hoxd10 Interact to Pattern the Mouse Hindlimb Peripheral Nervous System and Skeleton[END_REF]. However these mutants only display very subtle shifts of one to two vertebrae even when a complete paralogue group is removed (van den [START_REF] Van Den Akker | Axial skeletal patterning in mice lacking all paralogous group 8 Hox genes[END_REF][START_REF] Favier | Functional cooperation between the non-paralogous genes Hoxa-10 and Hoxd-11 in the developing forelimb and axial skeleton[END_REF][START_REF] Mcintyre | Hox patterning of the vertebrate rib cage[END_REF]. To further test the potential role of Hox genes in positioning the HL, Jurberg and colleagues ( 2013), performed a gain-of-function of different posterior Hox genes (i.e. Hoxb9, Hoxa10, Hoxc10, Hoxa11, Hoxb9+Hoxa10, Hoxb9+Hoxa11) by precociously activating these genes in the posterior epiblast. They could only observe an anterior shift of one vertebra when Hoxb9 was overexpressed, a very subtle phenotype as compared to the shift of 6 to 8 vertebrae obtained when modulating Gdf11 signaling or some of its downstream effectors such as Isl1 (Jurberg et al., 2013;McPherron et al., 1999). Thus Jurberg and colleagues (2013) consider that Hox genes do not play a major role in positioning HLs along the AP axis but are rather secondary effectors of Gdf11 signaling in patterning posterior tissues.

HL shift Reference

Single mutant

Hoxc8 

Key points about the regulation of limb position

To summarize the state of the scientific knowledge on limb position to date, the mechanistical framework regulating the HL position are fairly understood. The primaxial As for the FL, the mechanisms regulating its position are less understood. Hox genes remain the best candidate genes but their role is controversial due to the lack of phenotypic evidence on FL position when Hox genes are genetically perturbed in mouse. These genes can directly regulate (positively for Hox4 and 5 and negatively for Hoxc8, c9, c10) the expression of a reporter gene under the control of the FL-specific Tbx5 regulatory sequence supporting a role for Hox genes in specifying the FL and IL domains suggesting that they regulate the restricted expression of Tbx5 along the AP axis. However, these evidences remain correlative and the direct role of Hox genes in regulating the FL initiation program in vivo remains to be demonstrated. Thus, the question whether the collinear expression of Hox genes positions the FL domain along the AP axis has not been clearly resolved. And if so, how is this collinearity set up during development. Can it account for the variations observed in nature? Therefore the mechanisms that position the FL along the AP axis remains to be fully clarified and the role of Hox genes in this process to be demonstrated.

Interestingly, a set of old classical embryology studies performed in chicken (Chaube, 1959;[START_REF] Pinot | Le rôle du mésoderme somitique dans la morphogenèse précoce des membres de l'embryon de Poulet[END_REF][START_REF] Rudnick | Limb-forming potencies of the chick blastoderm: including notes on associated trunk structures[END_REF], have shown that these FL and HL domains are identifiable in the early LPM (as early as stage HH7; (Chaube, 1959). Moreover, these domains are specified to differentiate into limb tissue earlier than limb bud stage (HH17). By transplanting prospective limb domains into the coelomic cavity, [START_REF] Pinot | Le rôle du mésoderme somitique dans la morphogenèse précoce des membres de l'embryon de Poulet[END_REF] demonstrated that prospective FL and HL domains were specified by 25-somites stage (corresponding to the stage HH14) [START_REF] Pinot | Le rôle du mésoderme somitique dans la morphogenèse précoce des membres de l'embryon de Poulet[END_REF]. While, using the same approach, Chaube (1959) could obtain wing tissues from as early as stage HH8 grafted LPM (Chaube, 1959). Results that were confirmed in a more recent study [START_REF] Saito | Specification and determination of limb identity: evidence for inhibitory regulation of Tbx gene expression[END_REF]. They determined by heterotopic transplantation and explant culture that the FL domain was determined by stage HH9 while the HL domain was determined at stage HH13 [START_REF] Saito | Specification and determination of limb identity: evidence for inhibitory regulation of Tbx gene expression[END_REF]. These different studies provide evidences that the limb domains are specified very early. Thus suggesting that, (1) to better uncover the mechanisms regulating limb position, and especially FL position, it is necessary to understand well the early steps of LPM formation before limb initiation; and that

(2) the positional information of limb domains might be acquired very early during LPM formation.

II. Limb initiation

As detailed above, limbs emerge at specific location along the body axis in the form of small buds. At the cellular level, this limb bud initiation is controlled by an EMT of limb precursor cells from the somatopleure [START_REF] Gros | Vertebrate Limb Bud Formation Is Initiated by Localized Epithelial-to-Mesenchymal Transition[END_REF]. The molecular mechanisms that regulate the limb initiation and bud formation have been studied for decades highlighting major molecular players involved in these processes.

The role of axial structure -Retinoic Acid a major player in limb initiation

Classical embryology studies have shown that the axial structures are important for limb initiation. Insertion of an impermeable barrier between the axial structure (i.e. the somites and intermediate mesoderm) and the LPM at the level of the prospective FL prevents limb initiation [START_REF] Stephens | Evidence for a metameric pattern in the development of the chick humerus[END_REF][START_REF] Sweeney | Rib development in chick embryos analyzed by means of tantalum foil blocks[END_REF]. Results that were recently confirmed by Nishimoto and colleagues [START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF]. This suggests that there is an inductive signal coming from axial structures that promotes limb initiation.

Induction from the intermediate mesoderm

It was previously suggested that the FL inductive signal could originate from the intermediate mesoderm [START_REF] Geduspan | A growth-promoting influence from the mesonephros during limb outgrowth[END_REF][START_REF] Crossley | Roles for FGF8 in the Induction, Initiation, and Maintenance of Chick Limb Development[END_REF]. However, the role of the intermediate mesoderm in inducing limb initiation has been contradicted; a physical arrest of the mesonephros elongation anterior to the prospective FL does not seem to impair FL development [START_REF] Fernandez-Teran | Limb Initiation and Development Is Normal in the Absence of the Mesonephros[END_REF]. Additionally, in Raldh2 -/-mutants that fail to initiate FLs, an ectopic expression of Fgf8 in the early intermediate mesoderm is detected together with a decreased Tbx5 expression in the LPM. These results led Zhao and colleagues (2009) to propose a model where Fgf8 in the intermediate mesoderm would rather inhibit the FL initiation [START_REF] Cunningham | Antagonism between Retinoic Acid and Fibroblast Growth Factor Signaling during Limb Development[END_REF][START_REF] Zhao | Retinoic Acid Promotes Limb Induction through Effects on Body Axis Extension but Is Unnecessary for Limb Patterning[END_REF] (Figure 13). Thus, in chicken and mouse, the intermediate mesoderm does not seem to induce limb initiation.

RA signaling from the somitic mesoderm is required for limb initiation

Series of transplantation experiments have suggested that the inductive signal originates from the somites [START_REF] Kieny | On the relations between somitic and somatopleural mesoderm before and during primary induction of chick embryo limbs[END_REF][START_REF] Pinot | Le rôle du mésoderme somitique dans la morphogenèse précoce des membres de l'embryon de Poulet[END_REF]. There is substantial evidence from work on zebrafish, mouse and chicken that this inductive signal is RA signaling. In zebrafish mutant for Raldh2, Tbx5 is inhibited and the pectoral fin fails to initiate [START_REF] Begemann | The zebrafish neckless mutation reveals a requirement for raldh2 in mesodermal signals that pattern the hindbrain[END_REF][START_REF] Gibert | Induction and prepatterning of the zebrafish pectoral fin bud requires axial retinoic acid signaling[END_REF][START_REF] Grandel | Retinoic acid signalling in the zebrafish embryo is necessary during pre-segmentation stages to pattern the anterior-posterior axis of the CNS and to induce a pectoral fin bud[END_REF]. In chicken, inhibition of RA signaling using disulfiram (an inhibitor of RA synthesis) prior to limb initiation (from stage HH15 to HH17) blocks FL initiation [START_REF] Stratford | Retinoic acid is required for the initiation of outgrowth in the chick limb bud[END_REF]. While application of a RA bead can rescue limb initiation defect in the absence of axial signal [START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF]. In mouse Raldh2 -/- mutants, embryos do not survive beyond E8.5, before limb initiation [START_REF] Niederreither | Embryonic retinoic acid synthesis is essential for early mouse post-implantation development[END_REF]. But the embryo survival could be extended beyond limb initiation by a transient maternal administration of RA at early developmental stage [START_REF] Mic | Novel retinoic acid generating activities in the neural tube and heart identified by conditional rescue of Raldh2 null mutant mice[END_REF][START_REF] Niederreither | Embryonic retinoic acid synthesis is essential for early mouse post-implantation development[END_REF]. This revealed that, in Raldh2 -/-mutant mice, the FL initiation is severally impaired [START_REF] Zhao | Retinoic Acid Promotes Limb Induction through Effects on Body Axis Extension but Is Unnecessary for Limb Patterning[END_REF]. Result also observed in Rdh10 hypomorphic mutants [START_REF] Cunningham | Antagonism between Retinoic Acid and Fibroblast Growth Factor Signaling during Limb Development[END_REF]. As in zebrafish, in Raldh2 -/-and Rdh10 mouse mutants Tbx5 in the prospective FL is greatly reduced. Altogether, these results support the role of RA as an inducer of limb initiation for both the FL/pectoral fin. In mouse, it was proposed that RA signaling does not promote FL initiation directly, but rather by creating a permissive environment in LPM devoid of Fgf8 signaling (that signals from both the cardiac field and the intermediate mesoderm) which would allow Tbx5 expression to be established (Figure 13) [START_REF] Cunningham | Antagonism between Retinoic Acid and Fibroblast Growth Factor Signaling during Limb Development[END_REF][START_REF] Zhao | Retinoic Acid Promotes Limb Induction through Effects on Body Axis Extension but Is Unnecessary for Limb Patterning[END_REF]. Recently, RA was also shown to directly regulate Tbx5 expression. In mouse, RAREs (RA response elements) were recently identified in the regulatory sequence responsible for the FL specific expression of Tbx5 [START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF]. In chicken, it was shown that RA signaling is required for the early establishment of Tbx5 expression in the prospective FL domain (at stage HH9). At later stage, RA, in cooperation with Tbx5, activates Fgf10 expression in the mesenchyme [START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF] (Figure 13). In zebrafish, a model proposes a temporal requirement of RA signaling in pectoral fin initiation [START_REF] Grandel | Zebrafish limb development is triggered by a retinoic acid signal during gastrulation[END_REF]. Authors propose that RA signaling is first required during gastrulation to specify fin precursors, if precursor cells do not receive this signal, they fail to express Tbx5 and no fin bud is observed. A second RA signal is required during somitogenesis to maintain this pool of Tbx5-expressing fin precursors, if they do not receive this signal cells still express Tbx5 but they fail to initiate fin bud [START_REF] Grandel | Zebrafish limb development is triggered by a retinoic acid signal during gastrulation[END_REF]. Altogether, these different studies show that RA signaling is one of the key signaling pathways involved in limb initiation.

Interestingly, RA signaling seems to be important to induce the FL field in the early LPM, long before limb initiation [START_REF] Grandel | Zebrafish limb development is triggered by a retinoic acid signal during gastrulation[END_REF][START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF], this further reinforce the idea that the establishment of the limb domain occurs very early during development and that to better understand the early steps of limb development (limb positioning and limb initiation per se) it is crucial to fully comprehend the early steps of LPM formation.

T-box genes and limb initiation

The T-box gene family is a family of 17 transcription factors containing a T-box DNA-binding domain; and several of these genes play a critical role during limb development [START_REF] Sheeba | The Roles of T-Box Genes in Vertebrate Limb Development[END_REF]. In particular, Tbx5 and Tbx4 are expressed in the prospective FL and HL domains respectively [START_REF] Gibson-Brown | Evidence of a role for T-☐ genes in the evolution of limb morphogenesis and the specification of forelimb/hindlimb identity[END_REF]. They start to be expressed in the prospective limb domains at early stage (HH13) [START_REF] Saito | Specification and determination of limb identity: evidence for inhibitory regulation of Tbx gene expression[END_REF] and their expression is maintained throughout later limb development stages.

In mouse, chicken and zebrafish, reduced Tbx5 function results in failure to initiate FLs/pectoral fins [START_REF] Agarwal | Tbx5 is essential for forelimb bud initiation following patterning of the limb field in the mouse embryo[END_REF][START_REF] Ahn | T-box gene tbx5 is essential for formation of the pectoral limb bud[END_REF][START_REF] Garrity | The heartstrings mutation in zebrafish causes heart/fin Tbx5 deficiency syndrome[END_REF][START_REF] Ng | The limb identity gene Tbx5 promotes limb initiation by interacting with Wnt2b and Fgf10[END_REF][START_REF] Rallis | Tbx5 is required for forelimb bud formation and continued outgrowth[END_REF][START_REF] Takeuchi | Tbx5 and Tbx4 trigger limb initiation through activation of the Wnt/Fgf signaling cascade[END_REF]. This phenotype is associated with no Fgf10 expression in the limb mesenchyme [START_REF] Agarwal | Tbx5 is essential for forelimb bud initiation following patterning of the limb field in the mouse embryo[END_REF][START_REF] Ahn | T-box gene tbx5 is essential for formation of the pectoral limb bud[END_REF][START_REF] Ng | The limb identity gene Tbx5 promotes limb initiation by interacting with Wnt2b and Fgf10[END_REF][START_REF] Ng | The limb identity gene Tbx5 promotes limb initiation by interacting with Wnt2b and Fgf10[END_REF][START_REF] Rallis | Tbx5 is required for forelimb bud formation and continued outgrowth[END_REF] suggesting that Tbx5 acts upstream of Fgf10, a key gene for limb initiation and outgrowth. Idea further supported by the presence of Tbx5-binding sites in the Fgf10 promoter [START_REF] Agarwal | Tbx5 is essential for forelimb bud initiation following patterning of the limb field in the mouse embryo[END_REF]. Tbx5 -/-mutants fail to undergo proper EMT; phenotype revealed by an hyperplasia of the somatopleure [START_REF] Gros | Vertebrate Limb Bud Formation Is Initiated by Localized Epithelial-to-Mesenchymal Transition[END_REF]. Thus Tbx5 is important both to promote EMT in the limb field and to activate the expression of Fgf10 in the mesenchyme that will in turn promote limb outgrowth (Figure 13). Some studies have shown that, when misexpressed in the flank of a chicken embryo, Tbx5 could initiate the formation of an ectopic wing [START_REF] Ng | The limb identity gene Tbx5 promotes limb initiation by interacting with Wnt2b and Fgf10[END_REF][START_REF] Takeuchi | Tbx5 and Tbx4 trigger limb initiation through activation of the Wnt/Fgf signaling cascade[END_REF]. They suggested that Tbx5 is sufficient to induce limb formation in chicken. However, Tbx5 expressed in the LPM does not seem to be sufficient for limb initiation [START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF]. When the LPM tissue is isolated from axial structures before FL initiation, Tbx5 is expressed in the prospective FL but the FL does not initiate. It demonstrates that Tbx5 alone is not sufficient to initiate FL and that it requires inductive signals coming from the axial structures [START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF]. Analysis of Tbx5 regulatory sequences reveal that the restricted expression of Tbx5 in the FL region is regulated by several signals: Hox genes, ß-catenin and retinoic acid signaling (Minguillon et al., 2012;Nishimoto et al., 2014[START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF] (Figure 13).

In chicken, as for Tbx5, expression of a dominant-negative form of Tbx4 impairs HL initiation and it is associated with an absence of Fgf10 expression [START_REF] Takeuchi | Tbx5 and Tbx4 trigger limb initiation through activation of the Wnt/Fgf signaling cascade[END_REF].

Tbx4 is able to induce ectopic limb formation in the flank region [START_REF] Takeuchi | Tbx5 and Tbx4 trigger limb initiation through activation of the Wnt/Fgf signaling cascade[END_REF]; but when isolated from axial structures, it is not able to induce limb initiation in the HL domain of the LPM [START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF]. However, Tbx4-deficient mice do not show defects in HL formation [START_REF] Naiche | Loss of Tbx4 blocks hindlimb development and affects vascularization and fusion of the allantois[END_REF]. HLs initiate properly but they fail to maintain the Fgf10-Fgf8 regulatory loop required for limb outgrowth [START_REF] Naiche | Loss of Tbx4 blocks hindlimb development and affects vascularization and fusion of the allantois[END_REF].

Thus although necessary for normal HL development, Tbx4 is not exclusively required for its initiation. Tbx4 expression in the HL is regulated by Pitx1, a paired-type homeodomain transcription factor [START_REF] Delaurier | Pitx1 determines the morphology of muscle, tendon, and bones of the hindlimb[END_REF][START_REF] Lanctot | Hindlimb patterning and mandible development require the Ptx1 gene[END_REF][START_REF] Logan | Role of Pitx1 Upstream of Tbx4 in Specification of Hindlimb Identity[END_REF].

Pitx1 expression in the LPM is restricted to the HL domain and Pitx1-deficient mice show a downregulation of Tbx4 expression. In addition, Tbx4 regulatory sequences contain several Pitx1-binding sites further supporting a direct regulation of Tbx4 by Pitx1 [START_REF] Menke | Dual hindlimb control elements in the Tbx4 gene and region-specific control of bone size in vertebrate limbs[END_REF].

These two T-box genes that correlate with FL and HL domains are thought to play a role in limb identity. In chicken, upon Fgf induction, ectopic buds formed in the anterior part of the flank express Tbx5 and will form an ectopic wing while the ones induced in the posterior part of the flank express Tbx4 and will form an ectopic leg [START_REF] Ohuchi | Correlation of wing-leg identity in ectopic FGF-induced chimeric limbs with the differential expression of chick Tbx5 and Tbx4[END_REF].

This correlation suggests that Tbx5 and Tbx4 could play a role in determining limb identity.

Hypothesis that was further supported by series of misexpression experiments in chicken [START_REF] Rodriguez-Esteban | The T-box genes Tbx4 and Tbx5 regulate limb outgrowth and identity[END_REF][START_REF] Takeuchi | Tbx5 and Tbx4 genes determine the wing/leg identity of limb buds[END_REF]. In contrast, experiments of gene deletion-gene replacement in mouse show a rescue of the FL initiation, outgrowth and morphology by Tbx4 in a Tbx5 -/-mutant. In contrast, Pitx1 rescues the formation of a limb carrying HL characteristics [START_REF] Minguillon | Tbx5 and Tbx4 are not sufficient to determine limb-specific morphologies but have common roles in initiating limb outgrowth[END_REF][START_REF] Minguillon | Tbx4/5 gene duplication and the origin of vertebrate paired appendages[END_REF]. These results suggest that, in mouse, as opposed to chicken, Tbx5 and Tbx4 share a common role in the first steps of limb initiation but do not determine limb morphology, and the HL identity seems to be determined at least partly by Pitx1.

Interestingly, amphioxus Tbx4/5, a unique gene that underwent duplication during evolution to form Tbx5 and Tbx4 in gnathostomes, is able to rescued Tbx5 -/-forelimbless phenotype in mouse suggesting that the capacity to induce limb formation was already present in the ancestral Tbx4/5 gene. However, in amphioxus, this gene is not expressed in the PLPM at embryonic stages. Thus, it has been proposed that acquisition of a specific regionalized expression of Tbx5 and Tbx4 along the AP axis was a critical step in the acquisition of paired appendages [START_REF] Minguillon | Tbx4/5 gene duplication and the origin of vertebrate paired appendages[END_REF][START_REF] Onimaru | Development and evolution of the lateral plate mesoderm: Comparative analysis of amphioxus and lamprey with implications for the acquisition of paired fins[END_REF][START_REF] Tanaka | Acquisition of the paired fins: a view from the sequential evolution of the lateral plate mesoderm[END_REF].

Wnt and Fgf signaling pathways

The Wnt/ß-catenin pathway in limb initiation

The canonical Wnt/ß-catenin signaling pathway is a major signaling pathway, involved in virtually every aspects of embryonic development; and it that has been suggested

to play a role in limb initiation. In chicken, the different components of the Wnt/ß-catenin pathway, ß-catenin and the Tcf and Lef transcription factors, are expressed in the prospective limb domains [START_REF] Schmidt | Dynamic expression of Lef/Tcf family members and β-catenin during chick gastrulation, neurulation, and early limb development[END_REF] and the Wnt ligands Wnt2b and Wnt8c are expressed in prospective FL and HL domains respectively [START_REF] Kawakami | WNT signals control FGF-dependent limb initiation and AER induction in the chick embryo[END_REF]. When ectopically expressed in the flank region, Wnt2b, Wnt8c and ß-catenin induce the formation of an ectopic limb bud and ectopic Fgf10 expression [START_REF] Kawakami | WNT signals control FGF-dependent limb initiation and AER induction in the chick embryo[END_REF][START_REF] Takeuchi | Tbx5 and Tbx4 trigger limb initiation through activation of the Wnt/Fgf signaling cascade[END_REF].

Whereas a downregulation of ß-catenin in the limb domains represses Fgf10 expression and dramatically impairs limb outgrowth [START_REF] Kawakami | WNT signals control FGF-dependent limb initiation and AER induction in the chick embryo[END_REF]. Therefore, authors suggested that, Wnt2b, in the FL domain, and Wnt8c, in the HL domain, both activate Fgf10 via a ßcatenin dependent pathway [START_REF] Kawakami | WNT signals control FGF-dependent limb initiation and AER induction in the chick embryo[END_REF]) (Figure 13). In the prospective FL, Wnt2b and Tbx5 are thougth to regulate each other's activity and both regulate Fgf10 to initiate the limb buds [START_REF] Ng | The limb identity gene Tbx5 promotes limb initiation by interacting with Wnt2b and Fgf10[END_REF][START_REF] Takeuchi | Tbx5 and Tbx4 trigger limb initiation through activation of the Wnt/Fgf signaling cascade[END_REF] (Figure 13).

In mouse, the role of Wnt signaling in limb initiation is not clear. Wnt2b and Wnt8c

are not expressed in the prospective FL and HL domains [START_REF] Agarwal | Tbx5 is essential for forelimb bud initiation following patterning of the limb field in the mouse embryo[END_REF]. Wnt2 was found to be expressed in mouse LPM [START_REF] Monkley | Targeted disruption of the Wnt2 gene results in placentation defects[END_REF][START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF] suggesting that it could be a potential ligand to regulate limb initiation. However, Wnt2 -/- mutants do not show obvious limb defects [START_REF] Monkley | Targeted disruption of the Wnt2 gene results in placentation defects[END_REF]. Other potential Wnt ligands expressed in these domains have yet to be found. In addition a deletion of both Lef1 and Tcf1 transcription factors in mouse results in normal limb initiation [START_REF] Galceran | Wnt3a-/--like phenotype and limb deficiency in Lef1-/-Tcf1-/-mice[END_REF].

However, a conditional knockout mutant of the ß-catenin gene Ctnnb1 in the HL mesenchyme results in failure to induce Fgf10 and subsequently a failure to initiate HLs (Kawakami et al., 2011). This suggests that ß-catenin acts upstream to Fgf10. To activate Fgf10, ß-catenin requires the factor Isl1. Similarly to the ß-catenin mutants, a conditional knockout of Isl1 in the LPM results in failure to induce Fgf10 and to initiate HLs (Kawakami et al., 2011). Isl1 is required for ß-catenin accumulation into the nucleus and subsequent activity, activity that will regulate HL initiation by acting upstream of Fgf10. Moreover, a conditional deletion of ßcatenin in the prospective FL domain results in reduced expression of Tbx5, reduced Fgf signaling and subsequent impaired FL development [START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF]. Finally, it was shown that Tcf/Lef transcription factors can directly bind to the FL-specific Tbx5 regulatory sequence and promote its activity [START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF]. Thus, these data suggest that, ßcatenin is important to regulate limb initiation, both for the FL and the HL, but the question of how ß-catenin is activated remains unresolved in mouse.

The Fgf10-Fgf8 regulatory loop

Fgf molecules were the first factors identified to have the capacity to induce the initiation of ectopic limbs [START_REF] Cohn | Fibroblast growth factors induce additional limb development from the flank of chick embryos[END_REF][START_REF] Ohuchi | An Additional Limb Can Be Induced from the Flank of the Chick Embryo by FGF4[END_REF][START_REF] Ohuchi | Correlation of wing-leg identity in ectopic FGF-induced chimeric limbs with the differential expression of chick Tbx5 and Tbx4[END_REF][START_REF] Yonei-Tamura | FGF7 and FGF10 Directly Induce the Apical Ectodermal Ridge in Chick Embryos[END_REF]. When a bead soaked with Fgf (Fgf1, 2, 4, 7, 8 or 10) is implanted in the flank of a chicken embryo it induces the formation of an ectopic limb. All of these Fgf molecules are not involved in limb initiation but it was shown that Fgf10 is required for limb initiation and further outgrowth. Both in chicken and mouse, Fgf10 is expressed in the LPM of the limbforming domains and induces the expression of another Fgf molecule, Fgf8 in the overlying ectoderm. The cells expressing Fgf8 in the ectoderm form the Apical Ectodermal Ridge (AER), a thickening of the epithelium at the dorsal-ventral margin of the limb bud. The AER was shown, upon classical ablation experiments, to be essential for limb outgrowth [START_REF] Saunders | The proximo-distal sequence of origin of the parts of the chick wing and the role of the ectoderm[END_REF][START_REF] Summerbell | A quantitative analysis of the effect of excision of the AER from the chick limb-bud[END_REF]. The Fgf8-expressing cells in the AER further signal back to the mesenchyme and promote Fgf10 expression, in this way creating a positive feedback loop of Fgf signaling that promotes limb outgrowth [START_REF] Ohuchi | The mesenchymal factor, FGF10, initiates and maintains the outgrowth of the chick limb bud through interaction with FGF8, an apical ectodermal factor[END_REF] (Figure 13). Fgf10 was shown to induce Fgf8 expression in the overlying ectoderm and the proper formation of the AER through the induction of the Wnt3a/ß-catenin signaling [START_REF] Barrow | Ectodermal Wnt3/β-catenin signaling is required for the establishment and maintenance of the apical ectodermal ridge[END_REF][START_REF] Kengaku | Distinct WNT Pathways Regulating AER Formation and Dorsoventral Polarity in the Chick Limb Bud[END_REF] (Figure 13). When this regulatory loop is perturbed, it results in a failure to form the AER and grow a normal limb [START_REF] Boulet | The roles of Fgf4 and Fgf8 in limb bud initiation and outgrowth[END_REF][START_REF] Moon | Fgf8 is required for outgrowth and patterning of the limbs[END_REF][START_REF] Ohuchi | The mesenchymal factor, FGF10, initiates and maintains the outgrowth of the chick limb bud through interaction with FGF8, an apical ectodermal factor[END_REF]. A knockout of Fgf10 in mouse results in the absence of both FLs and HLs [START_REF] Min | Fgf-10 is required for both limb and lung development and exhibits striking functional similarity to Drosophila branchless[END_REF][START_REF] Sekine | Fgf10 is essential for limb and lung formation[END_REF]. In these mutants, the massive EMT observed in WT is impaired suggesting that Fgf10, required in the somatopleure prior to limb initiation, could be involved in regulating the induction of EMT in the limb field [START_REF] Gros | Vertebrate Limb Bud Formation Is Initiated by Localized Epithelial-to-Mesenchymal Transition[END_REF]. 

III. Establishment of the AP polarity in the limb bud -a role in positioning limbs along the body axis?

Once limb initiation has taken place, the limb bud starts to grow to in fine form the fully developed limb. The positive regulatory loop of Fg10 (in the mesenchyme) and Fgf8 (in the AER) maintains this outgrowth. The limb bud is further patterned along three axes:

the proximo-distal axis, starting from shoulder/hip up to the digit tips the dorso-ventral axis, form the back of the hand/feet to the palm/sole the antero-posterior axis, from the thumb/hallux to little finger

The limb patterning along these three axes is regulated by highly organized and coordinated signals that originate from three major signaling centers:

the AER that regulates the proximo-distal axis the non-AER ectoderm, important to set the dorso-ventral axis the ZPA, the signaling center regulating the antero-posterior axis According to classical embryology experiments, the AP polarity of the limb bud is established early, at the onset of limb initiation [START_REF] Hamburger | Morphogenetic and axial self-differentiation of transplanted limb primordia of 2-day chick embryos[END_REF]. Interestingly, some results obtained when deciphering how this AP polarization is established suggest that establishing the polarity in the bud might play a role in positioning the limbs along the AP axis. As mentioned above, the AP polarity of the limb is controlled by a signaling center, the ZPA.

This polarizing center forms in the limb mesenchyme, at the posterior margin of the bud, and is defined by its potential to instruct limb cells with respect to their AP position. To illustrate, grafts of a ZPA in the anterior limb bud induces a complete digit duplication arranged in a mirror image [START_REF] Saunders | The proximo-distal sequence of origin of the parts of the chick wing and the role of the ectoderm[END_REF][START_REF] Saunders | Ectodermal and mesenchymal interactions in the origin of limb symmetry[END_REF]. Shh has been identified to be the morphogen expressed by the ZPA and responsible for the AP polarization of the limb bud [START_REF] Riddle | Sonic hedgehog mediates the polarizing activity of the ZPA[END_REF]. The restricted expression of Shh in the posterior part of the limb bud is established by an antagonistic interplay between two transcription factors: dHand (also known as Hand2) in the posterior mesenchyme and Gli3 in the anterior mesenchyme [START_REF] Charite | The bHLH transcription factor dHAND controls Sonic hedgehog expression and establishment of the zone of polarizing activity during limb development[END_REF][START_REF] Fernandez-Teran | Role of dHAND in the anterior-posterior polarization of the limb bud: implications for the Sonic hedgehog pathway[END_REF][START_REF] Welscher | Progression of Vertebrate Limb Development through SHH-Mediated Counteraction of GLI3[END_REF]. dHand is initially expressed throughout the limb forming region while Gli3 becomes expressed in the bud with a gradual expression from anterior to posterior. In the anterior mesenchyme, Gli3 downregulates dHand; subsequently dHand becomes restricted to the posterior mesenchyme while Gli3 localizes in the anterior mesenchyme. This antagonistic interaction pre-patterns the bud and will eventually position the ZPA in the posterior field of the limb.

It was recently shown that, in the FL, this AP polarity is determined by Hox genes (Xu and Wellik, 2011;Xu et al., 2013). By genetically deleting the four Hox9 paralogue genes (Hoxa9, b9, c9 and d9) in mouse, Xu and Wellik (2011) could demonstrate that Hox9 genes are required for the development of the posterior structures of the FL (Xu and Wellik, 2011).

Upon deletion of Hox9 genes, dHand expression is dramatically reduced while Gli3 expression extends posteriorly (Xu and Wellik, 2011). A similar genetic approach in which the Hox5 paralogue genes (Hoxa5, b5 and c5) were deleted showed that these genes are required for the development of anterior structures of the FL (Xu et al., 2013). In addition, an ectopic expansion of Hoxb8 expression in the anterior domain of the FL, results in the deregulation of the ZPA; Shh expression is expanded anteriorly [START_REF] Charité | Ectopic expression of Hoxb-8 causes duplication of the ZPA in the forelimb and homeotic transformation of axial structures[END_REF]. These different findings show that Hox genes expression in the LPM, at the early limb initiation stage, is important to pattern the FL bud along the AP axis. Thus supporting the idea that the nested expression of Hox genes in the LPM controls the establishment of the anterior (Hox5)

and posterior (Hox9) compartment of the FL.

Tbx3, a transcriptional repressor member of the T-box genes, was also shown to be important to regulate the dHand/Gli3 pre-patterning of the limb (Rallis et al., 2005). It has been proposed that, in the posterior limb mesenchyme, Tbx3 represses Gli3 expression. This creates the formation of the Gli3 anterior-to-posterior gradient that in turn represses dHand in the anterior bud, thus forming a posterior-to-anterior gradient of dHand (Rallis et al., 2005).

Unexpectedly, upon misexpression of Tbx3 in the prospective FL and HL domain, authors could observe a shift of the limb position along the AP axis.

An overexpression of Tbx3 results in an anterior shift of the limb domain. Following Tbx3 overexpression, dHand expression is expanded anteriorly while Gli3 is downregulated.

At later stage, these two genes are normally expressed within the limb mesenchyme (dHand in the posterior mesenchyme and Gli3 in the anterior mesenchyme) but strikingly, the limb position is shifted anteriorly (Rallis et al., 2005). Conversely, expression of an activator version of Tbx3 (Tbx3 was fused to VP16 to behave as a transcriptional activator) shifts the limb domain posteriorly. These data suggest that pre-patterning the limb bud to set the posterior domain of this limb bud (i.e. the position of the ZPA) can influence the position of the limb along the AP axis. Misexpression of Tbx3 does not perturb the expression of Hox genes suggesting that Tbx3 regulation of dHand/Gli3 pre-patterning of the limb bud lies downstream of Hox genes (Rallis et al., 2005).

Tbx3 misexpression impacts both the FL and HL domains, however Hox9 and Hox5

do not affect the AP patterning of the HL and to date, no other combination of more posterior Hox genes have been identified to have a similar function in the HL. This suggests that other non-Hox genes may regulate the AP polarity of the HL. Interestingly, Isl1, a factor identified to play a role in the mechanisms that position HLs (Jurberg et al., 2013), was shown to regulate dHand expression and thus position the ZPA in the HL [START_REF] Itou | Islet1 regulates establishment of the posterior hindlimb field upstream of the Hand2-Shh morphoregulatory gene network in mouse embryos[END_REF]. In Isl1 -/- mutant, dHand expression is absent of the HL [START_REF] Itou | Islet1 regulates establishment of the posterior hindlimb field upstream of the Hand2-Shh morphoregulatory gene network in mouse embryos[END_REF] while Isl1 overexpression results in an anterior expansion of dHand expression in the entire HL domain (Jurberg et al., 2013). These embryos also display an anterior shift of the HL position along the body axis further supporting a potential link between limb position and the positioning of the ZPA.

Positioning the posterior margin of the limb bud seems to influence the final position of the limb along the body axis. This could lead to the hypothesis that setting the position of the limb posterior margin along the body axis establishes the final limb position. Hox genes were shown to be involved in the establishment of this posterior margin in the FL, this would put these genes, once more, in the forefront in the regulation of limb position.

Limb buds will further develop and pattern along the three axes to form this fully elongated and highly organized structure that is a limb. This process involves coordinated cell movements; cell differentiation (into cartilage, bones…); cell migration (invasion of muscle precursor cells, vascular cells…) and many other cellular events tightly regulated by several interconnected signaling pathways (FGFs, BMPs, Shh, Wnts…). These different processes have been well described by others and because it is not the focus of this work, they will not be further discussed here.

Rational of the project

How limbs are positioned along the body axis is an important question of developmental biology that has not been fully clarified to this day. The mechanisms that regulate the HL position have started to emerge and we know that their position is coupled to the axis termination and that Gdf11 is the major regulator involved. When it comes to the FL, the mechanisms that regulate its position are less clear. Both fore-and hindlimbs emerge from specific and reproducible positions along the body axis, positions that widely vary across tetrapod species. They originate from the Lateral Plate Mesoderm, a tissue that is formed during gastrulation. And, according to classical embryology studies, the limb domains seem to be determined in the early LPM long before limb initiation. This suggests that the position of limbs could be established during the early steps of development. In order to decipher the cellular and molecular mechanisms regulating the position at which limbs initiate, the first step is to better understand the formation of the LPM. There are very few studies about the formation and patterning of the LPM, and the interpretations and conclusions drawn from these studies have to be refined. Hox genes are key regulators in patterning the body axis.

They are longstanding candidates in the regulation of limb position and it was recently proposed that the collinear expression of these genes could regulate the FL-specific expression of Tbx5. However, a direct role of Hox genes as yet to be demonstrated and the mechanism by which they would position the FL to be further examined and clarified.

Hypothesis

This PhD project starts from the hypothesis that limbs are positioned very early during development.

I hypothesize that the positional information of limb precursor cells is acquired during the early steps of gastrulation, as the LPM is itself generated. And I investigate the role of Hox genes in regulating limb position from the formation and patterning of the LPM to limb initiation. In addition, I aim at understanding the mechanism underlying the variations in limb position observed in birds.

More precisely, the aims of this project are:

(1) To characterize the formation of the LPM during gastrulation and to determine whether the LPM is patterned into limb and non-limb domains during its formation.

(2) To elucidate the role of Hox genes in positioning the FL along the AP axis from LPM formation to limb initiation.

(3) To decipher the developmental mechanisms underlying the variations in forelimb position observed in birds.

Chapter 1: Characterization of the Lateral Plate

Mesoderm formation, a first step to decipher limb position

I. Limb position is already established in the early LPM

As I previously introduced, limb buds emerge from the LPM at stage HH15 in the chicken embryo, at very specific positions. Different studies have suggested that limb domains, and especially the FL, are determined before limb initiation (Chaube, 1959;[START_REF] Pinot | Le rôle du mésoderme somitique dans la morphogenèse précoce des membres de l'embryon de Poulet[END_REF][START_REF] Rudnick | Limb-forming potencies of the chick blastoderm: including notes on associated trunk structures[END_REF][START_REF] Saito | Specification and determination of limb identity: evidence for inhibitory regulation of Tbx gene expression[END_REF]. By series of explants and grafts experiments, these different studies propose that the FL prospective domain can grow and form FL tissues from a LPM explant as early as stage HH9, strongly suggesting that the FL domain is established before limb initiation. However, no studies have been designed in the perspective of determining at which stage the FL and IL were positioned and determined relative to each other. ILs have the capacity to form a limb in certain conditions [START_REF] Cohn | Fibroblast growth factors induce additional limb development from the flank of chick embryos[END_REF][START_REF] Kawakami | WNT signals control FGF-dependent limb initiation and AER induction in the chick embryo[END_REF][START_REF] Ng | The limb identity gene Tbx5 promotes limb initiation by interacting with Wnt2b and Fgf10[END_REF][START_REF] Ohuchi | An Additional Limb Can Be Induced from the Flank of the Chick Embryo by FGF4[END_REF][START_REF] Takeuchi | Tbx5 and Tbx4 trigger limb initiation through activation of the Wnt/Fgf signaling cascade[END_REF][START_REF] Yonei-Tamura | FGF7 and FGF10 Directly Induce the Apical Ectodermal Ridge in Chick Embryos[END_REF], thus it cannot be excluded that IL tissues could carry the capacity to develop into FL tissues in theses explant and grafting conditions too. In addition, no lineage tracing of the grafted tissue was performed in these studies, thus we cannot exclude that other tissues (somites, intermediate mesoderm or ectoderm) have been grafted with the LPM tissue and could be responsible for induction of the FL formation. Thus, in order to understand how FLs acquire their position, I first decided to investigate how early the FL and IL domains were positioned relative to each other.

To this end, I used the high accessibility and resistance of chicken embryos to 5).

Embryos could be classified in two different groups depending on their phenotype: embryos showing a complete shift of the FL domain along the AP axis (n=3/15 embryos; Figure 14B), and embryos that displayed a reduced FL domain together with the formation of an ectopic bud in the IL (n=12/15 embryos; Figure 14C). The three embryos showing a complete shift of the forelimb bud strongly support the idea that the FL is already positioned at stage HH11. As for embryos showing an ectopic bud formed in the flank, they also show a reduced FL bud supporting the idea of a partial displacement of the FL tissue along the AP axis; partial displacement that would originate from an incomplete dissection of the prospective FL tissue at stage HH11. To test this hypothesis, I checked these ectopic buds for the expression of the FL-specific marker Tbx5. It was previously shown that, upon Fgf induction, ectopic buds induced in the anterior IL region express Tbx5 and will form an ectopic wing while the ones induced in the posterior IL region express Tbx4 and will form an ectopic leg [START_REF] Ohuchi | Correlation of wing-leg identity in ectopic FGF-induced chimeric limbs with the differential expression of chick Tbx5 and Tbx4[END_REF]. Strickingly, in the case of ectopic limbs produced by the graft, I could observe that, when formed in the posterior IL, they expressed Tbx5 (n=2/2 embryos; Figure 14D-E; Table 5), demonstrating that these ectopic limbs originate from an early displacement of the prospective forelimb tissue at the early stage HH11.

As I previously mentioned, in order to attest that the FL is positioned relative to the IL by stage HH11, it is necessary to verify that the grafted tissues do not contain other tissues than LPM that could be responsible for the limb induction. Thus, in order to confirm the previous results, I took advantage of a transgenic quail line produced in the lab to perform quail-chick transplantation experiments that allowed me to trace the fate of the grafted tissue.

The transgenic quails I used express a membrane-bound GFP protein (memGFP) ubiquitously expressed under the ubiquitin C (UbC) human promoter. Using the same experimental approach, I could recapitulate the results previously described, with embryos exhibiting a complete (n=1/3 embryos) or partial (n=2/3 embryos) shift of the forelimb domain (Figure 14F; Table 5). Sections at the level of the FL showed that no limb bud was initiated on the and Hamilton, 1992), embryos have just completed gastrulation, the process during which the LPM is formed. Thus, these results suggest that the LPM tissue could be patterned into limb and non-limb domains during gastrulation while it is formed. 

II. Characterization of the LPM formation

As I already mentioned, the LPM is formed, together with the other mesodermal tissues (i.e. the somitic and intermediate mesoderm), during the process of gastrulation.

Results previously presented demonstrate that, at the end of gastrulation, the LPM is already patterned into limb and non-limb domains suggesting that limb precursor cells could acquire their positional information during gastrulation. Lineage analyses to determine the origin of mesodermal tissues have identified the epiblast region that gives rise to the LPM (Garcia-Martinez et al., 1993;Psychoyos and Stern, 1996;Sawada and Aoyama, 1999). However, there is no specific study about the formation of the LPM and its patterning into limb and nonlimb domains. We don't know how this epiblast domain gives rise to a fully formed and patterned LPM 24h later. In order to determine whether limbs are positioned during gastrulation, I first aimed at characterizing at a cellular and dynamic level, how the LPM is formed. To address this question, I performed a dynamic lineage analysis of the LPM precursor cells using a live imaging approach.

Identification of the presumptive PLPM in the epiblast

The formation of the LPM is a dynamic process, cells forming this tissue start to ingress at stage HH3, when the primitive streak has reached about 2/3 rd of its final size, and continue up to the end of gastrulation (Psychoyos and Stern, 1996). In order to precisely determine the timing and the region of the primitive streak that will specifically form the PLPM (from the cervical region up to the tail bud), I electroporated a plasmid coding for GFP in approximately the middle third of the primitive streak (Figure 15A-C), region that was previously described to give rise to the LPM (Garcia-Martinez et al., 1993;Psychoyos and Stern, 1996). Embryos were electroporated at different stages of development (stage HH3, HH4, HH5 and HH6) and cultured ex vivo (using the EC culture system; Chapman et al., 2001). After 24h, embryos were harvested and the localization of GFP-expressing cells was analyzed. I observed that, in embryos electroporated at stage HH3, some GFP-expressing cells were found in the endoderm and the extraembryonic membranes but they were mostly found in the cardiac mesoderm (i.e. the ALPM) (Figure 15A 

Dynamic lineage analysis of LPM precursors

To capture the dynamic process of LPM formation, chicken embryos were electroporated in the prospective LPM with fluorescent markers and imaged for up to 48h.

The epiblast and LPM tissues are dense and cell trajectories often cross each other, therefore, it can be difficult to track and analyse cells behavior during 24h to 48h. In order to facilitate individual cell tracking, I took advantage of a tool developed by X. Morin (Morin et al., 2007). In the primitive streak of stage HH4 embryos, I electroporated a mix of DNA 

Two ingression phases during LPM formation

As mentioned above, LPM precursor cells ingressing at stage HH3 will form the ALPM while precursors ingressing at stage HH4 onward will form the PLPM. The stage HH4 corresponds to the stage at which the primitive streak has completed its elongation and starts to regress. Interestingly, I could observe that the ingression behavior of LPM precursor cells changes between stage HH3 and stage HH4. At stage HH3, when the primitive streak is still elongating, epiblast cells seem to ingress collectively, as a continuous layer of cells.

Following the polonaise movements, the layer of epiblast cells reaches the primitive streak and gets internalized continuously; this movement resembles the one of a conveyor belt. In contrast, once the primitive streak starts to regress, the ingression behavior of LPM precursors changes. Following gastrulation movements, cells reach the primitive streak in a lateral to medial trajectory. Once they have reached it, some cells ingress rapidly while some seem to pause in the streak or in its vicinity, follow the regression movement, and ingress later on.

Thus, as opposed to stage HH3, cells seem to exhibit an individual ingression behavior. I quantified this differential behavior by measuring the time cells spent in the primitive streak before ingressing. The distribution representing cell ingression behavior before primitive streak regression is clustered, with a median timing of 35min spent in the primitive streak before ingression (n=28 cells, 2 embryos; Figure 17A), consistent with a continuous ingression of cells. In contrast, the distribution representing cell ingression behavior during primitive streak regression is wider, with a median timing of 4h25min (n=15 cells, 2 embryos;

Figure 17A), this distribution is coherent with an individual ingression behavior. This result highlights the change in ingression behavior before and during primitive streak regression.

Thus it seems that the formation of the two ALPM and PLPM compartment correlates with different cell ingression behaviors. As precursors of the PLPM seem to ingress individually at different timings, this suggests that the timing of ingression could potentially be important to form this compartmen. Interestingly, as it will be described below, Hox genes start to be expressed at stage HH4. This behavioural switch that correlates with Hox genes activation suggests that ingression before stage HH4 could be Hox independent while the second ingression phase that produces PLPM could be Hox dependent. As I was specifically interested on the formation of the PLPM, I did not pursue the characterization of the differences between these two behaviors and focused on the formation of the PLPM. (1) Hox genes expressed in the anterior part of the LPM that contains the prospective FL domain, such as Hoxb3, Hoxb4 or Hoxb5 genes. These genes will be referred as anterior Hox genes

(2) Hox genes expressed in a domain posterior to the FL, such as Hoxb6, Hoxb8 and Hoxb9. These genes will be referred as posterior Hox genes

These expression profiles suggests that Hox genes could be involved in the formation of limb and non-limb domains during gastrulation following a similar mechanism as the one observed in the somitic compartment.

To approach this question, I first selected Hoxb4, Hoxb7 and Hoxb9 genes along the Hoxb cluster as representative examples and further analyzed in details their dynamic expression from stage HH4 to HH13 (Figure 19). Hoxb4 is expressed starting from stage HH4

(Figure 19A, P), while Hoxb7 expression is activated at stage HH5 (Figure 19F-G, P) and Hoxb9 starts to be activated at stage HH5 in the posterior most part of the primitive streak (that does not include LPM precursor cells) and is strongly expressed in LPM precursor cells at stage HH7 (Figure 19K-M, P). This confirms, as previously described (Denans et al., 2015;Iimura and Pourquié, 2006), the collinear activation of these genes during gastrulation. Hox These genes have a collinear sequence of activation that is compatible with the formation of the FL and IL domains (Figure 19P). Indeed, Hoxb4 is expressed in the primitive streak from stage HH4 to HH6, stages during which the FL is formed, while Hoxb9 is activated at stage HH7, stage at which the IL starts to be formed. This correlation further supports a potential role for Hox genes in patterning the LPM into limb and non-limb domains during gastrulation. 

II. Hoxb genes regulate the formation of limb and non-limb domains

To test the role of Hox genes in the formation of the FL and IL domains during gastrulation, I took a gain-of-function approach. I electroporated GFP alone or in combination with Hoxb4, Hoxb7 and Hoxb9 genes in the prospective LPM domain of the epiblast at stage HH4 (Figure 20A) and observed the distribution of electroporated cells in the LPM 24h later.

As previously described, GFP electroporation at that stage labels the full extent of the LPM (87,5%, n=14/16 embryos; Figure 20B). In contrast, 

III. Misexpression of Hox genes perturbs the forelimb position

The findings I presented thus far showed that, at the end of gastrulation, Hox genes have formed the limb and non-limb domains; domains that are determined and positioned relative to each other by that stage. This raises the question whether Hox genes are sufficient to establish the FL position. It was recently proposed that a combination of activation and repression by Hox genes can regulate the FL-specific expression of Tbx5 along the AP axis (Minguillon et al., 2012;Nishimoto et al., 2014). Anterior Hox genes (Hox4 and Hox5 expressed in the FL domain (Nishimoto et al., 2014). Thus, this absence of phenotype upon ectopic expression of Hoxb4 or Hoxb4 VP16 in the IL suggests that the repressive activity of posterior Hox genes completely locks the Tbx5 promoter and prevents Tbx5 expression even in overexpression conditions, functional mechanism that would be consistent with the functional dominance of posterior Hox genes over anterior Hox genes (i.e. the posterior prevalence; [START_REF] Duboule | Colinearity and functional hierarchy among genes of the homeotic complexes[END_REF]. Thus, it suggests that it would be necessary to remove this repression in order to activate Tbx5 and FL initiation with Hoxb4. To test this hypothesis, I produced a dominant-negative form of Hoxc9. This dominant-negative form is based on a human mutation of the gene Hoxa13 that is responsible for the dominant Hand-Foot-Genital syndrome (Mortlock and Innis, 1997;de Santa Barbara and Roberts, 2002). The mutation produces a premature stop codon in the DNA-binding homeodomain of the gene resulting in a truncated form of Hoxa13 that misses the C-terminal part of the homeodomain.

The truncated form acts as a dominant-negative inhibiting the function of all the genes of the Hox13 paralogue group (de Santa Barbara and Roberts, 2002). Similar truncations in different chicken Hox genes were shown to exert the same dominant-negative effect on their paralogue genes (Denans et al., 2015). This construct is expected to release the repression exherted by These results demonstrate that Hox genes regulate Tbx5 expression in vivo and that a misexpression of these genes is sufficient to perturb the FL position along the AP axis In parrallel, I explored whether Hoxb4 required additional signaling inputs in order to induce Tbx5 expression and perturb the FL position. Indeed, it was recently shown that the FL-restricted Tbx5 expression is not only regulated by Hox genes but also by RA and ßcatenin/TCF/LEF signalings [START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF]. Thus, using electroporation, I ectopically activated the three signals in the IL domain and analyzed the effect on Tbx5 expression and limb initiation. To activate RA signaling cascade, I used a constitutively active form of the RA receptor alpha (RARα VP16 ), RARα is fused to the transcriptional activator VP16 and does not require RA signaling to activate its target genes [START_REF] Novitch | A Requirement for Retinoic Acid-Mediated Transcriptional Activation in Ventral Neural Patterning and Motor Neuron Specification[END_REF]; for ß-catenin/TCF/LEF signaling, I electroporated a form of ß-catenin (ß-cat*) that cannot be degraded and, as a consequence, constitutively activates its target genes [START_REF] Gros | WNT11 acts as a directional cue to organize the elongation of early muscle fibres[END_REF].

The co-electroporation of Hoxb4, RAR VP16 and ß-cat* in the IL domain did not show any effect on the expression of Tbx5 or the formation of an ectopic limb (Tbx5 expression n=0/12 embryos, ectopic limb n=0/8 embryos; data not shown). Thus, it seems that the combination of Hoxb4, RA and ß-catenin signalings is not sufficient to perturb the FL position. This result would necessitate further investigation to be confirmed, however, as the combination of Hoxb4 activation and Hoxc9 repression resulted in a perturbation of the FL position, I did not pursue on that direction.

The different findings presented in this chapter showed that Hoxb genes influence the ingression timing of LPM precursor cells during gastrulation in this way forming the different limb and non-limb domains; Hoxb4 and potentially other anterior Hox genes form the FL while the IL/HL domain is formed by Hoxb7, Hoxb9 and potentially other posterior Hox gene. These results strongly support the collinear activation of Hox genes as being the first step in the establishment of their spatial collinear expression in the LPM. I further demonstrate that a combination of Hox genes is sufficient to perturb the FL position. Ectopic expression of the anterior Hox gene, Hoxb4 is not sufficient to shift the FL domain into the IL. However, when associated to the removal of posterior Hox gene repressive activity, it induces a posterior extension of the FL domain. Importantly, these results suggest that the FL position may not be regulated by a master Hox gene, or paralogue group of Hox genes, but rather by their collinear expression. The transition between anterior and posterior Hox genes, which is established by their collinear activation during gastrulation, would then be the key regulator to establish the FL position. Following this hypothesis, varying the FL position along the body axis would necessitate changing the establishment of this transition by changing the relative activation of Hox genes during gastrulation.

Chapter 3: Natural variation of the wing position in birds

In the introduction of this PhD work, I explained that, while always associated with the cervico-thoracic transition, the FL position greatly varies among tetrapod species. Avian species, especially, display a wide range of variation in their neck length and subsequently the position of their wing, from the sparrow that has 9 cervical vertebrae to the swan that has up to 25 cervical vertebrae. I showed above that the wing position is established by the temporal collinear activation of Hox genes that produce their own spatial collinear expression in the LPM and in this way, establish the transition between the anterior and posterior Hox genes, transition that would position the FL along the AP axis. Could this mechanism underlie the natural variations of wing position observed in birds?

To tackle this question, I analyzed Hox genes expression patterns relative to wing position in two different bird species, the zebra finch (taeniopygia guttata) and the ostrich (struthio camelus), that display variations in their wing position as compared to chicken and that were easily accessible in the lab.

I. Wing position in zebra finch, chicken and ostrich

In order to determine the exact position of the wing in these three species, I performed an Alcian Blue/Alizarin Red staining, which labels bone and cartilage tissues, at late developmental stage (zebra finch, E13; chicken, E20; ostrich E37) and counted the number of cervical vertebrae for each species. This allowed me to confirm that chicken has 14 cervical vertebrae and to determine that zebra finch has 12 cervical vertebrae and ostrich has 17

(Figure 23A-C).
Then, I analyzed the expression of Tbx5 at the early limb bud stage to see whether the forelimb field is shifted anteriorly in zebra finch and posteriorly in ostrich as compared to chicken. Surprisingly, I did not observe a complete shift of the Tbx5 domain of expression along the body axis but rather variations of its posterior border of expression, anteriorly (about 3 somites) in zebra finch and posteriorly (about 5 somites) in ostrich (Figure 23D-F).

Thus, there is a correlation between the length of Tbx5 expressing FL domain and the final position of the wing in these animals; the anterior position of the wing in zebra finch is associated with a small Tbx5 expression domain while in ostrich, the posterior position of the wing correlates with a long, posteriorly extended Tbx5 domain.

Then, I analyzed the expression of representative anterior and posterior Hox genes (namely Hoxb4 and Hoxb9) in order to determine whether the natural variations in wing position correlate with a change in the anterior-to-posterior Hox transition. Similarly to Txb5, rather than a complete shift of its domain, Hoxb4 showed an anterior shift (about 3 somites) and posterior shift (about 8 somites) of its posterior border in zebra finch and osgtrich respectively (Figure 23G-I). In the three species, the anterior border of expression was found at the level of somite 5-6. Regarding Hoxb9, its anterior border of expression was found shifted posteriorly (about 5 somites) as compared to chicken (Figure 23J-K). As of today, I do not have the information concerning Hoxb9 expression in the zebra finch; I am in the process of cloning zebra finch Hoxb9 cDNA in order to synthesize the probe for in situ hybridization but all my attempts were not successful thus far. However, based on the correlation between Tbx5-and Hoxb4-expressing domains and on the changes of Hoxb9 expression between chicken and ostrich, I would predict that Hoxb9 anterior border would be shifted anteriorly as compared to chicken.

Thus, comparative analysis of these different genes expression shows that, the final wing position correlates with a shift in the posterior border of Tbx5 and Hoxb4 expression (therefore, a shortening or lengthening of their domain) rather than a complete shift of their espression domain. Additionally, it correlates with a posterior shift of the Hoxb4-Hoxb9 transition in ostrich. When compared to the temporal sequence of activation of Hoxb4 and Hoxb9 in chicken, analysis of these genes dynamics of expression in ostrich shows that the temporal activation of Hoxb4 is identical whereas Hoxb9 activation is delayed. This leads to a delayed Caldarelli, PhD student in the lab, I perturbed RA signaling during gastrulation by treating chicken embryos with RA or a pan-RAR antagonist, AGN193109 (that will be referred as RA signaling inhibitor or RAI), to respectively activate or inhibit it. Chicken embryos were transiently exposed to RA or RAI treatment by culturing them ex ovo in medium plates containing one of the two molecules (8h treatment, from stage HH4 to HH8), further cultured for 24h in normal conditions and analyzed for Hoxb4 and Hoxb9 expression. When embryos were treated with RAI, Hoxb4 expression level was globally reduced as compared to control (Figure 25A-B). Additionally, Hoxb4-expression domain was smaller, with a domain of 10 somites long in average when it was 14 somites long in control embryos (RAI-treated embryos: n=10 embryos, Hoxb4 domain of 8-12 somites length; control embryos: n=4 embryos, Hoxb4 domain of 14 somites length; Figure 25A-B). Regarding Hoxb9, its anterior boundary of expression was anteriorly shifted of about 2-6 somites length as compared to control (n=3/3 embryos; Figure 25E), at a level that varied from somite 12 to somite 18 (12 th somite: 2/7 embryos; 15 th somite: 3/7 embryos; 16 th somite: 1/7 embryos; 18 th somite: 1/7 embryos; Figure 25D). Interestingly, for the same number of somites, treated-embryos were smaller in size with a reduced PSM, as if posterior tissue had been produced prematurely. RAtreated embryos were exposed to a range a different concentrations (from 465µM to 40µM) that induced drastic malformations (severe malformations of anterior structures, neural tube defects; n=15/15 embryos; Figure 25C,F). When looking at Hoxb4 expression, it was strongly upregulated and widely expressed in the complete embryo (n=8/8 embryos; Figure 25C). Reversely, Hoxb9 expression was greatly reduced and expression could be observed only in tail bud and not in the LPM (n=5/6 embryos; Figure 25F). These results are still preliminary and will need to be confirmed but they show that a transient modulation of RA signaling during gastrulation results in relative changes of Hox spatial expression in the LPM while preserving the collinearity.

Next, I analyzed Tbx5 expression in RA-and RAI-treated embryos to investigate whether these changes in Hox expression patterns have an impact on the Tbx5-expressing FL domain. Stage HH4 chicken embryos were treated with RA or RAI in ovo to let them develop up to the early limb bud stage (stage HH18-19). RAI treatment resulted in embryos exhibiting a smaller Tbx5 domain with a posterior border anteriorly shifted by about 2-3 somites (n=6/6; Figure 25G) while embryos treated with RA had an elongated Tbx5 expression domain with a posterior bordee shifted posteriorly by about 2 somites (n=3/9 embryos; Figure 25I) when compared to control (n=11 embryos; Figure 25H). Strikingly, these Tbx5 expression domains resemble the zebra finch and ostrich ones. RAI-treated embryos display a small Tbx5 expression domain similar to the one observed in zebra finch (compare Figure 23D and25G) while RA-treated embryos have a longer Tbx5 domain similar the one observed in ostrich (compare Figure 23F and25I).

These different findings further support that the temporal sequence of activation of Hox genes during gastrulation positions the FL along the body axis and that relative changes in this temporal sequence of activation underlie variations of the FL position. Additionally, the effect induced by RA signaling modulation suggest that this molecule could be the regulator of this temporal sequence of acitivation of Hox genes during gastrulation and modulations of this signaling pathway could be at the origin of natural variations in birds. But this remains hypothetical; in order to validate the role of RA signaling in this process, it will be necessary to look at regulators of this signaling pathway in birds to determine whether they are differentially expressed. Especially the expression of Cyp26A1, an enzyme required for RA degradation whose activation in the prospective LPM correlates with the one of the posterior Hox gene Hoxb9 [START_REF] Blentic | Retinoic acid signalling centres in the avian embryo identified by sites of expression of synthesising and catabolising enzymes[END_REF], would be particularly interesting to investigate in zebra finch and ostrich. To be fully demonstrated, this model requires further validations and I am now preforming some additional experiments in this perspective:

(1) Hoxb4 and Hoxb9 dynamics of expression in zebra finch is soon to be analyzed in order to determine the activation timing of these genes. According to the model, establishment of the Hoxb4-Hoxb9 transition should occur earlier than in the chicken.

(2)

The parameters of RA administration to gastrulation stage chicken embryos are optimized and the phenotypes obtained following RA signaling modulation will be further confirmed

(3) RA-and RAI-treated embryos will be analyzed for their wing position at late developmental stage to confirm that the variations in Tbx5 and Hox genes expression domains observed translate into variations of the final wing position.

(4)

The expression of RA signaling components, in particular Cyp26A1 will be analyzed in zebra finch, chicken and ostrich to test the implication of endogenous RA signaling in this mechanism 

Discussion

I. The LPM is progressively formed during gastrulation

I showed in this study that the LPM is progressively formed during gastrulation. This result was not surprising as it was previously shown that the formation of different mesodermal tissues (heart, somites, intermediate mesoderm), is gradual (Garcia-Martinez and Schoenwolf, 1993;Garcia-Martinez et al., 1993;Psychoyos and Stern, 1996;Sawada and Aoyama, 1999). But surprisingly enough, despite the identification of the prospective LPM territory in the middle third of the primitive streak (Psychoyos and Stern, 1996), a specific study of the dynamic formation of the LPM had never been done before. Here, I showed that the PLPM is formed from stage HH4 to stage HH10 and that the forelimb, interlimb and hindlimb domains are sequentially formed. By stage HH10, the LPM is patterned into forelimb and interlimb domain. These results differ from previous lineage analysis of the limb domains performed by Chaube (1959) in which she proposed that all the domains were formed and gastrulation was completed by stage HH7 (Chaube, 1959). These differences in our results are potentially due to the different labeling technics used. I could confirm the results presented here using two different cell labeling technics (electroporation of fluorescent markers and photoconversion of mEos2FP transgenic quail embryos), thus reinforcing these conclusions. However, using the photoconvertible transgenic quails, I could confirm her lineage analysis of the limb domains from the end of gastrulation (stage HH11) to limb initiation (stage HH15). Thus, these results provide a complete lineage analysis of the limb and non-limb domains from gastrulation to limb initiation. But more importantly, these results

show that the forelimb and interlimb domains are patterned during gastrulation.

II. Hox genes collinear activation patterns the LPM into limb and non-limb domains

Importantly, I observed that the sequential formation of the limb and non-limb domains correlates with the sequential collinear activation of Hoxb genes during gastrulation.

Formation of the forelimb correlates with the expression of Hoxb4 (stage HH4 to HH6) while the activation of Hoxb9 corresponds to the formation of the interlimb. It was previously shown that, in the somitic compartment, the collinear activation of Hoxb genes, by regulating ingression timing of somitic precursors during gastrulation, establishes their own collinear expression pattern in the somitic tissues (Iimura and Pourquié, 2006). I showed that, in the context of the LPM formation, a similar mechanism regulates the formation of the limb and non-limb domains. Hoxb genes influence the ingression timing of LPM precursor cells and, in this way, form the different limb and non-limb domains, with anterior Hox genes (e.g. Hoxb4)

forming the FL domain and posterior Hox genes (e.g. Hoxb7 and Hoxb9) forming the IL/HL domains. Through this mechanism, the collinear activation of Hox genes produces their characteristic nested expression in the LPM that has long been suspected to play a role in positioning limbs along the body axis. Comparative analysis of the temporal dynamics of activation of Hox genes (e.g. Hoxb4 and Hoxb9) in chicken and ostrich shows that whereas the temporal sequence of activation is conserved (Hoxb4 is activated before Hoxb9), the relative timing of activation of Hox genes changes (i.e. Hoxb9 timing of activation is delayed in ostrich as compared to chicken). These relative changes correlate with changes in the spatial expression of these genes in the LPM further reinforcing this mechanism of Hox collinear activation producing their spatial collinear expression.

In the somites, this spatial collinear expression is known to be crucial to specify the vertebral axial formula along the AP axis [START_REF] Kessel | Homeotic transformations of murine vertebrae and concomitant alteration of Hox codes induced by retinoic acid[END_REF]Mallo et al., 2010) and I

show in this work that, in the LPM, the collinear expression of Hox genes positions the forelimb along the AP axis. Altogether, these findings position the collinear activation of Hox genes as a major regulator of the establishment of the vertebrate body along the AP axis. This is consistent with the model proposed by [START_REF] Durston | A time space translation hypothesis for vertebrate axial patterning[END_REF] for the establishment of the AP patterning in Xenopus [START_REF] Durston | A time space translation hypothesis for vertebrate axial patterning[END_REF] in which the temporal collinear activation of Hox genes during gastrulation, in the non-organizer mesoderm, is required to generate their spatial collinear expression that will further pattern the Xenopus body along the AP axis.

III. Hox genes position the forelimb and interlimb domains

The role of Hox genes in positioning limbs along the body axis in tetrapods has been a subject of debates for several decades. These genes were shown to be critical in the patterning of several structures (e.g. vertebrae, hindbrain, limb proximo-distal axis) thus they were the natural candidate genes to position structures like limbs along the body axis. Additionally, several correlative studies showed that Hox genes expression patterns in several species correlate with the limb and non-limb domains (Burke et al., 1995;Cohn et al., 1997). Thus a role for the collinear Hox code in positioning limbs along the AP axis was already proposed two decades ago [START_REF] Coates | Fins, limbs, and tails: outgrowths and axial patterning in vertebrate evolution[END_REF][START_REF] Gibson-Brown | Involvement of T-box genes Tbx2-Tbx5 in vertebrate limb specification and development[END_REF]. However, the absence of phenotypic variations of the limb position in all the different Hox genes knock-out mutant mice but one (Hoxb5 -/-; [START_REF] Rancourt | Genetic interaction between hoxb-5 and hoxb-6 is revealed by nonallelic noncomplementation[END_REF] has questionned their effective role on the control of limb position. Recent studies have brought evidences reinforced the role of Hox genes in positioning the forelimb-forming domain. Hox genes have been shown to directly bind to a FL-specific enhancer of Tbx5 (Minguillon et al., 2012;Nishimoto et al., 2014), genes from the paralogue groups 4 and 5 can activate the expression of a reporter gene downstream of this enhancer (Minguillon et al., 2012), however this had not been shown in vivo. This Tbx5 regulatory sequence was found in intron 2 of the Tbx5 gene in mouse and, surprinsingly, whereas the forelimb-specific expression of Tbx5 is conserved in all vertebrates (from zebrafish to mouse), this regulatory sequence could not be mapped in chicken and its regulatory activity does not seem to be conserved in zebrafish [START_REF] Adachi | Regulatory evolution of Tbx5 and the origin of paired appendages[END_REF]Minguillon et al., 2012). Thus questioning the requirement of this particular enhancer for the forelimb-restricted Tbx5 expression. Additionally, while previously suggested [START_REF] Ng | The limb identity gene Tbx5 promotes limb initiation by interacting with Wnt2b and Fgf10[END_REF][START_REF] Takeuchi | Tbx5 and Tbx4 trigger limb initiation through activation of the Wnt/Fgf signaling cascade[END_REF], Tbx5 was recently shown not to be sufficient for forelimb initiation [START_REF] Nishimoto | RA Acts in a Coherent Feed-Forward Mechanism with Tbx5 to Control Limb Bud Induction and Initiation[END_REF] questioning whether a displacement of Tbx5 would be sufficient to displace the forelimb domain. Conversely to anterior Hox genes, posterior Hox genes such as Hoxc8, c9 and c10 repress the expression of the reporter under the control of the FL-specific Tbx5 enhancer. Moreover, Hoxc9 was shown to inhibit the endogenous Tbx5 expresison when ectopically expressed in the forelimb domain of chicken embryos (Nishimoto et al., 2014). These lines of evidence have led to the proposal that there is a latent potential capacity to activate Tbx5 in the interlimb that is normally masked by the presence of the posterior Hoxc8-10 genes (Nishimoto and Logan, 2016;Nishimoto et al., 2014).

In this work, I showed that an ectopic expression of Hoxb4 together with a dominant negative form of Hoxc9 in the IL is sufficient to induce Tbx5 expression and shift the FL bud in chicken. These results are fully supportive of a direct role of Hox4/5 in regulating Tbx5 expression in vivo. However, the fact that Hoxc9dn alone does not induce Tbx5 expression in the interlimb nor a shift of the limb, but only in combination with Hoxb4 has some important implications with respect to the regulation and variation of limb position. First, it suggests that there is no latent potential of Tbx5 activity and subsequent forelimb-forming activity in the interlimb normally repressed by posterior Hox genes. It was previously argued that the absence of posterior extension of the Tbx5 expression in mouse mutant for Hox9 paralogues could be explained by the redundant repressive function of Hoxc8, c9 and c10 (Nishimoto et al., 2014). However, results presented here rather suggest that there is no latent potential of Tbx5 activity conferring a forelimb-forming capacity in the interelimb repressed by posterior Hox genes but rather a repressive forelimb forming capacity that confers an interlimb identity to the domain. Second, it suggests that in order to shift the forelimb position posteriorly it is not necessary to shift the forelimb field (i.e. Hoxb4 expression that is normally not expressed 

IV. Hox genetic perturbations in mouse

As I previously mentioned, the role of Hox genes in controlling limb position has been questioned given the lack of clear phenotype in loss-and gain-of-function experiments in mouse. One possible explanation, previously proposed, for this absence of phenotype is the redundant function of Hox genes (Minguillon et al., 2012). Another potential explanation arises from this work. The fact that it is necessary to change the overall collinear sequence of expression could explain why none of the single or compound mutants for Hox genes show perturbations in limb position. The data I presented argue that shifting the forelimb position posteriorly along the body axis would necessitate a combination of gain-and loss-of-function to activate the forelimb-forming activity while releasing the forelimb-repressive activity.

In the context of the hindlimb, Hox gene expression correlates with endogenous hindlimb position in several species (both in tetrapod and teleost species); and this correlation is maintained upon perturbation of the HL position, thus supporting a role for these genes in controlling hindlimb position. Some of the mutant mice for posterior Hox genes [START_REF] Favier | Functional cooperation between the non-paralogous genes Hoxa-10 and Hoxd-11 in the developing forelimb and axial skeleton[END_REF][START_REF] Mcintyre | Hox patterning of the vertebrate rib cage[END_REF]; for the complete reference list see Table 4) have shown subtle posterior displacement of the hindlimb. To further test them, different posterior Hox genes (Hoxb9, Hoxc10 and Hoxa11) have been precociously activated during gastrulation. Only Hoxb9 showed a slight anterior shift of the hindlimb along the body axis. In light of these results, it was proposed that Hox genes are not major regulators of the HL position (Jurberg et al., 2013).. However, according to the model I propose to position the forelimb, the key regulative information is the anterior-posterior transition of Hox genes expression. If this mechanism is conserved between forelimb and hindlimb, this would suggest that the transition between posterior Hox genes expressed in the hindlimb (e.g. Hox9 and Hox10 paralogue groups) and the posterior most Hox genes expressed at the boundary between the HL and the tail (e.g. Hox11 and Hox13 paralogue groups) would establish the hindlimb position and shifting this position would necessitate to shift this Hox transition along the AP axis by changing the relative sequence of activation of these Hox genes. Thus, in the experimental approach used by Jurberg and colleagues, (2013) the best candidates genes to overexpress during gastrulation would be Hox11 or Hox13 paralogue genes, two paralogue groups that were previously shown to be essential for the formation of posterior most tissue. Hox11 paralogues are absolutely required for the formation of the sacrum [START_REF] Wellik | Hox10 and Hox11 Genes Are Required to Globally Pattern the Mammalian Skeleton[END_REF] while Hox13 genes were shown to be important for axis termination and tail formation (Denans et al., 2015;[START_REF] Economides | Hoxb13 mutations cause overgrowth of caudal spinal cordand tail vertebrae[END_REF][START_REF] Godwin | Hoxc13 mutant mice lack external hair[END_REF][START_REF] Young | Cdx and Hox Genes Differentially Regulate Posterior Axial Growth in Mammalian Embryos[END_REF]. Hoxa11 did not perturb the HL position when overexpressed but this paralogue group contains two other Hox genes (Hoxc11 and d11) that would be interesting to investigate. A precocious activation of Hox13 paralogue genes in mouse was previously generated [START_REF] Young | Cdx and Hox Genes Differentially Regulate Posterior Axial Growth in Mammalian Embryos[END_REF] and these mutants displayed a truncated axis. They were not interpreted with respect to the HL position but some of the results presented could suggests that overexpression of Hoxa13 and Hoxc13 might have an effect on HL position. It would be interesting to analyze in more details these mutants in the perspective of the HL position.

V. Prepatterning of the limb bud and final limb position

Results from the comparative analysis of Tbx5 and Hoxb4 in zebra finch, chicken and ostrich show that their posterior border of expression only is shifted posteriorly (and not the anterior) thus leading to an automatic extension of the forelimb field rather than a complete shift of the domains along the body axis. However, the forelimb is eventually shifted posteriorly. This raises the conceptual question: how can variations in the forelimb field size lead to a variation in the limb position? Interestingly, it has been shown that Tbx3 can perturb limb position along the body axis by regulating the establishment of the Gli3-dHand opposing gradients which prepattern the limb bud and sets the position of the ZPA in the posterior mesenchyme. Tbx3 has been proposed to repress Gli3 and, upon misexpression of Tbx3, establishment of the prepattern is displaced along the AP axis resulting in a shift of the ZPA position and eventually the limb along the AP axis (Rallis et al., 2005). Thus, prepatterning of the early limb bud can influence the final limb position. Remarkably, Xu andcolleagues (2011, 2013) showed that the two paralogue groups Hox5 and Hox9 were involved in the prepatterning of the limb bud. Whereas Hox5 paralogue genes are important to restrict Shh expression in the posterior part of the limb bud (Xu et al., 2013), the Hox9 paralogue group is required for the ZPA establishment by regulating dHand expression in the posterior part of the limb bud. (Xu and Wellik, 2011). This prepatterning of the early limb mesenchyme could potentially explain how, from a longer forelimb field the forelimb becomes shifted. I would speculate that, in these forelimb-domains of variable size, prepatterning of the early mesenchyme by Hox5 and Hox9 (and potentially other Hox genes) would modify the final position of the ZPA that would in turn change the final forelimb position.

VI. Retinoic acid signaling as a regulator of limb position?

I have used modulation of retinoic acid signaling as a mean to perturb the collinear underlie variations in hindlimb position between different tetrapod species (Matsubara et al., 2017). Correlative analysis showed that, in a wide range of tetrapod species, variations of the hindlimb position correlates with changes in the timing of activation of Gdf11 while a precocious activation of Gdf11 in chicken induces an anterior shift of the HL bud accompagnied by anteriorly shifted expression of posterior Hox genes (Hox9-Hox13). From these lines of evidence it is likely that variations in the onset of Gdf11 expression would induce variations in the activation of Cyp26a1 and subsequent degradation of retinoic acid from posterior tissues that would prefigure variations in the hindlimb position.

These different speculations remain to be demonstrated but it would provide a simple, appealing mechanism to regulate limb position along the body axis.

VII. Coupling mesoderm patterning and elongation to ensure body plan integrity

As previously mentioned, despite the variable number of vertebrae, the relative position of limbs is conserved in tetrapod species. These tight associations imply that the patterning of the primaxial (i.e. vertebrae) and abaxial (i.e. limbs) has to be tightly coordinated. The temporal collinear activation of Hox genes regulating patterning of both the somitic and LPM compartment during gastrulation is a good way to assure that the forelimb is always positioned relative to the cervico-thoracic transition while the hindlimb positions at the level of the lumbo-sacral transition. It is worth to mention that, in birds, the maintenance of this primaxial-abaxial coupling is produced by meristic variations (characterized by changes in the total number of component parts; [START_REF] Sawin | Preliminary studies of hereditary variation in the axial skeleton of the rabbit[END_REF]. The variation of limb position is accompanied with addition of segmental units (somites) along with LPM tissue. As an example, whereas sparrows have 9 cervical vertebrae, swans exhibit 16 more with 25 cervical vertebrae. These meristic variations imply that, at the embryonic level a considerable amount of mesodermal cells have to be produced to form both somitic and LPM tissue. Interestingly, a recent study has linked the collinear activation of posterior Hox genes (Hox9 to 13) to the regulation of axis elongation and its termination. The temporal collinear activation of posterior Hox genes in chicken was shown to slow down the influx of mesodermal cells through the primitive streak by gradually inhibiting Wnt signaling in a collinear trend thereby controlling the elongation rate (Denans et al., 2015). Coupling both the patterning of mesodermal tissues and the rate of axis elongation to the same regulation mechanism that is the temporal collinear activation of Hox genes would assure that addition of somites and corresponding LPM tissue would not be made at the expense of the following somites, therefore maintaining the vertebrate body integrity. This would provide a simple mechanism to control meristic variations observed in birds.

The 

Embryos and Nomenclature

Fertilized chicken (gallus gallus) eggs were obtained from a commercial source. Eggs were stored at 15°C and incubated at 38° in a humidified incubator. Embryos were staged according the Hamburger and Hamilton classification system (Hamburger and Hamilton, 1992). Fertilized ostrich (struthio camelus) eggs were obtained from a commercial source.

Eggs were incubated right after reception without storage at 36°C in a humidified chamber (20% humidity). Embryo aged was estimated before collection according to Brand (2014) description of the ostrich early development and further staged according to Hamburger and

Hamilton classification for the early developmental stage (from stage HH4 to stage HH7) and according to somite number after stage HH7. Fertilized zebra finch (taeniopygia guttata) eggs were generously provided by Dr Marie Manceau from Collège de France in Paris. Eggs were stored at 15°C and incubated at 38°C in a humidified incubator. Embryos were staged according to Murray et al (2013) description of the embryological development of zebra finch and compared to chicken and ostrich embryos according to somite number.

Microsurgery

Microsurgery experiments were performed in stage HH11 embryos. Eggs were incubated horizontally from 45h to 48h. About 4mL of albumen was removed from the egg, and a window was opened in the shell. To visualize the embryo, a solution of drawing ink (Pelikan) diluted (1/10) in PBS containing penicillin-streptomycin was injected in the yolk underneath the embryo. The vitelline membrane was carefully removed at the site of manipulation. Using tungsten needles or glass capillaries, the ectoderm was carefully detached from the somatopleure layer (without damaging it as far as possible) and a piece the somatopleure corresponding to the prospective FL and IL domain was excised from the embryo. The domain targeted spans from somite 15 to half of the remaining PSM over a width of about 100-150µm and is based on previous studies (Chaube, 1959;Michaud et al., 1997). The orientation of excised piece of somatepleure was inverted (the AP orientation became P/A; the ML orientation became L/M; and the DV orientation was maintained) and inserted back into the somatopleure. Eggs were further resealed with tape and reincubated at 38°C. After 48h, embryos were collected, dissected and fixed in 4% Formaldehyde for 2h. For the quail-chick chimeric grafts, the procedure was similar. The quail embryo was collected and placed into a petri dish filled with PBS. The somatopleure corresponding to the prospective FL and IL domains was excised from a transgenic quail embryo expressing a membrane-bound GFP (memGFP) produced in the lab. In parallel, in a chicken host embryo from the same age (same number of somites) the same piece of somatopleure was removed.

The graft was then transferred to the host embryo and inserted into the somatopleure with an inverted orientation as previously described.

Cryostat sections and immunostaining

Embryos for sectioning were prepared for gelatin-sucrose embedding. 

Early Chick embryo culture (EC culture)

Embryos were prepared for ex ovo culture using a modified version of the EC culture system (Chapman et al., 2001). After desired incubation (between 12 and 30h depending on the experiment), eggs were cracked in a Petri dish and embryos were collected using a circle Whatman paper filter. Embryos were briefly washed in HBSS buffer (Hank's Balanced Salt Solution, Gibco) and placed in a Petri dish containing about 3mL of a nutritive medium (50% albumen; 0,6% glucose, 0,2% agarose and, 123mM NaCl) with the embryo ventral side up.

Petri dishes were then incubated at 38°C in a humidified chamber. In these conditions, embryos were cultured for 24h to 48h.

Modulation of retinoic acid signaling

To modulate RA signaling, chicken embryos were treated with RA (Sigma, stock solution 40mg/ml diluted in DMSO) or the pan-RAR antagonist AGN193109 (referred as RAI; Torcis, stock solution 20mM diluted in DMSO). Eggs were incubated for 20-24h, up to stage HH4. For in ovo treatment, eggs were incubated horizontally and prepared as explained in the section microsurgery. RA (concentration 665µM) and RAI (concentration 100µM)

were injected, in between the vitelline membrane and the embryo, on top of the primitive streak. Control embryos were treated with DMSO (0,5%). Eggs were resealed and reincubated up to the desired stage (24h to 48h). For ex vivo treatment, embryos were collected at stage HH4, prepared for ex ovo culture and placed in culture plates in which RA, RAI or DMSO had been added to the nutritive medium (RA concentration: from 465µM to 40µM; RAI concentration 100µM; DMSO concentration 0,5%). Embryos were transiently incubated for 8h on these RA-, RAI-and DMSO-containing plates, then moved to culture plate without RA, RAI or DMSO and further cultured for 24h. For in ovo and ex ovo treatment, embryos were collected and fixed in 4% formaldehyde for 2h.

Electroporation and plasmids

For ex ovo electroporation, embryos were prepared with EC culture system and transferred into a homemade electroporation chamber filled with PBS. A solution of plasmid DNA was prepared as described by [START_REF] Scaal | In ovo electroporation of avian somites[END_REF] with a final DNA concentration of 1µg/µl or 5µg/µl. This solution was microinjected between the vitelline membrane and the epiblast of the embryo, on top of the region of interest (here, the prospective LPM in the primitive streak). Electroporations were carried out using the SuperElectroporator NEPA21 type II ® (NEPAGENE); applying 2 poring pulses of 15V (5ms every 50ms) to create pores in the cells, followed by 3 transfer pulses of 10V (50ms every 500ms) to transfer the DNA into cells. Electroporated embryos were then cultured for 24 hours at 38°C in a humidified incubator. Co-electroporation was performed by microinjecting a solution of two or more DNAs at the same concentration. After 24h to 48h of incubation post electroporation, embryos were collected, fixed in 4% formaldehyde for 2h and stored for further analysis. For in ovo electroporation, eggs were prepared as described in [START_REF] Scaal | In ovo electroporation of avian somites[END_REF]. Eggs were incubated horizontally to the desired developmental stage (here stage HH14; 50h incubation).

A DNA solution was injected in the region of interest (here in the coelomic cavity at the level of the FL and IL domains. Electroporation was performed using homemade electrodes and the SuperElectroporator NEPA21 type II ® (NEPAGENE) with different parameters: 2 poring pulses of 70V (1ms every 100ms) followed by 3 transfer pulses of 40V (2ms every 500ms). A drop of PBS was added on top of embryos to avoid them to dry; eggs were resealed tape and reincubated for 24 to 48h. The constructs pCAGGS-IRES2-Venus-Hoxb4, pCAGGS-IRES2-Venus-Hoxb7, pCAGGS-IRES2-Venus-Hoxb9, were used as previously published (Denans et al., 2015;Iimura and Pourquié, 2006). The constructs pFlox-pA-EGFP and pCX-Cre were kindly provided by X. Morin (Morin et al., 2007). The pCIG-VP16 RARa [TJ#389] was a gift from T. Jessell (Addgene plasmid # 16287). The dominant negative form of Hoxc9 was generated by inserting a stop codon instead of the amino acid 50 of the homeodomain as previously described (Denans et al., 2015;de Santa Barbara and Roberts, 2002). The transcriptional activator form of Hoxb4 was generated by cloning 2 VP16 activation domain in frame of the C-terminal Hoxb4. The construct pCAGGS-GFP was used as a control in all the electroporation experiments.

Production of transgenic quail

The two transgenic lines used in this study are pLenti hUbC:memGFP and pLenti hUbC:mEos2FP. Transgenic quails lines were produced following the method from Sato et al. [START_REF] Sato | Dynamic Analysis of Vascular Morphogenesis Using Transgenic Quail Embryos[END_REF]. Briefly, non incubated quail eggs (coturnix japonica) were opened and a solution of lentivirus at high concentration was injected into the subgerminal cavity of stage X embryos. Eggs were sealed with food plastic and paraffin wax. Injected eggs were incubated at 37.5°, 56% humidity until hatching (16 days). For the hUbC:memGFP line, a total of 89 embryos were injected with the lentivirus solution at a high concentration (between 10 9 and 10 10 /ml). Three F0 mosaic founders males successfully hatched and reached sexual maturity.

They were bread to WT female and all three produced transgenic offspring (transmission rate 8.8%). One line was selected by Southern Blot analysis and intensity of the memGFP signal.

For the hUbC:mEos2FP line, a total of 145 embryos were injected with lentivirus (concentration 6,4 10 10 /ml). Of these, 23 hatched. From these animals, 9 F1 animals were produced and one line was selected by Southern Blot analysis and intensity of the fluorescent signal.

Time-lapse video microscopy

Imaging conditions

Stage HH4 embryos were prepared for EC culture and co-electroporated with pCAGGS-H2b-mRFP (1µg/µl), pFlox-pA-EGFP (1µg/µl) and pCX-Cre (50ng/µl) plasmid DNA. Electroporated embryos were reincubated for 3-5 hours at 38°C until fluorescence became detectable. Electroporated embryos were then placed ventral side up in a glass bottom 35mm Petri dish (MatTek ® ) filled with a minimum amount of nutritive medium (from 1 to 2ml depending on the objective). The embryo was surrounded by humidified wipes, and closed to prevent dehydration. The embryo was kept at 38°C by a heating insert adapted to the microscope stage and a heating chamber surrounding the microscope. Imaging of the embryos was performed with an inverted confocal microscope (LSM700 or LSM880, ZEISS, 10x or 40x objective), or a 2-photon microscope with an OPO system (ZEISS, Coherent) 4 to 5 zstacks of the full-length embryo were acquired overnight (every 5min for about 20 hours).

mEos2FP photoconversion

Photoconversion of the mEos2FP transgenic quail embryos was performed with a LSM880 confocal microscope (ZEISS). Before photoconversion, mEos2FP was visualized under standard imaging conditions for GFP using a 488nm Argon laser (15% power). A 405nm diode laser (set at 40%) was used for photocoversion with 1x25 iterations.

Photoconverted mEos2FP was imaged with a 561nm HeNe laser (30%), embryos were imaged every 2 hours to follow the photoconverted region of the embryo.

Image analysis

Cell tracking

Time-lapse movies were analyzed using ImageJ and Manual Tracking plugin from Fabrice Cordelières. A retrospective cell tracking was performed; the position of cells into FL, IL and HL was determined according to Chaube (Chaube, 1959) confirmed by photoconversion, and cells were tracked up to their origin in the primitive streak. The timing at which they ingress was identified by analysis of behavioral change (acquisition of mesenchymal characteristics: migration, membrane protrusions).

published Iimura and Pourquié, 2006), Tbx5 and Fgf10.

Skeleton analysis

Embryos were stained with Alcian Blue and Alizarin Red to label cartilage and bone tissues respectively as previously described [START_REF] Rigueur | Whole-Mount Skeletal Staining[END_REF] 

ANNEXE 1: Article in preparation Moreau, C., Caldarelli, P., Denans, N., Pourquie, O., and Gros, J.. Timed Co-linear activation of Hox genes during gastrulation regulates forelimb position and underlies natural variation in Birds.

Introduction

In vertebrates, limbs form from the Lateral Plate Mesoderm (LPM) compartment, an epithelial layer of tissue generated during gastrulation which surrounds axial structures (neural tube, somites and mesonephros). Limb formation initiates from the dorsal-most LPM compartment (the somatopleure), through an epithelial-to-mesenchymal transition which generates the mesenchymal limb primordium [START_REF] Gros | Vertebrate Limb Bud Formation Is Initiated by Localized Epithelial-to-Mesenchymal Transition[END_REF]. Decades of research have elucidated the molecular and genetic interactions required to initiate and maintain outgrowth of this mesenchymal limb bud (for review see (Tickle, 2015)), however how limbs initiate at reproducible location along the main body axis is far less understood. Intriguingly, whereas limbs always form at the cervico-thoracic or lumbo-sacral vertebral frontier, the position of these frontiers varies greatly among tetrapods. For example, almost all mammals exhibit forelimbs at the level of the 8 th vertebrae; birds display tremendous variation with sparrow, chicken and swans forming forelimbs at the level of the 10 th , 15 th and 25 th vertebrae, respectively; frogs, in turn, form forelimbs at the level of the 2 nd vertebrae. How this variation in the level of forelimb position has taken place during the course of evolution remains completely unknown.

Because of their role in the anteroposterior (A-P) patterning of the vertebral column (for review see (Mallo et al., 2010)), Hox genes have long been suspected to regulate limb position during development. Hox genes, organized in four different clusters in birds and mammals display a chromosomal organization within a given cluster that reflects their sequential timing of expression and their successive domains of expression along the A-P axis, named temporal and spatial co-linearity, respectively. Based on the observation that a number of Hox genes anterior boundary of expression matches forelimb, interlimb and hindlimb borders across tetrapod species, it has been proposed that Hox genes might regulate limb position (Burke et al., 1995;Cohn et al., 1997;Hostikka et al., 2009). More recently, Hox genes have been shown to directly bind on a murine Tbx5 limb specific enhancer. Whereas Hox4 and Hox5 groups were able to stimulate expression of the reporter genes downstream of this enhancer, Hox9 paralogs were shown to inhibit Tbx5 expression in chick.

Because Tbx5 is absolutely necessary for limb initiation, these finding reinforce the notion that Hox genes could control the position of the limb field along the body axis. However, if inactivation of single or multiple Hox genes have been shown to result in transformation of vertebral identity, there are no functional evidences for a role of Hox genes in patterning the LPM into forelimb, interlimb and hindlimb domains. Indeed, none of the Hox mutant reported (single, compound or even complete cluster deletion) shows a major phenotype regarding limb position along the A-P axis. If the mechanisms regulating forelimb position remain unclear, a mechanistical framework regulating hindlimb position has started to emerge. In mouse mutant for GDF11, hindlimb formation is shifted posteriorly by about 4 vertebrae (McPherron et al., 1999). It has been shown that GDF11 acts by maintaining the expression of the Retinoic Acid catabolizing enzyme Cyp26A1 which in turn decreases the levels of Retinoic Acid (Lee et al., 2010). Pharmacological treatment with Retinoic Acid inhibitor can rescue Gdf11 mutant embryos phenotype (Jurberg et al., 2013;Lee et al., 2010).

Gdf11 also activate Islet 1 in the LPM which is important for the induction of hindlimbs (Jurberg et al., 2013;Kawakami et al., 2011). Interestingly, in Gdf11 mutant embryos, the posterior shift of the hindlimb is accompanied by a concomitant shift of Hoxc10 and Hoxc11 which mark the hindlimb domain (Jurberg et al., 2013;McPherron et al., 1999). However, ectopic anterior expression of Hoxb9, Hoxc10 and Hoxc11 alone or in combination did not produce a major anterior shift of the mouse hindlimb and it was therefore concluded that Hox genes do not play a major role in specifying hindlimb position (Jurberg et al., 2013). Very recently, it has been proposed that variation in the onset timing of GDF11 might underlie variation in hindlimb position between different tetrapod species ( (Matsubara et al., 2017).

To understand how the lateral plate mesoderm becomes patterned into limb-and nonlimb-forming domains, it is critical to first understand how the lateral plate mesoderm is formed during development and second, when such patterning is determined. Surprisingly, whereas the formation of embryonic compartment adjacent to the LPM are well described (i.e. neural, tube, somites, intermediate mesoderm and notochord), we know little about how the LPM is generated during gastrulation. Lineage tracing experiments in the chick have revealed that LPM precursor cells arise from central third of the primitive streak (Garcia-Martinez and Schoenwolf, 1992Schoenwolf, , 1993;;Psychoyos and Stern, 1996;[START_REF] Schoenwolf | Mesoderm movement and fate during avian gastrulation and neurulation[END_REF]Sweetman et al., 2008). Only one lineage analysis from Chaube in 1959 (Chaube, 1959), using colored chalk dust, traced back the origin of forelimb, interlimb and hindlimb fields up to stage 7 (right after cells have gastrulated). A series of grafting studies identified that the forelimb field becomes determined by at least stage 9, however these studies were designed an interpreted with respect of limb field identity (forelimb vs. hindlimb) and polarity (anteroposterior or dorsoventral) and not with respect of limb-vs. non-limb-forming domains and therefore not in term of limb position. Therefore, how and when the LPM is patterned into forelimb, interlimb and hindlimb domains remains unknown.

Here, taking advantage of bird embryos' i) high amenability to dynamic lineage tracing experiments; ii) versatility in gain-and loss-of-function experiment design; iii) natural variation in forelimb position among species, we bear on the question of how forelimbs acquire their position. We find that LPM formation is a progressive process during which Hox genes, through their temporal co-linearity, gradually pattern the LPM into limb-and non-limb forming domains, while it is being generated. Comparative analyses of embryo from different bird species along with functional perturbation in chicken demonstrate that relative changes in Hox gene co-linear activation timing, during gastrulation, account for differences in spatial co-linearity at later stages in different birds and explain natural variation in forelimb position.

We propose that it is the precisely timed co-linear sequence of Hox gene activation which consequently generates the spatial sequence of Hox expression pattern which is critical to determine the position at which limbs will form.

Results

Forelimb position is established as early as the LPM has formed

In order to understand how the forelimb acquires its position during development we first sought to determine precisely when such process takes place. To this end we microdissected the right somatopleure encompassing both forelimb and interlimb prospective domains of stage 11 chicken embryos, as proposed previously (Chaube, 1959); performed an anteroposterior rotation of the tissue; grafted back the rotated tissue into the same embryo and re-incubated the embryo for 48h, until limbs have clearly formed (Fig. 1A). In these conditions, 65% of operated embryos consequently exhibited a posterior shift of the forelimb either totally (Fig. 1B, n=3/23) or partially (Fig. 1C, n=12/23), as revealed by the expression of the limb marker FGF10. Importantly, shifted limb buds expressed Tbx5, demonstrating that the forelimb field has actually been displaced by the surgical procedure (Fig. 1D). We next verified that the rotated and grafted tissue contained only somatopleural cells, as shifted limb buds could have resulted from artificial induction of surrounding tissues which could convey positional information. To do so, we performed quail-chick grafting experiments. We generated a transgenic quail line expressing membrane-bound eGFP under the control of the ubiquitous hUbC promoter, to directly visualize the grafted tissue (Fig. 1E). Transverse sections clearly show that only the somatopleural component of the LPM was grafted and neither splanchnopleural (i.e. ventral LPM), somitic, intermediate mesoderm nor ectodermal cells were GFP positive at the level of both forelimb and interlimb levels (Fig. 1F-I).

Altogether these experiments show that the position of the forelimb domain relative to the interlimb domain is established autonomously within the somatopleural compartment of the LPM as early as stage 11.

Sequential formation of forelimb, interlimb and hindlimb fields during gastrulation

The finding that the LPM is patterned into forelimb and interlimb domains by stage 11 raises the possibility that it might be patterned even earlier, as the LPM is generated during the process of gastrulation. As mentioned above, the epiblast origin of the LPM has been traced back to middle third of the primitive streak in chicken embryos (Psychoyos and Stern, 1996;Sawada and Aoyama, 1999;Sweetman et al., 2008), however how forelimb, interlimb and hindlimb cells are specifically generated has not been characterized. We therefore decided to perform a dynamic lineage analysis of LPM precursor cells. We electroporated the presumptive LPM territory of stage 4 chicken embryos using cytoplasmic GFP and nuclear H2b-mRFP fluorescent reporters to visualize individual cell behavior. Electroporated embryos were then cultured ex-vivo using a modified EC culture system (Chapman et al., 2001) and live imaged using confocal video-microscopy for about 24h (Fig. 2A). From the resulting time lapse movies, we performed a retrospective fate mapping of LPM precursors to identify the epiblast origin of forelimb, interlimb and hindlimb fields by analyzing tracks of 57 different cells from 8 different embryos, in total. Only cells which could unambiguously be tracked for 24 hours (from stage 4 to stage 11) were taken into account. We first found that the formation of the LPM is progressive and takes place between stage 4 and 10 (i.e. spanning 24h of development). Importantly, we could determine that most of forelimb precursor cells are generated between stage 4 and 5, whereas interlimb and hindlimb precursor cells are gradually generated at later stages, mostly at stage 6-7 and 8-9, respectively (Fig. 2B). We next decided to confirm these results using a different lineage tracing technique and generated a transgenic quail line which expresses the Green-to-Red photoconvertible fluorescent protein mEOS2 under the control of the ubiquitous hUbC promoter (see methods). In mEOS2 transgenic quail embryos, regions which could be very precisely photoconverted, could readily be tracked for 24h. We thus photoconverted the prospective LPM cells in the primitive streak of stage 6, 7, 9 and 10 mEOS2 transgenic embryos (Fig. S2A-D) and followed their fate for about 24h. As expected, we found that cells sequentially photoconverted at later stages, gradually ended up at more posterior locations (Fig. S2A'-D', arrowheads), confirming results obtained using the electroporation technique. Notably, cells photoconverted past stage 10 did not appear to contribute to the LPM, confirming that by stage 10 there is no influx of cells from the primitive streak in the LPM compartment.

Altogether, these results show that forelimb, interlimb and hindlimb domains are progressively and sequentially formed during gastrulation, between stage 4 and 10, over 24h of development.

Progressive patterning of the LPM by Hox genes during gastrulation

It has been shown that during somitic mesoderm formation, which also forms progressively during gastrulation, the timing of cell ingression is controlled by co-linear activation of Hox genes. Importantly, it has been proposed that the spatial co-linearity observed in the somites is initially established by the Hox genes themselves through their temporal co-linear activation and specific effect on cell ingression during gastrulation (Iimura and Pourquié, 2006). We therefore decided to investigate whether, as for somites, Hox genes act during gastrulation to control the timing of ingression of LPM precursor cells and establish their own nested expression domains along the A-P axis. First, we examined the timing of Hox gene co-linear activation with respect to the LPM compartment. We selected Hoxb4, Hoxb7, and Hoxb9 along the Hoxb cluster, as representative examples. As described previously, Hoxb genes display co-linear activation, with Hoxb4 expression starting at stage 4, Hoxb7 at stage 5 and Hoxb9 starting at stage 6 (Denans et al., 2015;Iimura and Pourquié, 2006) (Fig S2). Importantly, the temporal co-linear activation of Hoxb4, Hoxb7 and Hoxb9 genes correlates with the sequential ingression timing of forelimb and interlimb precursor cells (summarized in Fig. 2C). By stage 11, after LPM cells have completed gastrulation, Hox genes could be classified into 2 groups: a group of genes expressed anteriorly (e.g. Hoxb4, but also Hoxb3 and Hoxb5) in a domain encompassing the prospective forelimb and another group of genes (e.g. Hoxb7 and Hoxb9 but also Hoxb6 and Hoxb8) expressed posteriorly in a domain encompassing the prospective interlimb/hindlimb domain (Figure 2D-G and data not shown). From this analysis, we can conclude that the co-linear activation of Hox genes during gastrulation is compatible with a role in controlling their own expression domains which coincide with forelimb and interlimb/hindlimb domains. We therefore next tested the role of different Hox genes in regulating LPM precursor cell ingression. To this end we electroporated the presumptive LPM territory of stage 4 embryos with GFP alone or in combination with Hoxb4, Hoxb7 or Hoxb9. GFP expressing cells were distributed uniformly along the A-P axis (Fig. 2H,L). Whereas Hoxb4 expressing cells were found predominantly in the anterior part of the embryo (within the forelimb domain) (Fig. 2I,L), Hoxb7 and Hoxb9 expressing cells were found in the posterior-most part of the embryo (within the interlimb/hindlimb domain) (Fig. 2J-K, L). These results show that as observed during somite formation, different Hox genes differentially regulate cell ingression and the final distribution of Hoxb overexpressing cells in the LPM strikingly resembles their own endogenous expression patterns (Fig. 2E-G and 2I-K), supporting the idea that co-linear activation of Hox genes during gastrulation establish their own characteristic co-linear expression domains in the LPM.

Hox genes determine limb and non-limb forming domains within the LPM

The abovementioned results shed light on how the characteristic expression domains of Hox genes are established within the LPM, however they do not address the role of Hox genes in determining the position of limbs along the A-P axis. Genes from the Hox4 and Hox5 groups have been shown to stimulate the expression of a reporter downstream of a murine Tbx5 limb-specific enhancer (Minguillon et al., 2012;Nishimoto et al., 2014).

However, whether Hox genes can drive endogenous Tbx5 expression in vivo has not been shown and importantly, whether displacing Hox domains of expression can displace the position of the forelimb remains unknown. We therefore decided to express Hoxb4 ectopically, by electroporating the interlimb region and check whether it could trigger ectopic expression of Tbx5. Electroporations were performed at stage 13, after Hox domains have been established and limb position determined. Embryos were analyzed 24h after, when limb formation has initiated. To our surprise, as with GFP electroporation (Fig. 3A-A') we could never observe, ectopic expression of Tbx5 in the interlimb region following Hoxb4 electroporation (Fig. 3B, 3B') (n= 0/20 and n=0/16, respectively). It has recently been shown that Hoxc9 can bind Tbx5 enhancer and repress Tbx5 expression, we therefore decided to coelectroporate Hoxb4 with a dominant negative form of Hoxc9 (Hoxc9dn), in attempt to relieve the interlimb domain from a potential limb-repressive activity. Such dominant negative form was constructed by truncating the C-terminal portion of the homeodomain of HOXC9. Truncated HOX proteins in this way have been shown to act as dominant negative, inhibiting not only the function of the corresponding Hox gene but also of paralogs of the same group (Denans et al., 2015;Mortlock and Innis, 1997;de Santa Barbara and Roberts, 2002). When Hoxb4 was electroporated in combination with Hoxc9dn and GFP, a posterior ectopic expression of Tbx5 could be observed in the interlimb region (Fig. 3C,C', n=9/19).

Notably, electroporation of Hoxc9dn alone did not promote ectopic expression of Tbx5 in the interlimb region (Fig. 3D,D'), suggesting that in Hoxb4/Hoxc9dn electroporations, Tbx5 does not arise solely from the release of repression imposed by Hoxc9. We then decided to allow electroporated embryo to develop longer, in order to observe effects on limb position.

In embryos electroporated with a combination of Hoxb4, Hoxc9dn and GFP, a posterior shift of the limb, corresponding to the electroporated region, could be observed in 50% of the cases (Fig. 3E, 3F, n=7/14). Posteriorly shifted limb buds expressed the pan-limb and forelimb specific markers, FGF10 and Tbx5, respectively (Fig3. E', F'). Interestingly, high levels of FGF10 expression could be observed in electroporated region, suggestive of the ectopic 123 initiation of the limb initiation/outgrowth regulation feedback loop (Fig. 3F', white arrowhead). As expected, neither electroporation of Hoxc9dn, Hoxb4 nor GFP alone induced a shift in limb position (n=0/10, n=0/15 and n=0/12, respectively; Fig. 3G-H, 3G'-H' and data not shown). These results, together with previous data on Hox activity at the Tbx5 genomic locus (Minguillon et al., 2012;Nishimoto et al., 2014) show that through a combinatorial activation and repression activities on Tbx5 expression, Hox genes regulate the position of limbs along the anteroposterior axis in vivo. Importantly, posterior shift of the forelimb could not be induced neither by extending Hoxb4 domain only nor by repressing Hox9 only.

Therefore, the forelimb-forming domain can be posteriorly shifted only if the interlimb domain is concomitantly shifted.

Relative changes in Hox co-linear activation timing during gastrulation underlie bird natural variation of limb position.

As mentioned above, birds exhibit a tremendous variation in the number of their cervical vertebrae, and hence in the position at which limbs form along the A-P axis. We thus decided to investigate how such natural variation takes place during development.

Specifically, we tested whether relative changes in the timing of co-linear Hox gene activation during gastrulation would prefigure spatial differences in Hox expression domains and consequently in limb position between bird species. To this end we compared the development of three different bird species, zebra finch, chicken and ostrich which bear 12, 14 and 17 cervical vertebrae, respectively (Fig. 4A-C). We first compared whether Tbx5 expression, associated with forelimb field in the early embryo is shifted anteriorly in zebra finch and posteriorly in ostrich embryos. Surprisingly, when compared to chicken embryos, we did not observe a complete shift of Tbx5 expression domain but rather an anterior (of about of 3 somites) and posterior (of about 5 somites) shift of its posterior border of expression in equivalent stage embryos of zebra finch and ostrich, respectively (Fig. 4D-F).

Similarly, rather than a complete shift of its domain, Hoxb4 displayed an anterior (of about 3 somites) and posterior (of about 8 somites) shift of its posterior border in zebra finch and ostrich embryos, respectively (Fig. 4G-I). Notably, in both chicken, zebra finch and ostrich embryos Hoxb4 anterior border of expression was found at the level of the 5 th -6 th somite.

Therefore, in zebra finch, chicken and ostrich embryos, a shift in the posterior border of Hoxb4 and Tbx5 (therefore, a shortening or lengthening of their domain) rather than a complete shift of their domains underlie differences in limb position.

We then investigated whether differences in co-linear activation of Hoxb genes during gastrulation could be linked to variation in the posterior border of Hoxb4 in the LPM. We focused on Hoxb4 and Hoxb9 since we have shown the transition between these two genes in the epiblast expression appears particularly important for positioning the forelimb bud. Hoxb4 initiated its expression at stage 4 in both chicken and ostrich embryos (Fig. 5A,E), however, whereas its expression started to fade out at about the 2-somites stage in the chicken epiblast, Hoxb4 remained highly expressed in the epiblast until at least the 10-somites stage in ostrich (Fig. 5B,F). Consequently, Hoxb4 became restricted to the anterior part of the embryo at later stage in ostrich (34 somite stage) and along a much wider domain in the LPM (Fig. 5G-I) when compared to chicken embryo (Fig. 5C-D). Therefore, although Hoxb4 expression in the ostrich starts at the same stage as in chicken, it does remain expressed for longer in the epiblast and forms a wider domain of expression in the anterior LPM. Regarding Hoxb9, we found that in ostrich the onset of its expression takes place at the 10 somites stage (Fig. 5O, Q) and is therefore delayed when compared to chicken embryos in which onset of expression can be observed as early as stage 7 (Fig. 5J-K). Hoxb9 remains expressed in the epiblast until the end of gastrulation and can be found in the posterior LPM by the 15-somites stage as in chicken (Fig. 5M, R andS). Importantly, Hoxb9 anterior border of expression is shifted posteriorly in ostrich, when compared with chicken embryos (Fig. 5M,R). Altogether these results show that relative changes in the timing of Hoxb genes co-linear activation and in particular the transition between anterior (Hoxb4-like) and posterior (Hoxb9-like) Hox genes prefigure spatial variation of Hox genes expression domains, and of limb position observed at later stage (summarized in Fig. 5T).

Functional perturbation of Hox co-linear activation timing during gastrulation affects forelimb field position

Finally, we attempted to functionally perturb the relative temporal sequence of Hox genes activation during gastrulation in chicken. In the context of the patterning of the chicken neural tube, it has been shown that Retinoic Acid is able to activate anterior Hox genes (Hoxb3, Hoxb4 and Hoxb5) (Bel-Vialar et al., 2002) whereas in late gastrulation and tail bud development, inhibition of Retinoic Acid from posterior tissues is necessary for the expression of posterior Hox genes such as Hoxd11 (Abu-Abed et al., 2003).

We therefore decided to test whether modulating Retinoic Acid signaling could induce perturbations in the activation sequence of Hox genes and consequently in the spatial organization of Hox expression domains. Stage 4 chicken embryos were therefore incubated ex vivo and transiently (for 8h, until stage 8) in presence of Retinoic Acid (RA) or AGN193109, a potent Retinoic Acid signaling Inhibitor (referred as RAI) then re-incubated for another 24h in normal conditions. Transient exposure to RAI resulted in much weaker Hoxb4 expression and shorter domain (n=10) (Fig. 6A) when compared to control embryos (Fig. 6B). In turn, Hoxb9 anterior border of expression became shifted anteriorly of about 2-6 somites length in treated embryos (Fig. 6D,n=7) when compared to control embryos (Fig. 6E,n=3). Conversely, in presence of RA, Hoxb4 expression became highly expressed in the entire LPM and overall in the embryo (Fig. 6C,n=8) when compared to control (Fig. 6B). Hoxb9 expression was in turn greatly reduced and expression could be observed only in the tail bud and not in the LPM (Fig. 6F, n=5/6) as opposed to control embryos (Fig. 6E,n=3). Altogether these data show that modulation of Retinoic Acid signaling transiently and during gastrulation consequently perturbs the establishment of Hox genes expression domains in the LPM, while preserving co-linearity.

We next looked at the effect on Tbx5 domain of expression in the LPM, one day later.

To this end, RA or RAI were injected in ovo, in stage 4 embryos, which were then consequently allowed to develop for 48h, until stage 18-19. In these conditions, RAI treatment resulted in shorter Tbx5 expression domain with a posterior border anteriorly shifted by about 2-3 somites in the LPM (Fig. 6G, n=6 embryos) whereas RA treatment resulted in much longer Tbx5 expression domains with a posterior border shifted posteriorly by about 2 somites (Fig. 6I, n=3/9 embryos) when compared to Tbx5 expression domain in control embryos (Fig. 6H, n=11 embryos). Strikingly, the extent of Tbx5 expression domain and the position of its posterior border in RAI and RA treated embryos is reminiscent of Tbx5 expression observed in zebra finch and ostrich embryos respectively which exhibit variation in their extent and position of the posterior border (compare Fig. 4D-F with Fig. 6G-I).

Altogether these results show that modulation of Retinoic Acid signaling during gastrulation interferes with the relative timing of Hox genes activation, which consequently alter Hox relative domains of expression in the lateral plate mesoderm and provoke modification in the extent of Tbx5 expression along the A-P axis, which is linked to variation in limb position.

Discussion

Our work identifies a direct and early role for Hox genes in the regulation and variation of forelimb position in birds. During gastrulation, the lateral plate compartment is progressively generated and concomitantly patterned by Hox genes. As observed for the adjacent somitic compartment, the temporal co-linear activation progressively establishes characteristic Hox domains of expression along the anteroposterior axis. It is the position of these characteristic expression domains that determines the position of forelimb-forming and interlimb-forming domains through a combination of activation (e.g. Hoxb4) and repression (e.g. hoxb9) of limb initiation (i.e. Tbx5 expression). Furthermore, relative changes in the colinear activation of Hox genes during gastrulation prefigures variation in the spatial organization of Hox genes expression domains and consequent natural variation in limb position. Importantly modulation of Retinoic Acid signaling during gastrulation induces relative changes in the position of Hox expression domains along the A-P axis and subsequent changes in the position of the forelimb field. Based on our findings we therefore propose that timely controlled Hox co-linear activation during gastrulation is responsible for the regulation and variation in forelimb position (see model in Fig. 7).

Progressive formation and patterning of the LPM by co-linear activation of Hox genes

Our results show that the LPM compartment is progressively formed during gastrulation. Surprisingly, despite a thorough characterization of other embryonic derivatives adjacent to the prospective LPM in the epiblast, the formation of the LPM during gastrulation, to the best of our knowledge, had never been described. Whereas, the prospective territory of the LPM had been traced back to the middle third of the primitive streak (Psychoyos and Stern, 1996;Sawada and Aoyama, 1999), no studies addressed, with respect of forelimb interlimb and hindlimb field formation. Here we show that the forelimb, interlimb and hindlimb fields sequentially form between stage 4 and 10, (between 24 and 48h of development) and that by this stage the LPM is patterned into forelimb and interlimb domains. More importantly, by characterizing the precise timing of limb and non-limb domain formation, we could link the patterning of these domains to concomitant collinear Hox gene activation. Previous studies have shown that in the context of somitic mesoderm formation, Hox genes, co-linearly activated, establish through the regulation of cell ingression at the streak, their own spatial co-linear characteristic pattern (Iimura and Pourquié, 2006).

We show that a similar mechanism is at work during the generation of LPM, thereby providing a mechanism for the establishment of the characteristic expression domains of Hox genes in the LPM which have long been suspected to play a role in the regulation of limb position.

Hox genes expression determines limb and non-limb forming domains

Because of their role in patterning vertebrae along the A-P axis and their striking expression patterns matching limb-and non-limb -forming domains, Hox genes have always been excellent candidates to control limb position, however such role has been put into question, given the lack of clear phenotypes in Hox genes loss-and gain-of-function experiments in mouse. More recently, evidences reinforcing the role Hox genes in positioning limb fields have accumulated. Hox genes from paralog groups 4 and 5 can bind to a Tbx5limb specific enhancer and activate transcription of a downstream reporter (Minguillon et al., 2012;Nishimoto et al., 2014), however this had not been shown in vivo. Intriguingly, whereas Tbx5 forelimb specific expression is greatly conserved among vertebrates, a conserved Tbx5 limb-specific enhancer, located in intron 2 in mouse, could not be located in chicken, raising doubts about the requirement of this particular enhancer for Tbx5 forelimb expression.

Finally, the fact that Tbx5 has recently been shown to be insufficient for limb initiation raises concerns about the sufficiency of displacing forelimb position by solely displacing Tbx5 domain. Conversely Hoxc9 was shown to bind directly to Tbx5 limb enhancer and to inhibit Tbx5 expression when electroporated in chicken forelimbs. It has consequently been proposed that there is a latent potential in the caudal LPM to express Tbx5 that is normally masked by the presence of Hoxc8-10 genes (Nishimoto and Logan, 2016;Nishimoto et al., 2014). Our data which shows that ectopic expression of Hoxb4, in combination of a Hoxc9 dominant negative, can induce Tbx5 expression and shift limb position is in full support with a role of Hox4-5 genes in regulating Tbx5 expression in vivo. However, the finding that Hoxc9dn on its own does not promote Tbx5 expression nor limb displacement, but does it only in combination with Hoxb4, has several important implications with respect to regulation and variation of limb position. First, it suggests that there is no latent potential of forelimb forming activity in the interlimb but "just" a repressive limb forelimb forming activity conferring interlimb identity. Second and corollary, it suggests that a posterior shift in limb position must not only involve a shift of the forelimb field (e.g. Hoxb4 expression, which is normally not expressed posteriorly) but also of the interlimb field (i.e. Hoxb9 anterior border of expression). In other words, changes in limb position can be induced only if the overall colinear spatial sequence of Hox expression pattern is changed. This might explain why none of the single nor compound mutants for a variety of Hox genes show a major phenotype on limb position (Xu and Wellik, 2011;Xu et al., 2013). Indeed, our data argues that to induce a shift in forelimb position in mouse, combination of gain-and loss-of function for forelimbforming and forelimb-repressor Hox genes, respectively, should be performed. Consistent with this, we find that variation in limb position among birds is accompanied by concerted changes in hoxb4/hoxb9 expression along the A-P axis, which are prefigured by relative changes in their activation timing. In addition, functional perturbation of relative timing of Hox activation by interfering with retinoic signaling during gastrulation which has been shown to initiate anterior-most Hox genes activation (Bel-Vialar et al., 2002) and to delay posterior-most Hox genes activation (Abu-Abed et al., 2003) is able to provoke relative changes in the collinear expression patterns of Hox genes which correlate with changes in forelimb position. Based on these results we propose that that the sequence limb-forming/nonlimb forming domains is encoded in the co-linear organization and in the activation/repression function of Hox genes, the timing of co-linear activation in turn sets the relative position of these domains along the main axis.

Posterior border of the early limb field and final limb position

Our results point at the posterior border of the forelimb as a critical regulator of limb positioning since only the position of the posterior (and not the anterior) border of Hoxb4 and Tbx5 is gradually shifted in zebra finch, chicken and ostrich, and not the complete domain.

This automatically leads to a gradual extension of the forelimb field rather than a gradual posterior shift, though the limb becomes eventually posteriorly shifted between these species.

How can a variation in forelimb field size lead to variation in limb position? Interestingly, it has been shown that Tbx3 can alter the position of the forelimb through an interplay with Gli and dHand gradient which prepatterns the early mesenchyme and sets the position of the ZPA (Rallis et al., 2005). Modulation of this prepatterning (by modulating Tbx3 activity) subsequently modifies the position of the ZPA and eventually the position of the limb.

Strikingly, Hox5 mutants in mice show derepression of Shh, expressed in the ZPA (Xu et al., 2013), whereas in Hox9 mutant, Shh is not expressed due to defects in Gli3/dHand prepatterning of the early mesenchyme (Xu and Wellik, 2011). It thus tempting to speculate that once Hox genes have set the forelimb field of variable size in different species, prepatterning of the early mesenchyme by Hox5, Hox9 and most likely other Hox genes could in turn induce variation in the position of the ZPA which could be responsible for variation in the definitive position of the forelimb.

Retinoic acid signaling as regulator of both forelimb and hindlimb position?

We have used modulation of RA signaling as a mean to perturb the co-linear activation of Hox genes during gastrulation, as it has previously been implicated in the activation of Hox genes in the forming neural tube in chicken (Bel-Vialar et al., 2002) but also to delay posterior-most Hox genes (Abu-Abed et al., 2003). We show that transient activation and inhibition of Retinoic Acid signaling during gastrulation leads to changes in shifts in Hox genes expression patterns while preserving overall co-linearity. Consequently, we observe a variation in relative size and position of the forelimb domain, as revealed by Tbx5 expression, which recapitulates natural variation observed between zebra finch, chicken and ostrich. However, our work does not show that changes in the expression of a component of the Retinoic Acid signaling pathway underlies natural variation in birds, therefore this experimental design and results should be interpreted as proof of concept. In the future, it would be particularly interesting to test whether component of the pathway such as Aldh1a2 which is a major enzyme responsible for the production of RA or Cyp26a1 which degrades RA in the posterior embryo, exhibit changes in their expression which could be related to difference in Hox activation timing. The idea that RA signaling regulates forelimb position is particularly appealing since it would provide a simple way to regulate limb position in general, this pathway being previously shown to be downstream of GDF11 in the regulation of hindlimb position (Jurberg et al., 2013;Lee et al., 2010).

Materials and Methods

Embryos and Nomenclature

Fertilized chicken (gallus gallus) eggs were obtained from a commercial source. Eggs were stored at 15°C and incubated at 38° in a humidified incubator. Embryos were staged according the Hamburger and Hamilton classification system (Hamburger and Hamilton, 1992). Fertilized ostrich (struthio camelus) eggs were obtained from a commercial source. Eggs were incubated right after reception without storage at 36°C in a humidified chamber (20% humidity). Embryo aged was estimated before collection according to Brand (2014) description of the ostrich early development and further staged according to Hamburger and Hamilton classification for the early developmental stage (from stage HH4 to stage HH7) and according to somite number after stage HH7. Fertilized zebra finch (taeniopygia guttata) eggs were generously provided by Dr Marie Manceau from Collège de France in Paris. Eggs were stored at 15°C and incubated at 38°C in a humidified incubator. Embryos were staged according to Murray et al (2013) description of the embryological development of zebra finch and compared to chicken and ostrich embryos according to somite number.

Microsurgery

Microsurgery experiments were performed in stage HH11 embryos. Eggs were incubated horizontally from 45h to 48h. About 4mL of albumen was removed from the egg, and a window was opened in the shell. To visualize the embryo, a solution of drawing ink (Pelikan) diluted (1/10) in PBS containing penicillin-streptomycin was injected in the yolk underneath the embryo. The vitelline membrane was carefully removed at the site of manipulation. Using tungsten needles or glass capillaries, the ectoderm was carefully detached from the somatopleure layer (without damaging it as far as possible) and a piece the somatopleure corresponding to the prospective FL and IL domain was excised from the embryo. The domain targeted spans from somite 15 to half of the remaining PSM over a width of about 100-150µm and is based on previous studies (Chaube, 1959;Michaud et al., 1997). The orientation of excised piece of somatepleure was inverted (the AP orientation became P/A; the ML orientation became L/M; and the DV orientation was maintained) and inserted back into the somatopleure. Eggs were further resealed with tape and reincubated at 38°C. After 48h, embryos were collected, dissected and fixed in 4% Formaldehyde for 2h. For the quail-chick chimeric grafts, the procedure was similar. The quail embryo was collected and placed into a petri dish filled with PBS. The somatopleure corresponding to the prospective FL and IL domains was excised from a transgenic quail embryo expressing a membrane-bound GFP (memGFP) produced in the lab. In parallel, in a chicken host embryo from the same age (same number of somites) the same piece of somatopleure was removed. The graft was then transferred to the host embryo and inserted into the somatopleure with an inverted orientation as previously described.

Cryostat sections and immunostaining

Embryos for sectioning were prepared for gelatin-sucrose embedding. They were equilibrated in successive bath of PBS/gelatin/sucrose of increased concentration (PBS/4%sucrose, overnight at 4°C; PBS/15%sucrose, overnight at 4°C and PBS/15%sucrose/7.5%gelatine, 2h at 37°C). Embryos were further embedded in a mix of gelatin-sucrose (PBS/15%sucrose/7.5%gelatin). Blocks were dived into isopentane at -65°C to solidify and further section with a cryostat. Sections were degelatinized in PBS for 30min at 37°C and washed twice in PBS at room temperature. Sections were then blocked in PBS/0,1%Triton/20%goat serum for 30min in a humidified chamber at room temperature; incubated with primary antibody overnight at 4°C (GFP 1/500, Torrey Pine); washed with PBS and further incubated with secondary antibody (Phalloidine-Alexa 555 1/100, Molecular Probe; Alexa488 goat anti-rabbit 1/1000, Invitrogen) for 2h at room temperature. Sections were washed with PBS overnight and mounted withVectashield medium containing DAPI and further imaged on a confocal microscope (Zeiss LSM700).

Early Chick embryo culture (EC culture)

Embryos were prepared for ex ovo culture using a modified version of the EC culture system (Chapman et al., 2001). After desired incubation (between 12 and 30h depending on the experiment), eggs were cracked in a Petri dish and embryos were collected using a circle Whatman paper filter. Embryos were briefly washed in HBSS buffer (Hank's Balanced Salt Solution, Gibco) and placed in a Petri dish containing about 3mL of a nutritive medium (50% albumen; 0,6% glucose, 0,2% agarose and, 123mM NaCl) with the embryo ventral side up. Petri dishes were then incubated at 38°C in a humidified chamber. In these conditions, embryos were cultured for 24h to 48h.

Modulation of Retinoic Acid signaling

To modulate RA signaling, chicken embryos were treated with RA (Sigma, stock solution 40mg/ml diluted in DMSO) or the pan-RAR antagonist AGN193109 (referred as RAI; Torcis, stock solution 20mM diluted in DMSO). Eggs were incubated for 20-24h, up to stage HH4. For in ovo treatment, eggs were incubated horizontally and prepared as explained in the section microsurgery. RA (concentration 665µM) and RAI (concentration 100µM) were injected, in between the vitelline membrane and the embryo, on top of the primitive streak. Control embryos were treated with DMSO (0,5%). Eggs were resealed and reincubated up to the desired stage (24h to 48h). For ex vivo treatment, embryos were collected at stage HH4, prepared for ex ovo culture and placed in culture plates in which RA, RAI or DMSO had been added to the nutritive medium (RA concentration: from 465µM to 40µM; RAI concentration 100µM; DMSO concentration 0,5%). Embryos were transiently incubated for 8h on these RA-, RAI-and DMSO-containing plates, then moved to culture plate without RA, RAI or DMSO and further cultured for 24h. For in ovo and ex ovo treatment, embryos were collected and fixed in 4% formaldehyde for 2h.

Electroporation and plasmids

For ex ovo electroporation, embryos were prepared with EC culture system and transferred into a homemade electroporation chamber filled with PBS. A solution of plasmid DNA was prepared as described by [START_REF] Scaal | In ovo electroporation of avian somites[END_REF] with a final DNA concentration of 1µg/µl or 5µg/µl. This solution was microinjected between the vitelline membrane and the epiblast of the embryo, on top of the region of interest (here, the prospective LPM in the primitive streak). Electroporations were carried out using the SuperElectroporator NEPA21 type II ® (NEPAGENE); applying 2 poring pulses of 15V (5ms every 50ms) to create pores in the cells, followed by 3 transfer pulses of 10V (50ms every 500ms) to transfer the DNA into cells. Electroporated embryos were then cultured for 24 hours at 38°C in a humidified incubator. Co-electroporation was performed by microinjecting a solution of two or more DNAs at the same concentration. After 24h to 48h of incubation post electroporation, embryos were collected, fixed in 4% formaldehyde for 2h and stored for further analysis. For in ovo electroporation, eggs were prepared as described in [START_REF] Scaal | In ovo electroporation of avian somites[END_REF]. Eggs were incubated horizontally to the desired developmental stage (here stage HH14; 50h incubation). A DNA solution was injected in the region of interest (here in the coelomic cavity at the level of the FL and IL domains. Electroporation was performed using homemade electrodes and the SuperElectroporator NEPA21 type II ® (NEPAGENE) with different parameters: 2 poring pulses of 70V (1ms every 100ms) followed by 3 transfer pulses of 40V (2ms every 500ms). A drop of PBS was added on top of embryos to avoid them to dry; eggs were resealed tape and reincubated for 24 to 48h. The constructs pCAGGS-IRES2-Venus-Hoxb4, pCAGGS-IRES2-Venus-Hoxb7, pCAGGS-IRES2-Venus-Hoxb9, were used as previously published (Denans et al., 2015;Iimura and Pourquié, 2006). The constructs pFlox-pA-EGFP and pCX-Cre were kindly provided by X. Morin (Morin et al., 2007). The pCIG-VP16 RARa [TJ#389] was a gift from T. Jessell (Addgene plasmid # 16287). The dominant negative form of Hoxc9 was generated by inserting a stop codon instead of the amino acid 50 of the homeodomain as previously described (Denans et al., 2015;de Santa Barbara and Roberts, 2002). The transcriptional activator form of Hoxb4 was generated by cloning 2 VP16 activation domain in frame of the C-terminal Hoxb4. The construct pCAGGS-GFP was used as a control in all the electroporation experiments.

Production of transgenic quail

The two transgenic lines used in this study are pLenti hUbC:memGFP and pLenti hUbC:mEos2FP. Transgenic quails lines were produced following the method from Sato et al. [START_REF] Sato | Dynamic Analysis of Vascular Morphogenesis Using Transgenic Quail Embryos[END_REF]. Briefly, non incubated quail eggs (coturnix japonica) were opened and a solution of lentivirus at high concentration was injected into the subgerminal cavity of stage X embryos. Eggs were sealed with food plastic and paraffin wax. Injected eggs were incubated at 37.5°, 56% humidity until hatching (16 days). For the hUbC:memGFP line, a total of 89 embryos were injected with the lentivirus solution at a high concentration (between 10 9 and 10 10 /ml). Three F0 mosaic founders males successfully hatched and reached sexual maturity. They were bread to WT female and all three produced transgenic offspring (transmission rate 8.8%). One line was selected by Southern Blot analysis and intensity of the memGFP signal. For the hUbC:mEos2FP line, a total of 145 embryos were injected with lentivirus (concentration 6,4 10 10 /ml). Of these, 23 hatched. From these animals, 9 F1 animals were produced and one line was selected by Southern Blot analysis and intensity of the fluorescent signal.

Time-lapse video microscopy

Imaging conditions

Stage HH4 embryos were prepared for EC culture and co-electroporated with pCAGGS-H2b-mRFP (1µg/µl), pFlox-pA-EGFP (1µg/µl) and pCX-Cre (50ng/µl) plasmid DNA. Electroporated embryos were reincubated for 3-5 hours at 38°C until fluorescence became detectable. Electroporated embryos were then placed ventral side up in a glass bottom 35mm Petri dish (MatTek ® ) filled with a minimum amount of nutritive medium (from 1 to 2ml depending on the objective). The embryo was surrounded by humidified wipes, and closed to prevent dehydration. The embryo was kept at 38°C by a heating insert adapted to the microscope stage and a heating chamber surrounding the microscope. Imaging of the embryos was performed with an inverted confocal microscope (LSM700 or LSM880, ZEISS, 10x or 40x objective), or a 2-photon microscope with an OPO system (ZEISS, Coherent) 4 to 5 zstacks of the full-length embryo were acquired overnight (every 5min for about 20 hours).

mEOS2FP photoconversion

Photoconversion of the mEOS2FP transgenic quail embryos was performed with a LSM880 confocal microscope (ZEISS). Before photoconversion, mEOS2FP was visualized under standard imaging conditions for GFP using a 488nm Argon laser (15% power). A 405nm diode laser (set at 40%) was used for photocoversion with 1x25 iterations. Photoconverted mEOS2FP was imaged with a 561nm HeNe laser (30%), embryos were imaged every 2 hours to follow the photoconverted region of the embryo.

Image analysis

9.1. Cell tracking Time-lapse movies were analyzed using ImageJ and Manual Tracking plugin from Fabrice Cordelières. A retrospective cell tracking was performed; the position of cells into FL, IL and HL was determined according to Chaube (Chaube, 1959) confirmed by photoconversion, and cells were tracked up to their origin in the primitive streak. The timing at which they ingress was identified by analysis of behavioral change (acquisition of mesenchymal characteristics: migration, membrane protrusions).

Analysis of ingression behavior at the primitive streak

Ingression behavior of the cells before and during primitive streak regression was analyzed by measuring the time a cell has spent in the primitive streak before ingressing. Movies were first aligned on the primitive streak to remove artificial movements due to imaging. As previously described, epiblast cells were found migrating towards the primitive streak with a lateral-to-medial trajectory. Cells were considered being in the primitive streak when they did not present this lateral-to-medial trajectory. The time between this moment and the moment cells ingress was measured and determined as the time a cell spent in the primitive streak before ingression. 9.3. Quantification of electroporated cell repartition in the LPM Quantification of electroporated cells was performed using ImageJ and the ITCN (Imaged-based Tool for Counting Nuclei) plugin from Thomas Kuo and Jiyun Byun (UC Santa Barbara). Embryos were electroporated at stage HH4, cultured ex ovo and harvested at stage HH12-13 (18-22 somites stage). The LPM was segmented along the AP axis into neck, forelimb, interlimb and hindlimb regions based on previous studies (Chaube, 1959) confirmed by photoconversion. Using ITCN plugin, the number of cells was quantified in each of these regions and cell number was normalized relative to the area of each region.

In situ hybridization

Whole-mount in situ hybridization on chick embryos was performed as previously described (Henrique et al., 1995). After collection, embryos were fixed in 4% formaldehyde/PBT (PBS+0.1%Tween) 2 hours at room temperature or overnight at 4°C. Fixed embryos were treated with proteinase K (10µg/ml) for 2 to 30 minutes depending on the embryo stage and postfixed with 4% formaldehyde/0.1% glutaraldehyde. Hybridization with DIG-labeled RNA probes was performed under stringent conditions (1.3X SSC pH5, 50% formamide) at 65°C in a hybridization buffer overnight. Embryos were then washed and treated with 2% BBR (Boehringer Blocking Reagent)/20% Lamb Serum for 1 hour or more and incubated in alkaline phosphatase-coupled anti-DIG antibody for 6 hours at room temperature or overnight at 4°C. After several wash steps, embryos were stained with BCIP/NBT Liquid Substrate System ® (SIGMA) until color developed; fixed in 4% formaldehyde/0.1% glutaraldehyde for 2 hours and stored at 4°C. DIG-labeled probes were made from plasmids containing cDNA fragments of Hoxb4, Hoxb7, Hoxb9 (as previously published Iimura and Pourquié, 2006), Tbx5 and Fgf10.

Skeleton analysis

Embryos were stained with Alcian Blue and Alizarin Red to label cartilage and bone tissues respectively as previously described [START_REF] Rigueur | Whole-Mount Skeletal Staining[END_REF]. Embryos were collected at late development stage (chicken E20; ostrich E37; zebra finch E13) and dissected; skin and organs were removed, and further fixed in 95% ethanol overnight at 4°C. Embryos were then stained in Alcian Blue solution (chicken: 17d; ostrich: 26d; zebra finch: overnight) and washed in 95% ethanol (chicken: 6d; ostrich: 5d; zebra finch: 1d). Tissues were further cleared in 1% KOH (chicken: 10d; ostrich: 9d; zebra finch: 2h) and stained with Alizarin Red solution (chicken: 5d; ostrich: 5d; zebra finch: 4h). Alizarin Red solution was cleared in 1% KOH (chicken: 2h; ostrich: overnight; zebra finch: 2h). Embryos were further equilibrated in successive glycerol solution (50%glycerol/50%KOH1%; 25%glycerol/75%KOH1%; 90%glycerol/10% KOH1%) and stored in 100% glycerol. In chicken (top panel), the anterior Hox gene Hoxb4 is expressed from stage HH4 and determines the forelimb domain in the LPM during gastrulation (red shaded area in the diagram and the scheme, top panel). At the 2-somites stage, Hoxb4 expression fades away in the epiblast and the posterior Hox gene Hoxb9 is activated (blue shaded area in the diagram and the scheme, top panel), the temporal transition between anterior and posterior Hox genes is established and translates into a spatial transition in the LPM that will determine forelimb and interlimb domains and therefore the wing position (scheme, top panel). In ostrich (bottom panel), Hoxb4 temporal activation is conserved (stage HH4). However, whereas the temporal sequence of Hox genes activation is conserved, the relative timing is different: Hoxb4 expression is maintained at least until the 10-somite stage when Hoxb9 is activated in the epiblast (diagram, bottom panel). This delay in Hox activation timing results in a posterior shift of the forelimb-interlimb fields in the LPM that consequently shifts the wing along the body axis (scheme, bottom panel; grey shaded somites represent the posterior shift).
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During my PhD, I had the opportunity to contribute to a project in the lab that focuses on the early steps of gastrulation and aims at deciphering the cellular and molecular mechanisms that regulate early gastrulation before cell ingression and mesoderm formation.

During gastrulation, the epiblast undergoes large-scale movements called "Polonaise movements" [START_REF] Gräper | Die Primitiventwicklung des Hühnchens nach stereokinematographisen Untersuchungen, kontrolliert durch vitale Farbmarkierung und verglichen mit der Entwicklung anderer Wirbeltiere[END_REF] (Figure 2). Two counter-rotational flows that converge to the posterior part of the epiblast where they merge and form the primitive streak; site from which cells will ingress to form mesoderm and endoderm tissues. The epiblast is a layer of epithelial cells that are tightly connected to one another through adherens junctions. The formation of these large-scale movements in the epiblast raises a conceptual problem: how can these movements propagate in the tissue without breaking the epithelial integrity of the embryo? Does it require cell rearrangements or specific cell behavior? What are the underlying cellular and molecular mechanisms? These are important questions because the "Polonaise movements" are essential for gastrulation; if they are impaired, the embryo fails to go through gastrulation leading to a developmental arrest.

Using live imaging in chick embryo, we investigated the cellular and molecular mechanisms driving the "Polonaise movements". We found that, during gastrulation, cell division drives massive epithelial rearrangements through cell intercalation events in the epiblast. We further showed that these cell division-mediated intercalations represent the majority of rearrangements in the epiblast. And we showed that these division-mediated rearrangements are absolutely required for the patterning of "Polonaise movements". Finally, we could demonstrate that these massive rearrangements result from a low actomyosin accumulation at the cell cortex allowing cell rearrangements through junction remodeling.

These results uncover a role for cell division as a coordinator of global epithelial growth and movements patterning at the tissue scale. Furthermore, it brings new insight into the mechanisms regulating early gastrulation, the first step before mesoderm formation. 

INTRODUCTION

During embryonic development, gastrulation is the first major morphogenetic event that leads to the formation of the three embryonic layers (i.e. ectoderm, mesoderm, and endoderm). In chick, gastrulation involves large-scale cellular movements, taking place within the single-celled layer epithelial embryo. These cell movements, first described in 1929 [START_REF] Gra ¨per | Die Primitiventwicklung des Hu ¨hnchens nach stereokinematographischen Untersuchungen, kontrolliert durch vitale Farbmarkierung und verglichen mit der Entwicklung anderer Wirbeltiere[END_REF][START_REF] Wetzel | Untersuchungen am Hu ¨hnchen. Die Entwicklung des Keims wa ¨hrend der ersten beiden Bruttage[END_REF], were named ''Polonaise movements'' due to their resemblance to a Polish dance choreography: upon incubation, within the flat epiblast disk, two counter-rotational flows of cells merge at the posterior end of the embryonic disk to form the primitive streak (i.e. the site of mesendoderm formation and future midline of the embryo). More recently, it has been shown that the primitive streak progressively forms and elongates through cell shape changes, mediolateral intercalation, and ingression of epithelial cells at the posterior margin of the epiblast [START_REF] Rozbicki | Myosin-II-mediated cell shape changes and cell intercalation contribute to primitive streak formation[END_REF][START_REF] Voiculescu | The amniote primitive streak is defined by epithelial cell intercalation before gastrulation[END_REF][START_REF] Voiculescu | Local cell interactions and self-amplifying individual cell ingression drive amniote gastrulation[END_REF]. Although such cell-cell interactions have been elegantly demonstrated to drive streak elongation, they do not provide, on their own, a plausible explanation for the circular flows of cells concomitantly observed in the epiblast. In their models, Voiculescu et al. and Rozbicki et al. propose that the cell displacements induced by shape changes, ingressions, and intercalations at the streak are ''propagated'' throughout the epiblast. These peculiar cell movements taking place in the epithelial embryo, where cells are connected by adherens junctions, pose a conceptual problem: How can movements be propagated within the rapidly growing epiblast without disrupting the epithelial integrity of the embryo? Do cells rearrange within the epiblast or exhibit specific behaviors participating in the spatial patterning of gastrulation movements? If so, what are the underlying cellular and molecular mechanisms? Epithelial rearrangement events have been extensively characterized in invertebrates, particularly Drosophila. In this model, a number of stereotyped key events (for review see Guillot and Lecuit, 2013a), have been identified. During germband elongation in Drosophila, an ordered process of cell intercalation such as T1 processes (involving four cells) [START_REF] Bertet | Myosin-dependent junction remodelling controls planar cell intercalation and axis elongation[END_REF], and the formation/resolution of rosettes (involving five cells or more) [START_REF] Blankenship | Multicellular rosette formation links planar cell polarity to tissue morphogenesis[END_REF] underlies the elongation of the embryo: epithelial cells undergo planar polarized remodeling of junctions driven by a myosin-dependent junction shortening in one plane, followed by lengthening in the perpendicular plane. Epithelial cells have also been shown to rearrange through T2 processes, during which junctions are removed by a cell extrusion mechanism, as observed in the Drosophila notum [START_REF] Marinari | Live-cell delamination counterbalances epithelial growth to limit tissue overcrowding[END_REF].

During all the aforementioned processes, cells do not divide. The process of cell division has been shown to play important roles in epithelial tissue morphogenesis in zebrafish and Drosophila, in particular through polarized orientation, which can be instructed by signaling pathways [START_REF] Baena-Lo ´pez | The orientation of cell divisions determines the shape of Drosophila organs[END_REF][START_REF] Gong | Planar cell polarity signalling controls cell division orientation during zebrafish gastrulation[END_REF][START_REF] Saburi | Loss of Fat4 disrupts PCP signaling and oriented cell division and leads to cystic kidney disease[END_REF] for review see [START_REF] Morin | Mitotic spindle orientation in asymmetric and symmetric cell divisions during animal development[END_REF] or in response to mechanical stress [START_REF] Campinho | Tension-oriented cell divisions limit anisotropic tissue tension in epithelial spreading during zebrafish epiboly[END_REF][START_REF] Legoff | A global pattern of mechanical stress polarizes cell divisions and cell shape in the growing Drosophila wing disc[END_REF][START_REF] Mao | Differential proliferation rates generate patterns of mechanical tension that orient tissue growth[END_REF][START_REF] Wyatt | Emergence of homeostatic epithelial packing and stress dissipation through divisions oriented along the long cell axis[END_REF]. However, cell division itself does not directly promote rearrangements of epithelial cells: upon cell division, it has been reported that daughter cells almost always share a common interface and do not intercalate between their neighbors [START_REF] Bischoff | Cell rearrangements, cell divisions and cell death in a migrating epithelial sheet in the abdomen of Drosophila[END_REF][START_REF] Gibson | The emergence of geometric order in proliferating metazoan epithelia[END_REF]. Aside from the addition of a novel cell-cell junction at the interface between the two daughters, the overall junctional organization and, therefore, the epithelial topology remain globally unchanged. This is exemplified by numerous clonal analyses performed in Drosophila whereby Developmental Cell 36, 249-261, February 8, 2016 ª2016 Elsevier Inc. 249 clonal descendants remain compact and do not disperse within the epithelial tissue [START_REF] Knox | Rap1 GTPase regulation of adherens junction positioning and cell adhesion[END_REF]. Recently, the mechanisms underlying the formation of a new daughter-daughter cell junction have been brought to light. Studies performed in the Drosophila early embryonic and pupal notum epithelia have shown that cell division can be regarded as a multicellular process involving not only a dividing cell but also its immediate neighbors. These studies show that as cytokinesis takes place, the contractile tension exerted by the cytokinetic ring of a dividing cell is resisted by its neighbors (actomyosin-based cortical tension). This ratio of forces at the site of cytokinesis ultimately results in local adhesion disengagement of the dividing cell with its neighbor, the annealing of the two daughter membranes, and the subsequent formation of a new daughter-daughter cell junction [START_REF] Founounou | Septins regulate the contractility of the actomyosin ring to enable adherens junction remodeling during cytokinesis of epithelial cells[END_REF]Guillot and Lecuit, 2013a;[START_REF] Herszterg | Interplay between the dividing cell and its neighbors regulates adherens junction formation during cytokinesis in epithelial tissue[END_REF]. The observation that cell division does not directly promote epithelial cell rearrangements does not appear to be confined to Drosophila epithelia but can also be observed in the developing epithelia of Caenorhabditis elegans, zebrafish, and Xenopus [START_REF] Harrell | Internalization of multiple cells during C. elegans gastrulation depends on common cytoskeletal mechanisms but different cell polarity and cell fate regulators[END_REF][START_REF] Kieserman | Developmental regulation of central spindle assembly and cytokinesis during vertebrate embryogenesis[END_REF][START_REF] Olivier | Cell lineage reconstruction of early zebrafish embryos using label-free nonlinear microscopy[END_REF], and has been implied to be a conserved feature among Metazoa [START_REF] Gibson | The emergence of geometric order in proliferating metazoan epithelia[END_REF]. Recently, cell division has been observed to be associated with cell dispersal in the mouse ureteric bud [START_REF] Packard | Luminal mitosis drives epithelial cell dispersal within the branching ureteric bud[END_REF] and with rearrangements during mouse limb ectoderm morphogenesis [START_REF] Lau | Anisotropic stress orients remodelling of mammalian limb bud ectoderm[END_REF]. These studies have observed that in mouse, daughter cells do not necessarily share a common interface, questioning the universality of a daughter-daughter cell junction formation upon epithelial cell division in Metazoa. However, these studies did not examine the role of cell division in cell-cell intercalations and in overall epithelial morphogenesis. It thus remains unaddressed whether cell division acts as a regulatory mechanism in epithelial rearrangements and in epithelial morphogenesis in general, or whether these rearrangements associated with cell division are only incidental. Importantly, these observations beg the question of the underlying molecular mechanisms that would allow dividing cells to promote rearrangements, as opposed to what has been observed in epithelia of Drosophila, C. elegans, zebrafish, and Xenopus.

Here, we investigate the cellular mechanisms underlying the spatial patterning of gastrulation movements in chick and the role of cell division in this process. The early chick embryo develops as a flat, highly proliferative epithelial disk that can be easily live-imaged for long periods of time; it is thus an excellent system to study dynamic epithelial rearrangements in an amniote system. Using this model, we find that cell division promotes dramatic rearrangements of epithelial cells, and show that these rearrangements play a critical role in the spatial patterning of gastrulation movements; furthermore, we bring evidence that cell-cell intercalations induced by division are the consequence of an interplay between the actomyosin cytoskeleton of dividing cells and the cortical actomyosin of their immediate neighbors, which enables dividing cells to remodel junctions in their vicinity.

RESULTS

Cell Division Is a Major Epithelial Rearrangement Driver during Gastrulation

Previous studies focused on the cellular events driving primitive streak formation. Here, we decided to investigate whether cells of the epiblast away from the presumptive primitive streak, which actually display the rotational movements, exhibit specific behaviors that could play a role in the spatial patterning of these characteristic movements. To visualize gastrulation movements as they are taking place, we electroporated stage X chick embryos (Eyal Giladi-Kochav staging system, 0 hr of incubation) with a GFP reporter gene and followed the behavior of electroporated cells at stage 3 (Hamburger and Hamilton staging system, around 12-15 hr of incubation) using the EC culture system (Chapman et al., 2001) and confocal microscopy (103 objective, Figure 1A and Movie S1). Using high-resolution (403 objective) confocal microscopy, we unexpectedly observed that at around stage 3, as gastrulation movements are taking place, most daughter cells rapidly separate from each other in regions away from the primitive streak (Figure 1B and Movie S1). This observation is in sharp contrast to what has been previously observed in other epithelia (e.g. in Drosophila, C. elegans, zebrafish, and Xenopus embryos), where daughter cells almost always remain in contact [START_REF] Bischoff | Cell rearrangements, cell divisions and cell death in a migrating epithelial sheet in the abdomen of Drosophila[END_REF][START_REF] Campinho | Tension-oriented cell divisions limit anisotropic tissue tension in epithelial spreading during zebrafish epiboly[END_REF][START_REF] Gibson | The emergence of geometric order in proliferating metazoan epithelia[END_REF][START_REF] Harrell | Internalization of multiple cells during C. elegans gastrulation depends on common cytoskeletal mechanisms but different cell polarity and cell fate regulators[END_REF][START_REF] Kieserman | Developmental regulation of central spindle assembly and cytokinesis during vertebrate embryogenesis[END_REF]. Since epiblast cells are connected by adherens junctions of E-cadherin, we reasoned that neighboring cells must intercalate in between daughter cells to maintain epithelial integrity. To verify this, we live-imaged transgenic chicken embryos expressing a membrane-bound GFP (memGFP) [START_REF] Rozbicki | Myosin-II-mediated cell shape changes and cell intercalation contribute to primitive streak formation[END_REF] to reveal all cell boundaries within the epiblast from stage X until stage 3+. Large epithelial regions (approximately 5,000-10,000 cells, 1 mm 2 ), anterior and lateral to the primitive streak-forming region (at approximately 500 mm distance), were imaged and analyzed (see Figure 1C and Movie S2). Interestingly, we found that at stage X, following cell division, most daughter cells remain in direct contact for at least 30 min after cytokinesis has been completed (90%, n = 738, 7 embryos; Figures 1D and1E, and Movie S2). However, as gastrulation movements take place, epithelial cells in contact with a mitotic cell increasingly intercalate in between daughter cells (within 30 min after cytokinesis has completed), reaching 90% of intercalations at stage 3 (n = 530, 5 embryos; referred to as cytokinesis-mediated intercalation [CMI]; Figures 1D,1F, 1G, and Movies S1 and S2). In addition to neighboring cells intercalating in between daughter cells, we noticed that daughter cells themselves also intercalate in between their neighbors (referred as daughter cell-associated intercalation [DCAI]; Figure 1F, and Movies S1 and S2). Notably, as observed for CMI, most division events promoted DCAI (93%).

We next sought to quantify the proportion of cell divisionmediated intercalations (including both CMI and DCAI) in relation to other epithelial cell rearrangement events. This was done by analyzing the evolution of every junction within a given region of memGFP transgenic embryos, over a 1-hr period at stage 3, as gastrulation movements are taking place (n = 1,150 junctions analyzed, 5 embryos; for explanation of how junction states were assigned, see Experimental Procedures and Movie S3). We found that 63% of cell-cell junctions did not remodel (i.e. did not undergo any transitions; referred to as ''stable''); only 13% of junctions remodeled without involving cell division (i.e. T1 or T2 processes; referred to as ''T processes''), whereas 24% of junctions remodeled involving a cell division event (cytokinesis-mediated transitions 11%, and daughter cell-associated transitions 13%; Figures 2D, 2D 0 , 2F, and Movie S3). Thus, cell division-mediated intercalations account for the vast majority of junctional remodeling events occurring in the highly proliferating epiblast, away from the primitive streak and as gastrulation movements take place.

Cell Division-Mediated Intercalations Are Necessary for the Spatial Patterning of Gastrulation Movements

We next investigated the potential role of cell division-mediated intercalations in contributing to the spatial patterning of gastrulation movements. Previous studies have shown that inhibition of cell division strongly affects cell movements during chick gastrulation, a phenotype attributed to a failure of the embryonic tissue to expand through an increase in cell number [START_REF] Cui | Analysis of tissue flow patterns during primitive streak formation in the chick embryo[END_REF]. In light of our findings, we decided to re-investigate the effect of the inhibition of cell division on the gastrulation movements and, importantly, on cell rearrangements. In control GFP electroporated embryos, the two counter-rotational flows of cells continuously take place (Figures 2A-2C and 2A 0 -2C 0 ; Movie S1). However, upon aphidicolin exposure, a potent DNA polymerase inhibitor that indirectly prevents cell division uniformly within the epithelial embryo, movements still occurred but the typical circular pattern was rapidly impaired. At the concentration we used, aphidicolin induced an 80% decrease in cell divi-sion compared with control embryos (as counted per number of dividing cells/mm 2 per hour, n = 2,140 cells, 4 embryos; see Experimental Procedures for details). Importantly, cells did not display symmetrical rotational movements but instead converged toward the primitive streak (Figures 2G-2I and 2G 0 -2I 0 ; Movie S4), confirming previous observations [START_REF] Cui | Analysis of tissue flow patterns during primitive streak formation in the chick embryo[END_REF]. These results suggest that cell division does not act as a driving force of gastrulation movements but rather appears to be important for their spatial patterning. We therefore analyzed cell-cell junctions over time in aphidicolin-treated memGFP transgenic embryos to gain insights into the cell rearrangements taking place when cell division is abrogated. Not surprisingly, in this condition cell division-mediated intercalation events were almost completely abrogated (1%) (Figures 2J, 2J 0 , and 2F; Movie S3). Importantly, 89% of epithelial junctions were stable while only 10% of junctions exhibited cell division-independent rearrangements (T processes) (n = 832 junctions, 4 embryos). Thus, inhibition of cell division ''stabilized'' epithelial organization over time, which resulted in few cell rearrangements compared with control embryos (Figures 2E, 2E 0 , 2K, and 2K 0 ; Movie S3). Of note, very similar results were obtained using aminopterin, a different compound causing cell division inhibition (89% decrease in cell division, as counted per number of dividing cells/mm 2 per hour; n = 1,500 cells, 3 embryos) through Developmental Cell 36, 249-261, February 8, 2016 ª2016 Elsevier Inc. 251 thymidylate depletion (Figures 2F andS1). Taken together, these data demonstrate that cell division acts as a powerful and major epithelial cell remodeling driver that enables the continuous cell rearrangements necessary to spatially pattern movements during gastrulation.

Cell Division Actively Promotes Epithelial Rearrangements

It has recently been described that primitive streak formation that is driven by cell intercalation and ingression is accompanied by the appearance of local directed strains within the epiblast [START_REF] Rozbicki | Myosin-II-mediated cell shape changes and cell intercalation contribute to primitive streak formation[END_REF]. Because in other systems directed strains have been shown to orient cell division to relieve tension within epithelial tissue [START_REF] Campinho | Tension-oriented cell divisions limit anisotropic tissue tension in epithelial spreading during zebrafish epiboly[END_REF][START_REF] Legoff | A global pattern of mechanical stress polarizes cell divisions and cell shape in the growing Drosophila wing disc[END_REF][START_REF] Mao | Differential proliferation rates generate patterns of mechanical tension that orient tissue growth[END_REF][START_REF] Wyatt | Emergence of homeostatic epithelial packing and stress dissipation through divisions oriented along the long cell axis[END_REF], we sought to determine whether daughter cell separation could also be a tensionrelieving mechanism and, therefore, a passive consequence of external forces arising from the primitive streak-forming region. First, we determined the timing of daughter cell separation relative to initiation of gastrulation movements. We found that the onset of daughter cell separation preceded by a few hours the appearance of local movements within the epiblast (Figure 1D). Therefore it is very unlikely that local directed strains induced by the primitive streak-forming region could account for the initiation of daughter cell separation. Second, if daughter cell separation is a consequence of external forces at work within the epiblast, then orientation of cell division (and subsequent intercalations) should be aligned with local tissue movements, as observed in other systems [START_REF] Campinho | Tension-oriented cell divisions limit anisotropic tissue tension in epithelial spreading during zebrafish epiboly[END_REF][START_REF] Legoff | A global pattern of mechanical stress polarizes cell divisions and cell shape in the growing Drosophila wing disc[END_REF][START_REF] Mao | Differential proliferation rates generate patterns of mechanical tension that orient tissue growth[END_REF][START_REF] Wyatt | Emergence of homeostatic epithelial packing and stress dissipation through divisions oriented along the long cell axis[END_REF]. We therefore quantified the orientation of cell division in regions of the epiblast away from the primitive streak-forming region and normalized the angles of cell division with respect to the local tissue flow. We could not find any sign of alignment of cell division orientation with the local tissue flow, which appeared largely isotropic (Figures 3A-3C and Movie S2; n = 390 cells, 3 embryos, c 2 test p = 0.85), further supporting that external forces do not act to promote daughter cell separation. Finally, to functionally address whether external forces act to separate daughter cells upon division, we used UV laser microdissection in stage 3 embryos to isolate epithelial regions of the epiblast, thereby alleviating these regions from primitive streak-induced external forces. Laser microdissection efficiently resulted in isolation of epithelial regions (about 1,000 cells) from the rest of the embryo, which were then analyzed for 1 hr using live imaging microscopy (Figures 3D and 3E; Movie S5). Whereas tissue flow was close to normal outside the isolated regions (i.e. cells displayed rotational movement), tissue flow within isolated regions was abrogated, demonstrating that such isolated regions behave independently of the rest of the embryo and, therefore, independently of local directed strains arising from the primitive streak-forming region. Importantly, in these isolated regions the proportion of daughter cell separation showed no significant differences compared with stage 3 control embryos (Figure 3F; n = 182, 4 embryos). Altogether, these results demonstrate that cell division-mediated rearrangements arise from an active process and are not the consequence of external mechanical stimuli. Moreover, these results suggest that such cell behavior is an inherent property of the epithelial embryonic tissue at this stage.

Spatiotemporal Characterization of Cell Division-Mediated Intercalations

Next, we investigated how cell division-mediated intercalations are spatiotemporally controlled. Because cell division promotes cellular rearrangements at stage 3 but not at stage X, comparison between these stages can provide clues for mechanisms underlying cell division-mediated intercalations. We used highresolution 4D (x, y, z, t), two-photon live imaging microscopy on memGFP transgenic embryos to capture a dividing cell and its neighbors in both space and time. At stage 3, we observed that cell division-mediated intercalation is a multistep process: First, as the dividing cell rounds up apically, neighboring cells become dramatically deformed and concomitantly establish novel contacts basally. Second, as the cytokinetic ring contracts from basal to apical, the contact between the dividing cell and its neighbors is carried along; Third, this novel cell contact finally expands into a stable cell-cell junction in the plane of the epithelium (Figures S2A, S2A 0 , and S2A 00 ). In contrast, at stage X, as cells round up and start dividing, neighbors undergo only very local deformations and stable contacts between originally distant neighbors is not observed basally; instead a daughter-daughter cell junction forms almost immediately (Figures S2B, S2B 0 , and S2B 00 ). Furthermore, analysis of junctions at stage X revealed that the epithelium is very ''stable'' (92%) with few T processes, CMI, and DCAI (5%, 2%, and 1%, respectively; n = 551, 2 embryos) (Figure S2C). These observations suggest that at stage 3 the dividing cells are able to dramatically deform and displace neighbors, eventually bringing them into contact between daughter cells, whereas at stage X cells divide in a highly stable epithelium that might prevent dividing cells from rearranging junctions in their vicinity. For dividing cells to mechanically deform neighbors and displace them, we reasoned that non-dividing epithelial cells must exhibit relatively low cortical rigidity (allowing neighbor deformation) as well as low cell-cell junction stability (allowing planar displacement through junction exchange). Because, at the molecular level, both low cortical rigidity and low E-cadherin junction stability have been linked to high actomyosin cytoskeleton turnover [START_REF] Sheikh | Actin polymerisation regulates integrin-mediated adhesion as well as rigidity of neutrophils[END_REF][START_REF] Cavey | Molecular bases of cell-cell junctions stability and dynamics[END_REF][START_REF] Cavey | A two-tiered mechanism for stabilization and immobilization of E-cadherin[END_REF][START_REF] Engl | Actin dynamics modulate mechanosensitive immobilization of E-cadherin at adherens junctions[END_REF][START_REF] Wu | Cortical F-actin stabilization generates apical-lateral patterns of junctional contractility that integrate cells into epithelia[END_REF], we decided to first check for differences in E-cadherin, F-actin, and phosphorylated myosin II (pMyosin) protein localization between stage X and stage 3 epithelia, in dividing cells and their neighbors.

Immunofluorescence on transverse sections at stage 3 showed that E-cadherin in chick epiblast cells was distributed along the entire apico-basolateral extent of non-dividing epithelial cells; F-actin localized also along the apico-basolateral cortex of epithelial cells, whereas pMyosin was predominantly enriched apically (Figures 4A-4A%; see also Figure S4 for quantifications of fluorescence intensity profile). Whole-mount stain- ings on fixed embryos showed that, as observed in 4D live imaging experiments, when cells enter division a long E-cadherin-positive cell interface between seemingly distant neighbors (as observed apically) can already be seen basally (Figures 4C-4F, white arrowheads; see also Figures S3A-S3L; n = 11 out of 11 cells, 3 embryos). In contrast, examination at stage X, when cell division does not promote epithelial cell intercalation, revealed interesting differences. Whereas E-cadherin was also found along the whole basolateral extent of epithelial cells, pMyosin and F-actin showed greater accumulation along the basolateral cortex of epithelial cells (Figures 4B-4B%, white arrowheads; see also Figure S4 for quantifications of fluorescence intensity profile). Whole-mount stainings on fixed specimens showed that as cells entered division, neighboring cells in contact with the dividing cell exhibited a dramatic accumulation of actin and myosin specifically at the basolateral side (Figures 4G-4J, white arrows; see also Figures S3M-S3X; n = 9 out of 10 cells, 3 embryos). This accumulation of actin and myosin in neighbors seemed to prevent the formation of a stable basolateral contact between distant neighbors (as observed in stage 3 embryos) since contact-free cell interfaces (devoid of E-cadherin staining) could be concomitantly observed directly beneath the dividing cells (white arrows and asterisks in Figures 4H-4J; see also Figures S3M-S3X). Such observations are reminiscent of the mechanisms observed in epithelial cells of the Drosophila notum [START_REF] Founounou | Septins regulate the contractility of the actomyosin ring to enable adherens junction remodeling during cytokinesis of epithelial cells[END_REF][START_REF] Herszterg | Interplay between the dividing cell and its neighbors regulates adherens junction formation during cytokinesis in epithelial tissue[END_REF], and adhesion disengagement in the Drosophila embryo [START_REF] Guillot | Adhesion disengagement uncouples intrinsic and extrinsic forces to drive cytokinesis in epithelial tissues[END_REF] during the generation of a daughter-daughter cell interface, although in chick myosin accumulation and adhesion disengagement of the dividing cell with its neighbor does not take place apically but basolaterally.

We furthermore checked whether differences in actomyosin dynamics between these two stages might underlie cell division-mediated rearrangements. We used fluorescence recovery after photobleaching (FRAP) to quantitatively measure Myosin dynamics at the cortex of epithelial cells at stage 3, when cells exhibit cell division-mediated rearrangements, and at stage X, when cells do not undergo cell division-mediated intercalations, and checked for notable differences. To this end, we electroporated a GFP protein fused to the chicken myosin light chain 2 protein (GFP-Myosin), which localized predominantly to the cell cortex and to the actomyosin ring as cells divided (Figure 4K, left panel). GFP-Myosin did not interfere with cell division nor normal embryonic development after 24 hr (data not shown), strongly arguing that the GFP-Myosin fusion protein does not interfere with endogenous myosin and that it can be used to monitor its dynamics. By performing FRAP on cortical GFP-Myosin of randomly chosen non-dividing cells (Figure 4K, right panel), we found that GFP-Myosin dynamics were different between stage X and stage 3. At stage X, when cells do not undergo cell division-mediated intercalations, the mobile fraction was much lower (43%, n = 30) than in epithelial cells of stage 3 embryos (62%, n = 61) (Figure 4L). Thus, these results show that myosin stability at the cortex is significantly lower in epithelial cells of stage 3 embryos compared with stage X. Altogether, these results show that differences in cortical actin and pMyosin localized accumulation, and at least in myosin dynamics, underlie cell division-mediated rearrangements.

Increasing F-Actin and Myosin Stability Impairs Cell Division-Mediated Rearrangements

We finally functionally tested whether such observed differences in actomyosin cytoskeleton between stages X and 3 might regulate cell division-mediated intercalations. To this end we took advantage of two compounds, the F-actin stabilizing peptide jasplakinolide [START_REF] Bubb | Jasplakinolide, a cytotoxic natural product, induces actin polymerization and competitively inhibits the binding of phalloidin to F-actin[END_REF], and the myosin II phosphatase inhibitor calyculin A [START_REF] Ishihara | Calyculin A and okadaic acid: inhibitors of protein phosphatase activity[END_REF], which allowed us to uniformly increase actomyosin stability in all epithelial cells of stage 3 embryos. Both compounds induced F-actin and myosin enrichment at the cortex of epithelial cells as shown on transverse sections (Figures 5A-5A% and 5B-5B%, white arrows; see also Figure S4 for quantifications of fluorescence intensity profile) and whole-mount embryos (Figures S5A-S5I). Moreover, FRAP experiments on GFP-Myosin electroporated embryos at stage 3 showed that in the presence of jasplakinolide and calyculin A, the mobile fraction was much lower (49%, n = 16 and 47%, n = 11, respectively) than in stage 3 control embryos (Figure 5C). These results confirmed that in these drug-treated embryos myosin stability at the cortex was dramatically increased, resembling dynamics observed in stage X embryos. Notably, we noted an increased co-localization of F-actin with E-cadherin at cell junctions, in agreement with higher junction stability (Figure S6). We next examined the localization of these proteins in dividing cells and their immediate neighbors (Figures 5D-5K). We found that as cells divided in embryos treated with calyculin A or jasplakinolide, a dramatic accumulation of pMyosin and F-actin in neighbors was found along the basolateral extent of neighbors, directly beneath the dividing cells (Figures 5E-5G and 5I-5K, white arrows; n = 7/9 cells, 3 embryos and 9/13 cells, 3 embryos for jasplakinolide and calyculin A, respectively). Moreover, contact-free cell interfaces, devoid of E-cadherin immunostaining, were observed to be associated with these cortical accumulations of F-actin and pMyosin (Figures 5E-5G and 5I-5K, white asterisks). These results show that increasing myosin and F-actin stability in epithelial cells prevents the dividing cell from bringing distant neighbors into contact, a situation strikingly reminiscent of cell divisions in stage X embryos, when rearrangement of daughter cells does not take place.

We thus decided to observe the effect of increasing actomyosin stability on epithelial cell rearrangements using live imaging microscopy. To this end, we live-imaged embryos incubated with calyculin A or jasplakinolide, which allows uniform perturbation of pMyosin and F-actin turnover within the epithelial embryo (Figures 6A-6D). Notably, at the concentrations we used, neither jasplakinolide nor calyculin A induced a remarkable decrease in cell division (6% decrease for both jasplakinolide and calyculin A compared with control embryos, as counted per number of dividing cells/mm 2 per hour; n = 1,100 cells, 4 embryos and n = 1,111 cells, 3 embryos, respectively). In addition, we electroporated RhoA, which enables stabilization of the actomyosin cytoskeleton in a more selective way due to the mosaic overexpression resulting from the electroporation method (Figures 6E, 6F, and S5J-S5S), therefore allowing us to monitor the behavior of wild-type dividing cells next to RhoA-overexpressing cells (Figures 6E-6E 00 ). In embryos treated with calyculin A and jasplakinolide, and in RhoA-electroporated embryos, separation of daughter cells was greatly affected, with 85% (n = 181, 3 embryos), 69% (n = 129; 3 embryos), and 80% (n = 205, 4 embryos) of daughter cells remaining in contact for at least 30 min after cytokinesis was complete (Figures 6A-6F [white arrows], and 6K; Movie S6), versus 10% in control memGFP transgenic embryos (n = 530, 5 embryos) and 12% in GFP electroporated embryos (n = 239, 6 embryos) (Figures 6G-6K). Moreover, analysis of cell-cell junctions over time revealed that CMI, DCAI, and T processes were largely affected in calyculin A-treated (87% of ''stable'' junctions, 2% CMI, 4% DCAI, and 7% T processes; n = 385 junctions analyzed, 3 embryos) and jasplakinolidetreated (85% ''stable'' junctions, 3% CMI, 7% DCAI, and 5% T processes; n = 568 junctions analyzed, 3 embryos) embryos (Figure 6L; see also Figure S7). These results show that calyculin A and jasplakinolide treatments dramatically increase cell-cell junction stability. Strikingly, the behavior of cell-cell junctions under these conditions resembles the behavior of junctions of a stage X embryo, during which epithelial cells exhibit increased actomyosin levels and cell division does not promote cell rearrangements. Altogether, these results show that increasing actomyosin cytoskeleton stability dramatically increases junctional stability over time and prevents dividing cells from remodeling nearby junctions, consequently impairing cell division-mediated rearrangements.

DISCUSSION

This study has identified that epithelial rearrangements mediated by cell division underlie the spatial patterning of gastrulation movements in chick. As cells divide and dramatically change shape throughout the epithelial embryo, they bring originally distant cells (their immediate neighbors) into contact, thereby promoting intercalation events. The interplay between the actomyosin of dividing cells and the actomyosin of neighboring non-dividing cells prevents rearrangements at stage X before the onset of gastrulation movements, whereas it favors cell division-mediated rearrangements as gastrulation movements take place. Because cells continuously (although asynchronously) divide within the epithelial embryo, cells constantly rearrange, allowing the generation of properly patterned gastrulation movements (Figure 7).

Cell Division as an Epithelial Cell Rearrangement Driver

As mentioned above, a direct role for cell division in promoting epithelial cell rearrangements has not been reported to date in Drosophila, C. elegans, Danio rerio, and Xenopus models. Indeed it has been implied that the generation of a common cell-cell interface between daughter cells might be a conserved feature among Metazoa [START_REF] Gibson | The emergence of geometric order in proliferating metazoan epithelia[END_REF]. Luminal mitosis has been observed to be associated with cell dispersal in the mouse ureteric bud [START_REF] Packard | Luminal mitosis drives epithelial cell dispersal within the branching ureteric bud[END_REF], and more recently cell division has been observed to be associated with rearrangements during mouse limb ectoderm morphogenesis [START_REF] Lau | Anisotropic stress orients remodelling of mammalian limb bud ectoderm[END_REF], challenging the view that daughter cells do not rearrange upon division. While these studies did not examine the role of cell division in cell-cell intercalation and its effect on epithelial morphogenesis, our findings showing that cell division is required for the generation of gastrulation movements leads us to propose that the formation of new cell-cell contacts following cell division might be a broad regulatory mechanism in epithelium morphogenesis. The observations that cell division appears to be associated with epithelial cell rearrangements in other amniote epithelia is intriguing and shows that special attention should be given to the role of cell division in promoting cell rearrangements, as it is very likely that cell division-mediated intercalations in general might underlie various morphogenetic processes in a number of different epithelial tissues in developmental, homeostatic, or pathological contexts.

Role of Cell Division-Mediated Rearrangements in the Generation of Gastrulation Movements

Previous studies have shown that a combination of cell shape changes, mediolateral intercalation, and ingression events at Developmental Cell 36, 249-261, February 8, 2016 ª2016 Elsevier Inc. 257 the posterior marginal zone of the early embryo drive primitive streak formation and elongation [START_REF] Rozbicki | Myosin-II-mediated cell shape changes and cell intercalation contribute to primitive streak formation[END_REF][START_REF] Voiculescu | The amniote primitive streak is defined by epithelial cell intercalation before gastrulation[END_REF][START_REF] Voiculescu | Local cell interactions and self-amplifying individual cell ingression drive amniote gastrulation[END_REF]. Such cell interactions have been proposed to be the driving force of gastrulation movements whereby the rotational movements would ensue as ''propagation'' of the cell displacements taking place at the site of primitive streak formation. However, whether specific cell behaviors take place in the epithelial embryo to ensure proper patterning of gastrulation movements has remained unaddressed. In the present study, we focused on such specific cellular behaviors. Our data show that cell divisions and associated cell rearrangements are required for the proper spatial patterning of gastrulation movements but that they do not drive the movement itself. When cell division-mediated rearrangements are inhibited (aphidicolin and aminopterin treatments), cell movements can still be observed but the spatial pattern is changed: cells do not display the two symmetrical whorls but instead converge directly toward the primitive streak. An attractive hypothesis is that cell division, through constant cell rearrangements, allows epithelial cells to accommodate (through constant and isotropic stress relaxation) the forces generated by cell-cell interactions taking place at the primitive streak [START_REF] Rozbicki | Myosin-II-mediated cell shape changes and cell intercalation contribute to primitive streak formation[END_REF][START_REF] Voiculescu | The amniote primitive streak is defined by epithelial cell intercalation before gastrulation[END_REF][START_REF] Voiculescu | Local cell interactions and self-amplifying individual cell ingression drive amniote gastrulation[END_REF], whereas in the absence of cell division the whole epithelial sheet, being greatly stabilized, appears to be consequently pulled toward the primitive streak ''as a whole'' by these same forces (Figure 7), although this remains to be experimentally demonstrated. Interestingly, orientation of cell division is not aligned with tissue flow, and UV laser isolation of epithelial regions shows that daughter cell separation appears to be independent of the local directed strains arising from the primitive streak-forming region. Therefore, the effect of cell division on global tissue flow cannot solely be explained by a tensioninduced stress-relieving mechanism. It is possible, however, that cell division by promoting constant rearrangements might act by modulating the mechanical properties of the epithelial tissue (e.g. fluidization of the tissue). In the future, it will be partic-ularly interesting to test whether a combination of changes in mechanical properties of the epiblast and local directed strains induced by the primitive streak-forming region could explain large-scale tissue movements observed during gastrulation.

Molecular Mechanisms Underlying Cell Division-Mediated Rearrangements

We also investigated how cell division-mediated intercalations are controlled at the molecular level. We find, similar to what has been described in several Drosophila epithelia, that cell division in the early chick epiblast can be regarded as a multicellular process whereby immediate neighbors at stage X play a role in the formation of daughter-daughter cell junctions; however, as gastrulation movements take place in chick, cell division leads to an opposite outcome (i.e. cell intercalation, Figure 7). We identified two specific behaviors: intercalation of neighboring cells between daughter cells (CMI) and intercalation of daughter cells between neighbors (DCAI), which consequently lead to dramatic rearrangements in the vicinity of a dividing cell. Interestingly, although CMI implies the addition of a novel junction through cytokinesis, it is somehow similar to T1 and rosette processes described in Drosophila [START_REF] Bertet | Myosin-dependent junction remodelling controls planar cell intercalation and axis elongation[END_REF][START_REF] Blankenship | Multicellular rosette formation links planar cell polarity to tissue morphogenesis[END_REF], as a myosin-based contraction (cytokinetic ring in CMI and planar junction shortening in T1/rosette processes) brings into contact originally distant cells. However, we show that in chick, intercalation initiates basally, expands apically, and eventually occurs in the plane of the epithelium. It has been shown in other systems that cadherin engagement triggers contact stabilization and expansion through activation of the Rac1 and Arp2/3 complex [START_REF] Betson | Rac activation upon cell-cell contact formation is dependent on signaling from the epidermal growth factor receptor[END_REF][START_REF] Nakagawa | Recruitment and activation of Rac1 by the formation of E-cadherin-mediated cell-cell adhesion sites[END_REF][START_REF] Noren | Cadherin engagement regulates Rho family GTPases[END_REF][START_REF] Perez | Immediateearly signaling induced by E-cadherin engagement and adhesion[END_REF][START_REF] Verma | Arp2/3 activity is necessary for efficient formation of E-cadherin adhesive contacts[END_REF][START_REF] Yamada | Localized zones of Rho and Rac activities drive initiation and expansion of epithelial cell-cell adhesion[END_REF][START_REF] Yamazaki | The retinoic acid-metabolizing enzyme, CYP26A1, is essential for normal hindbrain patterning, vertebral identity, and development of posterior structures[END_REF]. These data, together with our results, are in support of basal engagement of E-cadherin between originally distant neighbors as a critical step in the formation of a stable novel junction, and thereby in cell intercalation events. In turn, the mechanisms underlying DCAI are less clear, Upper: At stage X, before gastrulation movements initiate, epithelial cells divide (red arrows) without promoting rearrangements, epithelial cells exhibit higher actomyosin accumulation: the dividing cell induces very local deformation of neighbors (light blue arrow) as they resist deformation and exhibit high junctional stability (double arrows in blue). These cells consequently fail to move in between daughters and intercalation does not take place. Middle: At stage 3, as gastrulation movements are taking place, cell division promotes epithelial cell rearrangements. Epithelial cells exhibit lower actomyosin accumulation, enabling dividing cells (red arrows) to deform and displace neighbors (light blue arrow), bringing them in between the resulting daughters. Lower: In the absence of cell division, epithelial stability is increased as cell division-mediated rearrangements do not take place. Epithelial cells are likely pulled (red arrows) toward the primitive streak, where intercalation/ ingression events take place [START_REF] Rozbicki | Myosin-II-mediated cell shape changes and cell intercalation contribute to primitive streak formation[END_REF][START_REF] Voiculescu | The amniote primitive streak is defined by epithelial cell intercalation before gastrulation[END_REF][START_REF] Voiculescu | Local cell interactions and self-amplifying individual cell ingression drive amniote gastrulation[END_REF].

as no specific myosin enrichments could be observed in neighbors (data not shown) that could explain active intercalation of daughter cells, as observed in T1 processes in Drosophila. It is possible that DCAI might be a passive consequence of cell division, in a local environment that is permissive to rearrangements or in an active process whereby daughter cells transiently acquire an ''intra-epithelial'' motility.

At the molecular level, comparison between stage X and stage 3 embryos indicated the actomyosin cytoskeleton in non-dividing cells as a regulator of these behaviors. Strikingly, in stage X embryos when cell division does not drive rearrangements, actin and myosin accumulate basolaterally in immediate neighbors of a dividing cell, formation of a novel contact (between distant neighbors) does not take place, and adhesion disengagement between the dividing cells and its neighbors can even be observed. A similar phenomenon has been observed in the Drosophila embryo and pupal notum during the formation of the daughter-daughter cell interface [START_REF] Founounou | Septins regulate the contractility of the actomyosin ring to enable adherens junction remodeling during cytokinesis of epithelial cells[END_REF][START_REF] Guillot | Adhesion disengagement uncouples intrinsic and extrinsic forces to drive cytokinesis in epithelial tissues[END_REF][START_REF] Herszterg | Interplay between the dividing cell and its neighbors regulates adherens junction formation during cytokinesis in epithelial tissue[END_REF], although in chick actomyosin accumulation and adhesion disengagement occur along the basolateral interface. From our analysis, the major difference between the embryonic and pupal notum epithelia in Drosophila and the early chick embryonic epithelium is that E-cadherin can be found basolaterally in chick epithelial cells. It is thus possible that since myosin and actin do not accumulate basolaterally in epithelial cells of stage 3 embryos, as a dividing cell rounds up, contracts, and splits, it can freely deform and displace its immediate and adherent neighbors, bringing them into contact without resistance. We finally demonstrate the functional relevance of actin and myosin in this process by increasing cortical actomyosin accumulation uniformly in the epiblast using jasplakinolide and calyculin A, or specifically in neighboring cells using RhoA. Such accumulation of actomyosin at the cortex impairs the formation of novel contacts basally and subsequent cell division-mediated rearrangements normally taking place at stage 3, recapitulating situations and behaviors observed at stage X. Taken together, our results provide a mechanistic framework for understanding how cell division can lead to different remodeling outcomes within an epithelial tissue, and how it affects its morphogenesis on the mesoscopic scale.

EXPERIMENTAL PROCEDURES

Embryo Culture, Imaging, and Laser Dissection Fertilized chicken eggs were ordered from a commercial source (EARL Morizeau) and memGFP transgenic chicken eggs were generously provided by Dr. Feifei Song, Dr. Adrian Sherman, and Dr. Helen Sang from the Roslin Institute. Eggs were collected at stage X and cultured using a modified version of the EC culture system (Chapman et al., 2001) until stage 3+ and transferred into glass-bottom Petri dishes (Mattek) with semisolid albumin/agarose (0.2%) for imaging, with or without drugs: aphidicolin (30-50 mm), aminopterin (100 mm), jasplakinolide (10 mm) and calyculin A (0.1 mM). Embryos were then imaged at 38 C using an inverted confocal microscope (Zeiss LSM 700 and LSM 880) or a two-photon microscope (Zeiss, NLO LSM 7MP) coupled to a Chameleon Ti/Saph laser (Coherent) at 840 nm wavelength using 103, 403, or 633 longdistance objectives. The tiling/stitching feature of the Zen software (Zeiss) was used to acquire large embryonic regions (about 1 mm 2 /5,000-10,000 cells) with a 403 objective. Laser microdissections were performed using a 355-nm pulsed laser (35%-50% power), a UGA-42 module from Rapp Optoelectronic coupled to a Zeiss LSM 880 and a 103 objective.

Image Analysis and Quantification

Images were analyzed using ImageJ and Imaris (Bitplane) software. All quantifications were performed manually on registered movies [START_REF] The ´venaz | A pyramid approach to subpixel registration based on intensity[END_REF] by visual inspection, following cells or junctions across time. For all experiments, daughter cells were scored as separated when they did not share a common interface 30 min after the completion of cytokinesis. Quantifications of daughter cell separation at stage X were performed during the first 3 hr of development and within 3 hr after exposure to the drugs in stage 3 embryos. For cell-cell junction analysis, 1-hr-long movies were analyzed; regions were randomly chosen but the number of cell divisions per total number of junctions analyzed within these regions was kept constant, except for aphidicolin-and aminopterin-treated embryos in which cell division was largely inhibited. Junctions were classified into four different states, based on whether the cell-cell junction exhibited neighbor exchange: Stable: pair of neighbors remained unchanged; T transition: T1 or T2 process (i.e. cell division-independent neighbor exchange); CMI transition: dividing cell-neighbor junction involved in an intercalation event between daughter cells; DCAI transition: T1 process involving a daughter cell (see Movie S3). The rate of cell division in drug-treated embryos was measured by counting the number of dividing cells per mm 2 per hour, normalized to stage 3 embryo rates.

FRAP Experiments

For FRAP experiments, embryos were electroporated with GFP-Myosin at stage X and then incubated for 5 hr until a clear cortical GFP-Myosin signal could be visualized. For stage 3, the same embryos for which FRAP was performed at stage X were kept incubated overnight for a total incubation time of 14 hr. The GFP-Myosin signal did not show any significant difference in intensity between both stages, and identical photobleaching and imaging conditions were used. A 10 3 10-pixel cortical region was photobleached using a 488-nm laser at 100% (pixel dwell time of 100 ms for ten iterations). Cells were then imaged every 1.5 s for at least 250 s using a Zeiss LSM 700 confocal and a 403 objective. All quantifications were performed in Fiji. Images were adjusted for xy drift with the plugin: ''Linear Stack Alignment with SIFT'' using a translational transformation. ROIs within the bleached and non-bleached areas were then manually selected to compensate for acquisition bleach and normalize the values. The curve fitting of the data was done using a custom-made plugin in MATLAB (MathWorks). Final plots were done using Prism (GraphPad Software).

Chick Embryo Electroporation and Immunofluorescence

Embryos were electroporated with RhoA/GFP (a kind gift from Gojun Sheng) or GFP only, in custom-made electroporation chambers using a NEPA21 (Sonidel) electroporator with two poring pulses of 15 V, 5 ms delay, and three transfer pulses of 10 V, 50 ms delay. Electroporated embryos were incubated with Cell Mask Deep Red (Invitrogen) prior to live imaging experiments. In brief, 0.5 ml of Cell Mask Deep Red stock solution (5 mg/ml in DMSO) was diluted in 250 ml of Hank's balanced salt solution; 50 ml of this dilution was then deposited on the ventral side of the embryo and incubated for 15 min prior to imaging. For antibody stainings, embryos were incubated with Phalloidin-Alexa 488 (1:100; Molecular Probes), antibodies against E-cadherin (1:500, BD Science), pMyosinII (1:50; Cell Signaling), and Hoechst (1:1000, Molecular Probes) overnight, washed for 24 hr, incubated overnight with Alexa-coupled secondary antibodies, and washed for 24 hr. All incubation and washes were performed in PBS/BSA 0.2%, Triton 0.1%/SDS 0.02%. Embryos were then mounted between slides, coverslipped, and imaged using a Zeiss LSM 700 or LSM 880. Figure 1: The mesodermal origin of the limbs. ....................................................................... 17 Figure 2: Gastrulation.. ........................................................................................................... 19 Figure 3: Schematic representation of the prospective fate map of epiblast and primitive streak at stage HH4. ................................................................................................................. 23 Figure 4: Hox genes in vertebrates. ........................................................................................ 25 ..................................................................................................................... 27 AP and DV axes. ......................................... 33 Figure 8: Forelimb position in different tetrapod species. ...................................................... 36 axis. .......................................................................................................................................... 46 .................................................................................................................................................. 75 ............................................................................................................. 82 ............................................................................................................. 83 Figure 23: Variations of the wing position correlate with changes in Limb position along the main body axis is highly consistent within one species but very variable among tetrapods. Despite major advances in our understanding of limb patterning in three dimensions, how limbs reproducibly form along the anteroposterior axis remains largely unknown. Hox genes have long been suspected to play a role in this process, however supporting evidences are mostly correlative and a direct role has yet to be demonstrated. Here, using bird embryos, I show that limb position is established very early during development, during the process of gastrulation. I find that the formation of the Lateral Plate Mesoderm (i.e. the embryonic compartment from which limbs will form) is a progressive process and that co-linear activation of Hox genes sequentially patterns it along the anteroposterior axis. Subsequent combinatorial activation and repression activities of Hox genes on limb initiation are particularly critical to pattern the LPM into limb-and non-limb-forming domains. Finally, by analyzing chicken, zebra finch and ostrich embryos which exhibit variation in their forelimb position, I show that relative changes in the timing of co-linear Hox gene activation during gastrulation underlie variation in limb position. Altogether these result shed light on the cellular and molecular mechanism that regulate limb position by showing a direct and early role for Hox genes in this process during gastrulation and provide a mechanism for variation in body plan organization observed in tetrapods. 
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Figure 1 :

 1 Figure 1: The mesodermal origin of the limbs. (A) Stage HH14 chicken embryo. (B) Transverse section of a pre-limb bud stage chicken embryo. (C) Limb bud. (D) Limb plate. The LPM is highlighted in green in A and B. FL, forelimb; HL, hindlimb. The double-headed arrows represent the position at which limbs will initiate Adapted from The Atlas of Chicken Development, Bellairs & Osmond, 2005

Figure 2 :

 2 Figure 2: Gastrulation. (A) Gastrulation movements in chicken. (B) Schematic representation of cell ingression through the primitive streak in chicken. Transverse section. (C) Schematic representation of mouse gastrulation. Transverse section. Red arrows represent the polonaise movements (HH2; Hamburger and Hamilton staging classification) and primitive streak regression (HH5 and HH7). HH, Hamburger and Hamilton stages; PS, primitive streak; HN, Hensen's node; NC, notochord; HF, head folds; S, somites.

Figure 4 :

 4 Figure 4: Hox genes in vertebrates. Representation of the 4 Hox clusters:HoxA, HoxB, HoxC and HoxD and their expression in axial structures (nervous system and somites). The position of Hox genes in the cluster reflects their expression domain along the AP axis. 3' Hox genes are expressed in anterior domains of the embryo while 5' Hox genes are expressed in posterior domains of the embryo.

Figure 5 :

 5 Figure 5: Collinear activation of Hoxb genes during gastrulation positions somitic cells along the AP axis. (A) Hoxb genes are activated in a collinear manner, 3' Hox genes (e.g.Hoxb1, pink; and Hoxb4, yellow) start to be expressed before 5' Hox genes (e.g. Hoxb7, green; and Hoxb9, blue). Cells expressing a 3' Hox gene (pink) ingress earlier than cells expressing more 5' Hox genes (yellow, green and blue dots). (B) One day later, this difference in the timing of ingression results in different position of cells along the AP axis in the somitic compartment.

(

  that will give rise to the nephric duct, a transient tubular structure important for the final kidney formation) originate from the mid-region of the primitive streak at stage HH5 (James and Schultheiss, 2003), while intermediate mesoderm precursor cells from the same region at a later stage form a more posterior part of the intermediate mesoderm and do not contribute to the nephric duct. Using heterochronic transplantation experiments in the chicken, Attia et al (2012) could show that precursors of the intermediate mesoderm in the primitive streak of a stage HH5 embryo were already determined to become nephric duct while, at stage HH8,

Figure 6 :

 6 Figure 6: Lineage tracing of the limb from early LPM to limb initiation. (A) Outline of the prospective forelimb and hindlimb areas form stage HH7 to stage HH13. (B) Outline of the forelimb and hindlimb domains at stage HH18. Red, forelimb; blue, hindlimb Adapted fromChaube (1959), On axiation and symmetry in transplanted wing of the chick, J. Exp. Zool.

Figure 7 :

 7 Figure 7: Regionalization of the LPM along the AP and DV axes. (A) Schematic representation of the LPM regionalization into anterior LPM (ALPM) that will form the cardiac mesoderm and posterior LPM (PLPM) corresponding to the LPM of the trunk. (B) Schematic representation of the PLPM subdivision into somatic and splanchnic mesoderm in cross-section at the forelimb bud level. Prior to subdivision (top panel), FoxF1 (blue) is expressed in the LPM.Subsequent to subdivision (middle panel), FoxF1 expression is restricted to the splanchnic mesoderm, and Irx3 expression (pink) appears in the somatic mesoderm. Subsequently, somatic mesodermal cells proliferate and form limb buds with overlying ectoderm, while splanchnic mesodermal cells contribute to gut formation (bottom panel).

Figure 8 :

 8 Figure 8: Forelimb position in different tetrapod species. The forelimb position varies across tetrapod species but is always associated with the cervico-thoracic transition. Red arrows represent the forelimb position

  genera possess seven cervical vertebrae. The tree sloths Bradypus and Choloepus are two of these three exceptions (the third one being the manatees Trichechus); Bradypus possesses 8 to 10 cervical vertebrae while Choloepus has 5-8 cervical vertebrae. The major difference between cervical and thoracic vertebrae is the absence or presence of associated ribs respectively. Based only on morphological characteristics of the vertebrae per se, independently of the presence or not of associated ribs, some papers argue that these animals do have 7 cervical vertebrae. They propose that they present a shift in the patterning of abaxial structures relative to primaxial structures. In other words, they propose that the LPM

Figure 9 :

 9 Figure 9: Hoxc6 anterior boundary of expression correlates with the forelimb position. Schematic representation of the somite level at which the forelimb and cervico-thoracic transition are positioned in different species. Red curved lines indicate the forelimb/pectoral fin bud; red shaded somites indicate Hoxc6 expression and black bars represent the branchial plexus.

Figure 10 :

 10 Figure 10: Hoxb5 -/-mouse mutant displays an anterior shift of the forelimb. Ventral view of the cervico-thoracic region of newborn Hoxb5 +/-heterozygous (A) and Hoxb5 -/-homozygous (B) mutants. (B) A bilateral shift of the forelimbs results in a Vshaped shoulder girdle in Hoxb5 -/-mutant. White doted line, normal shoulder girdle; red doted line, V-shaped shoulder girdle.

Figure 11 :

 11 Figure 11: Model for the regulation of the FLrestricted Tbx5 expression by Hox genes. Hox genes expressed in the prospective forelimb LPM, such as Hox4 and Hox5, induce Tbx5 expression (pink arrows). In the caudal LPM, expression of Tbx5 is repress by posterior Hox genes such as Hoxc8, c9 and c10 (purple arrows).

Figure 12 :

 12 Figure 12: Genetic perturbations of Gdf11 signaling shift the hindlimb position along the AP axis. Gdf11 -/-mutant (B) display an elongation of their axis together with a posterior displacement of the hindlimb compared to WT (A). Constitutive Gdf11 signaling results in a shortened axis together with an anterior shift of the hindlimb (C). Hoxc10 expression always associates with the hindlimb position (A, B and C). Black doted lines, limbs; red curved line, representation of the interlimb domain. Adapted from McPherron et al. (1999), Regulation of anterior/posterior patterning of the axial skeleton by growth/differentiation factor 11, Nature (A and B); Jurberg et al. (2013), Switching axial progenitors from producing trunk to tail tissues in vertebrates embryos, Dev. Cell. (C)

(

  lumbo-sacral or trunk-to-tail transition) and abaxial (HLs) compartments are concomitantly patterned; a global patterning that allows a perfect coupling of the axial and limb skeletal structures. Gdf11 is the master regulator of the trunk-to-tail transition and HL positioning; it inhibits RA signaling from caudal tissues, a requirement from the development of posterior tissues. The role of Gdf11 in positioning HLs is conserved among tetrapod species and variations in Gdf11 activation timing underlie the variations in HL position observed among different species. Posterior Hox genes are regulated by Gdf11 and their expression correlates with the HL position; however, they do not seem to play the major role in positioning the HL.

Figure 13 :

 13 Figure 13: Recapitulative model of forelimb initiation. RA signaling from the somites inhibits Fgf8 signaling (from the cardiac and intermediate mesoderm) and creates a permissive field for forelimb initiation in the LPM. RA signaling, anterior Hox genes (i.e. Hox4 and 5) and Wnt2b/ß-catenin act cooperatively to induce Tbx5 expression in the LPM. Tbx5 in turn maintains Wnt2b expression. Tbx5 and RA act cooperatively to induce Fgf10 expression. ß-catenin is also thought to regulate Fgf10 expression. Once activated, Fgf10 activates Wnt3a/Fgf8 signal in the overlying ectoderm and induces the formation of the AER. Fgf8 further signals back to Fgf10 creating a positive regulatory loop that promotes limb outgrowth. In the interlimb, Tbx5 expression is repressed by posterior Hox genes (i.e. Hoxc8/c9/c10)

  micromanipulations and microsurgery experiments. In stage HH11, the somatopleure tissue corresponding to the prospective FL and IL domains (according to the lineage tracing performed byChaube; Chaube, 1959) was dissected. This piece of tissue was rotated to change its orientation along the AP axis and transplanted back to the embryo; the prospective FL domain was now positioned posteriorly to the prospective IL domain (Figure14A). If the FL and IL domains are already positioned at this stage, I expect to obtain an inversion of the two domains while, if they are not positioned yet, I expect to observe no perturbation of the FL position along the AP axis. Embryos were collected 48h after the transplant experiment and Fgf10 expression was used as a readout of FL position. In 65% of the cases, the graft resulted in perturbations of the FL position (n=15/23 embryos; Figure14B-E; Table

  Figure 14G-H'). This result confirms that, at stage HH11, the LPM tissue has the intrinsic capacity to form FL or IL tissue.

Figure 14 :

 14 Figure 14: The forelimb position is established at the end of gastrulation. (A) Schematic representation of the transplantation experiment in a stage HH11 chicken embryo. The prospective FL and IL domains are microdissected and inversed along the AP axis. (B and C) Fgf10 epression 48h after transplantation experiment, dorsal view. Embryos exhibit a complete (B, 3/23 embryos) or partial (C, 12/23 embryos) shift of the FL bud. On the operated side, the FL levels are outlined by the red dashed line and the red arrow points at the ectopic bud (C). (D and E) Tbx5 expresion 48h after transplantation in control (D) and transplanted side (E), side views. The ectopic limb bud expresses Tbx5 (2/2 embryos). (F) Chicken embryo grafted with memGFP transgenic quail tissue (green) exhibiting a posterior shift of the FL (3/3 embryos), dorsal view. (G-H') Transverse sections of the chick-quail chimeras at the FL (G-G') and IL level (H-H'), sections were stained with phalloidin and GFP antibodies, nuclei were labeled with DAPI. (G', H') higher magnification of the region framed by the dashed white square in (G,H). Dashed red line, outline of the shifted FL domain; red arrowhead, ectopic FL bud; dashed white line, outline of the FL bud; black line, level of the sections in G-G' and H-H'; dashed white squares in G and H represent the regions zoomed in G' and H'; FL, forelimb; IL, interlimb. Scale bar B-E 500µm, F-H' 100µm

  -A'), as previously described in the literature(Garcia-Martinez and Schoenwolf, 1993). By electroporating embryos at this stage, GFP-expressing cells did not colonize the PLPM. In contrast, embryos electroporated at stage HH4 and HH5 in the same region showed GFP-expressing cells all along the PLPM, spanning the prospective FL, IL and HL regions (Figure15B-B' and D). However, when embryos were electroporated at stage HH6 and later, GFP-expressing cells were mostly found in the most posterior region of the PLPM and in the extraembryonic membranes, hence missing the FL domain (Figure15C-C'). Based on these results, I could refine a narrow window of time between stage HH4 and HH5 (about 5h) during which the previously identified middle third of the primitive streak contributes to the full AP extent of the PLPM.

Figure 15 :

 15 Figure 15: Electroporation of the full PLPM presumptive territory during gastrulation. (A-C) cartoons showing the region targeted with GFP (green) by electroporation at stage HH3 (A), HH4 (B) and HH6 (C). (A'-C') Embryos after 24h of incubation after electroporation at stage HH3 (A'), HH4 (B') and HH6 (C') showing the distribution of GFP expressing cells (green). (D) Enlargement of (B') showing the distribution of GFP positive cells in the full extent of the PLPM including the future FL, IL and HL domains. Green shaded oval, zone of electroporeation; red arrowhead, anterior limit of electroporated cells; red double arrows, limb and non-limb domains; FL, forelimb; IL, interlimb; HL, hindlimb; HH, Hamburger and Hamilton stages. A'-C', D dorsal view. Scale bar 100µm

  containing (1) a H2b-mRFP expressing plasmid at a high concentration (1µg/µl); (2) a GFP expressing plasmid, containing a SV40-PolyA cassette flanked by loxP sites in 5' of the GFP sequence, at a high concentration (1µg/µl); (3) a Cre recombinase expressing plasmid at a lower concentration (50ng/µl). Upon Cre recombination, the loxP cassette is deleted and GFP can be expressed. While electroporation of H2b-mRFP expressing plasmid allows me to label numerous cells of the prospective LPM, only a small portion of these cells are labeled with GFP, thus facilitating individual cell tracking. Electroporated embryos were then cultured exvivo and imaged with a 2-photon microscope. I optimized the ex vivo culture and imaging conditions to image the embryo from gastrulation (stage HH4; 24h incubation) to limb initiation (stage HH15; 60h incubation) with embryos developing without noticeable malformations (Figure16).

Figure 16 :

 16 Figure 16: Dynamic lineage tracing of the LPM formation. Electroporation of the prospective LPM at stage HH4 (red shaded oval) with fluorescent markers. Time-lapse series of the LPM formation from stage HH6 (4h) to stage HH12 (24h), LPM precursor cells are electroporated with H2b-mRFP (red) and FloxGFP (green) reporter genes along with a Cre expressing vector. Dorsal view. Scale bar 100µm.

Figure 17 :

 17 Figure 17: Progressive formation of the LPM. (A) Quantification of the cell ingression behavior before (red) and during (green) primitive streak regression by measuring the time cells spend in the primitive streak before ingressing, n=28 cells, 2 embryos. Black lines represents the median time cells spend in the streak before ingression (B) Photoconversion of the prospective FL and HL domains (red) in mEos2FP transgenic quail at stage HH11 and visualization of the photoconverted domains in the FL and HL 24h later (B'). (C) Fgf10 in situ hybridization of the photoconverted mEos2FP transgenic quail embryo in (B'). The photoconverted domains correlate with the Fgf10-expressing limb domains. (D) Distribution of H2b-mRFP (red) and FloxGFP (green) electroporated cells in the different FL, IL and HL domains depending on their timing of ingression (HH4/5, HH6/7 and HH8/9), n=57 cells, 8 embryos. PS, primitive streak; Tg, transgenic; ISH, in situ hybridization; FL, forelimb; IL, interlimb; HL, hindlimb; HH, Hamburger and Hamilton stage. B-D, dorsal view. Scale bar 100µm.

Figure 18 :

 18 Figure 18: The prospective FL, IL and HL domains progressively form during gastrulation. (A-D) Photoconversion (red) of the prospective LPM in the primitive streak of mEos2FP transgenic quail embryos at different stages, stage HH6 (A), HH7 (B), HH9 (C) and HH10 (D). (A'-D') Distribution of red-labeled cells 24h after the photoconversion. (A) Cells photoconverted at stage HH6 are found in the FL (A', red arrow head) while cells photoconverted at stage HH7 (B) are found posterior to the FL, in the IL (B', green arrowhead). (C) Cells photocoverted at stage HH9 are only found in the HL domain (C', blue arrowhead) and photoconversion of the remaining primitive streak at stage HH10 (D) only labels the tail bud tissue (D'). Photocoversion of 16 embryos. Arrowheads represent the anterior limit of photoconverted cells. Dorsal view. Scale bar 100µm

  expressing cells further ingress and colonize the LPM tissue. While Hoxb7 and Hoxb9 expression is maintained in the primitive streak, Hoxb4 expression progressively fades out of the primitive streak starting from stage HH6/7 (Figure19C, H, M, P). By stage HH10, Hoxb4 expression is restricted to the anterior domain of the LPM as opposed to Hoxb7 and Hoxb9 that are expressed in the posterior LPM (Figure19D, I, N). Finally, at stage HH13, Hoxb4 is expressed from somite 3 to 16, a domain including the future FL, while Hoxb7 and Hoxb9 expression start at the level of the FL-to-IL transition (from somite 17 and somite 20 respectively) up to the tail bud (Figure19E, J, O).

Figure 19 :

 19 Figure 19: Dynamic collinear expression of Hoxb genes from gastrulation to LPM. Analysis of Hoxb4 (A-E), Hoxb7 (F-J) and Hoxb9 (K-O) expression pattern at stage HH4 (A, F, K), HH5 (B, G, L), HH7/8 (C, H, M), HH10 (D, I, N) and HH13 (E, J, O). (P) Schematic representation of the temporal collinear activation of Hoxb4 (red), Hoxb7 (green) and Hoxb9 (blue) in the epiblast. Hoxb4 is actvated at stage HH4 (A) while Hoxb7 is activated at stage HH5 (G) and Hoxb9 at stage HH7 (M). Hoxb4 expression fades out of the epiblast at stage HH7/8 (C). b4, Hoxb4; b7, Hoxb7; b9, Hoxb9; arrows represent activation of each gene in the epiblast. A-O, dorsal view. Scale bar 100µm.

  Figure19E, J, O). Thus the collinear activation of Hox genes during gastrulation is probably the initial step for the establishment of their spatially restricted collinear expression in the LPM, as for the somitic compartment(Iimura and Pourquié, 2006).

Figure 20 :

 20 Figure 20: Hoxb genes form the FL and IL/HL domains during gastrulation. (A) Electroporation of the primitive streak region giving rise to the LPM (green) and visualization of electroporated cells distribution in the LPM 24h later after electroporation with GFP (B), Hoxb4 (C), Hoxb7 (D) and Hoxb9 (E). GFP electroporated cells (B) are distributed all along the AP axis, 14/16 embryos. Hoxb-4 electroporated cells (C) are enriched in the FL domain (red arrowheads) 12/14 embryos while Hoxb7 (D) and Hoxb9 (E) electroporated cells are localized posteriorly in the future IL/HL domain, 11/12 and 15/18 embryos respectively. (F) Quantification of electroporated cell distribution along the AP axis. Electroporated cells localized in the different forelimb, interlimb and hindlimb domains were quantified for GFP-(grey, 16 embryos, 6994 cells), Hoxb4-(red, 12 embryos, 3203 cells), Hoxb7-(green, 11 embryos, 2359 cells) and Hoxb9-(blue, 15 embryos, 3922 cells) expressing cells. Error bars represent SEM. B-E, dorsal view. Scale bar 100µm

  Figure22A-D). Thus an ectopic expression of Hoxb4 alone is not sufficient to shift the FL domain along the AP axis. It is known that Hox genes can regulate expression of their target genes as monomers or through cooperative interactions with co-factors such as Pbx or Meis transcription factors (reviewed by[START_REF] Pearson | Modulating Hox gene functions during animal body patterning[END_REF]. In order to bypass potential requirement of co-factor for Hoxb4 to induce Tbx5 expression, I generated a Hoxb4 protein fused to VP16, a transcriptional activator domain[START_REF] Ohashi | Modulating the potency of an activator in a yeast in vitro transcription system[END_REF]) (Hoxb4 VP16 ). This construct is predicted to activate Hoxb4 target genes even in absence of co-factors. I electroporated Hoxb4 VP16 in the IL domain of stage HH14 embryos and I could neither observe the formation of an ectopic limb bud nor an extended Tbx5 expression in the IL (n=0/13 embryos; data not shown). As I mentioned above, it was recently shown that posterior Hox genes are able to negatively regulate the FL-specific Tbx5 enhancer. More importantly, Hoxc9 was shown to directly downregulate Tbx5 expression when ectopically

posterior

  Hox genes on Tbx5 expression. The two constructs, Hoxb4 and the dominantnegative form of Hoxc9 (Hoxc9dn), were co-electroporated in the IL region of a stage HH13 embryo. 24h later, embryos displayed a posterior extension of Tbx5 expression on the electroporated side in 47,4% of the cases (n=9/19 embryos; Figure21D-D') and 48h after electroporation, I could observe a posterior extension of the FL domain in 50% of the cases (n=7/14 embryos; Figure22I-L). Extended buds expressed both the limb marker Fgf10 and the FL marker Tbx5 (Fgf10 n=3/3 embryos; Figure22L, and Tbx5 n=4/4 embryos; Figure22K). Interestingly, one embryo out of the three tested for Fgf10 expression showed a cell autonomous upreagulation of Fgf10 that corresponds to the zone strongly electroporated, supporting a direct effect of Hoxb4+Hoxc9dn electroporation on the induction of the limb initiation program (Figure22L, white arrow head). When electroporated alone, Hoxc9dn could neither trigger expression of Tbx5 in the IL (n=0/15 embryos; Figure21E-E'), nor the formation of an ectopic limb bud (n=0/10 embryos; Figure22M-P) demonstrating that removing the repressive activity of the posterior Hox gene is not sufficient to shift the FL domain. Thus, a combined activation of Hoxb4 and inhibition of the posterior Hox repressive acitivity is sufficient to shift the limb domain posteriorly.

Figure 21 :Figure 22 :

 2122 Figure 21: Activation of Hoxb4 together with repression of Hoxc9 activity extends Tbx5 expression posteriorly. (A) Electroporation of the IL domain at stage HH13 with GFP (B-B'), Hoxb4 (C-C'), Hoxb4+Hoxc9dn (D-D') and Hoxc9dn (E-E'). Embryos are collected 24 h after electroporation (B-E) and analyzed for Tbx5 expression (B'-E'). GFP (B', 20 embryos), Hoxb4 (C', 16 embryos) and Hoxc9dn (E', 15 embryos) electroporated embryos show a normal Tbx5 expression on the electroporated side. Hoxb4+Hoxc9dn electroporated embryos (D, 19 embryos) display a posterior extension of Tbx5 expression (9/19 embryos, red arrowhead). Green arrowheads, normal Tbx5 posterior border of expression; red arrowhead, ectopic posterior extension of Tbx5 expression. B-C, E, B'-E' dorsal view; D, side view. Scale bar 100µm

Figure 23 :

 23 Figure 23: Variations of the wing position correlate with changes in Tbx5-expressing FL domain and Hoxb4-Hoxb9 transition. (A-C) Alcian Blue/Alizarin Red staining of zebra finch (A, E13), chicken (B, E20) and ostrich (C, E37). Red arrowhead point at the position of the wing; red dots mark each cervical vertebra. (D-F) Expression of Tbx5 in zebra finch (D), chicken (E) and ostrich (F). Note the variations in the posterior border of Tbx5 expression at the level of the 28 th , 23 rd and 28 th somite in zebra finch, chicken and ostrich respectively. (G-I) Expression of Hoxb4 in zebra finch (G), chicken (H) and ostrich (I). Note the variations in the posterior border of Hoxb4 expression at the level of the 17 th , 20 th and 28 th somite in zebra finch, chicken and ostrich respectively. (J-K) Hoxb9 expression in chicken (J) and ostrich (K). Note the variations in the anterior border of Hoxb9 expression at the level of somite 20 th and 25 th in chicken and ostrich respectively. s, somite; ISH, in situ hybridization. Scale bar A-C 3mm; D-I 100µm.

Figure 24 :

 24 Figure 24: Temporal collinear activation of Hox genes in chicken and ostrich. (A) Dynamic expression of Hoxb4 (top panel) and Hoxb9 (bottom panel) in chicken from stage HH4 to 15-somites stage. (B) Schematic representation of the temporal collinear sequence of activation of Hoxb4 and Hoxb9 genes in chicken (top diagram) and ostrich (bottom diagram). In chicken, the temporal transition between Hoxb4 and Hoxb9 occurs at the 2-somites stage (black arrow, top diagram) while this transition occurs at the 10-somites stage in ostrich (black arrow, bottom diagram). The central black arrow represents the timeline. (C) Dynamic expression of Hoxb4 (top panel) and Hoxb9 (bottom panel) in ostrich from stage HH4 to 35-somites stage. B4, Hoxb4; B9, Hoxb9; st., stage. Scale bar 100µm

Figure 25 :

 25 Figure 25: Retinoic acid signaling modulations during gastrulation alter Hox domains of expression and limb field position. (A-C) Hoxb4 expression in control (B), RAI-(A) and RAtreated embryos. Red brackets outline the Hoxb4 expression domain in (A-B). (D-F) Hoxb9 expression in control (E), RAI-(D) and RA-(F) treated embryos. Black lines represent Hoxb9 anterior level of expression in (D-E). (G-I) Tbx5 expression in control (H), RAI-(G) and RA-(I) treated embryos. Red brackets outline Tbx5 expression domain in (G-I). RA, retinoic acid; RAI, retinoic acid signaling inhibitor; ISH, in situ hybridization; s, somite. Scale bar 100µm

Figure 26 :

 26 Figure 26: Model for regulation and variation of limb position in birds. In chicken (top panel), the anterior Hox gene Hoxb4 is expressed from stage HH4 and determines the forelimb domain in the LPM during gastrulation (red shaded area in the diagram and the scheme, top panel). At the 2-somites stage, Hoxb4 expression fades away in the epiblast and the posterior Hox gene Hoxb9 is activated(blue shaded area in the diagram and the scheme, top panel), the temporal transition between anterior and posterior Hox genes is established and translates into a spatial transition in the LPM that will determine the forelimb and interlimb domains and therefore the wing position (scheme, top panel). In ostrich (bottom panel), Hoxb4 temporal activation is conserved (stage HH4). However, whereas the temporal sequence of Hox genes activation is conserved, the relative timing is different: Hoxb4 expression is maintained at least until the 10-somites stage when Hoxb9 is activated in the epiblast (diagram, bottom panel). This delay in Hox activation timing results in a posterior shift of the forelimb-interlimb fields in the LPM that consequently shift the wing along the body axis (scheme, bottom panel; grey shaded somites represent the posterior shift). B4, Hoxb4; B9, Hoxb9; st., stage; som, somite.

  posteriorly) but also to shift the interlimb field (i.e. Hoxc9 anterior boundary of expression) concomitantly. In other word, changes in the forelimb position along the AP axis can only occur if the overall Hox spatial sequence of expression is changed. Consistent with this, a comparative analysis of Hoxb4 and Hoxb9 expression in chicken and ostrich shows that the variation in wing position correlate with a posterior shift of the transition between Hoxb4 and Hoxb9 expression along the AP axis. As previously discussed, these collinear Hox domains in the LPM are established during gastrulation by their temporal collinear activation and I observed that this concerted change in Hoxb4/Hoxb9 expression in ostrich is prefigured by a relative change in their timing of activation. Additionally, perturbation of the relative temporal activation of Hox genes during gastrulation by a transient modulation of RA signaling, a signaling pathway that was shown to initiate anterior-most Hox genes activation and to delay posterior-most Hox genes activation(Abu-Abed et al., 2003; Bel-Vialar et al., 2002), induces changes of the relative spatial collinear expression of Hox genes in the LPM which correlate with changes in the position of the forelimb-forming domain.Based on these results, I propose that the sequence limb-forming/non-limb-forming domain is encoded in the collinear organization and in the activation/repression function of Hox genes, the timing of collinear activation in turns sets the relative position of these domains.

  activation of Hox genes during gastrulation as it has been previously implicated in the activation of anterior Hox genes (Hoxb1-6) in the early neural tube(Bel-Vialar et al., 2002) whereas in late gastrulation and tail bud development, inhibition of Retinoic Acid from posterior tissues is necessary for the expression of posterior Hox genes such as Hoxd11(Abu- Abed et al., 2003). The results I present in this work show that transient modulations of retinoic acid signaling during gastrulation induces changes of the relative spatial expression of Hox genes in the LPM that further correlate with changes in the forelimb-forming domain, as revealed by Tbx5 expression, which recapitulates natural variations observed in zebra finch and ostrich. However, these results do not show that changes in the expression of components of the RA signaling pathway underlie natural variation in birds; therefore this experimental design should be interpreted as a proof of concept. It would be particularly interesting to investigate the expression of component of RA signaling in ostrich, chicken and zebra finch.Especially, two major components of the retinoic acid signaling pathway (1) Raldh2, a major enzyme responsible for the production of retinoic acid and (2) Cyp26a1, enzyme that degrades retinoic acid would be particularly interesting to investigate. Interestingly, Gdf11 was shown to regulate hindlimb position by modulating retinoic acid signaling through Cyp26a1 activation in caudal tissues(Jurberg et al., 2013; Lee et al., 2010). Thus it is tempting to speculate that retinoic signaling could position both the forelimb and hindlimb by regulating Hox genes collinear activation during gastrulation. High levels of retinoic acid would activate the expression of anterior-most Hox genes while delaying activation of the posterior-most Hox genes and would thus allow the formation of the forelimb field. Upon expression of Cyp26a1 (regulated by Gdf11) at late gastrulation stage, retinoic acid would be degraded allowing expression of posterior-most Hox genes that would position the interlimb followed by the hindlimb at the trunk-to-tail transition. Changes in the relative duration of these phases would then underlie variations in limb position. Cyp26a1 thus appears as the obvious potential candidate to differentially modulate retinoic acid signaling in different bird species. It was very recently proposed that variations in the temporal activation of Gdf11

  different findings of this study and the model I propose to position the FL in light of the preexisting knowledge on body patterning in tetrapods suggests a global mechanism of body plan organization where the temporal collinear activation of Hox genes during gastrulation plays a central role in organizing the body and provides a mechanism for variations in the body plan organization that assures positioning of the different structures at the appropriated level (e.g. limbs positioned at the neck-trunk and trunk-tail transitions) while allowing large flexibility to vary the size of each segment of the body relative to one another (e.g. elongation/shortening of the neck or the trunk regions).
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 512 Figure 5. Moreau et al.,

Figure 3 .

 3 Figure 3. Combinatorial activation and repression of Hox determine limb-and nonlimb forming domains (A-D) Embryos electroporated with GFP (A) alone or in combination with Hoxb4 (B), Hoxb4+Hoxc9dn (C) or Hoxc9dn (D) in the interlimb domain at stage 13 and re-incubated for 24h. (A'-D') shows Tbx5 expression in corresponding embryos. Note the unilateral extension of Tbx5 expression in the interlimb in the electroporated region in (C'), red and green arrowheads.(E-H) Embryos electroporated with Hoxb4+Hoxc9dn (E, F) or Hoxc9dn (G, H) in the interlimb domain at stage 13 and re-incubated for 48h. (E'-H') shows Tbx5 (E', G') and FGF10 (F', H') expression in corresponding embryos. Note the unilateral extension of the forelimb in the interlimb domain in (E-F'), red and green arrowheads. White arrowhead point at ectopic FGF upregulation within the electroporated region.

Figure 4 .

 4 Figure 4. Variations in wing position correlate with changes in Tbx5 and Hoxb4 expression domains in the LPM.(A-C) Alcian Blue/Alizarin Red staining of zebra finch (A, E13), chicken (B, E20) and ostrich (C, E37). Red arrowhead point at the position of the wing; red dots mark each cervical vertebrae.(D-F) Expression of Tbx5 in zebra finch (D) chicken (E) and ostrich embryos (F). Note the variations in the posterior border of Tbx5 expression at the level of the 20 th , 23 rd and 28 th somite in zebra finch, chicken and ostrich embryos, respectively.(G-I) Expression of Hoxb4 in zebra finch (G) chicken (H) and ostrich embryos (I). Note the variations in the posterior border of Hoxb4 expression at the level of the 17 th , 20 th and 28 th somite in zebra finch, chicken and ostrich embryos, respectively. Scale bar A-C 3mm; D-I 100µm.

Figure 5 .

 5 Figure 5. Relative changes in Hox co-linear activation timing underlie variation in limb position between ostrich and chicken (A-I) Characterization of Hoxb4 expression in chicken (A-D) and ostrich (E-I) embryos between stage 4 and the 27/34-somites stage. (J-S) Characterization of Hoxb9 expression in chicken (J-M) and ostrich (O-S) embryos between stage 4 and the 15/35-somites stage. (T) Schematic representation of the temporal co-linear sequence of activation of Hoxb4 and Hoxb9 genes in chicken (top diagram) and ostrich (bottom diagram). In chicken, the temporal transition between Hoxb4 and Hoxb9 occurs at the 2-somites stage (top diagram) while this transition occurs at the 10-somites stage in ostrich (bottom diagram). The central black arrow represents the timeline.

Figure 6 .

 6 Figure 6. Retinoic Acid signaling modulation during gastrulation alter Hox domains of expression and limb field position (A-C) Hoxb4 expression in control (B), RAI-(A) and RA-treated embryos. Red brackets outline the Hoxb4 expression domain in (A-B).

Figure 7 .

 7 Figure 7. Model for regulation and variation of limb position in birds.

Figure 1 .

 1 Figure 1. Cell Division Drives Epithelial Cell Intercalation (A) Maximum projection of time series from a 3-hr time-lapse experiment of a chick embryo electroporated with a GFP reporter gene, showing the counter-rotational movements of epiblast cells at stage 3+. The primitive streak is indicated by a red dotted line. (B) Time series in a region away from the primitive streak equivalent to the boxed region in (A) showing that upon cell division, daughter cells (white arrows) separate away from each other (red arrows). (C) Dorsal view of a stage 3 memGFP transgenic chicken embryo acquired at 103 with the tiling/ stitching module of the confocal microscope. The dotted white boxes depict the regions analyzed in (D); the primitive streak is indicated by a red dotted line. (D) Percentage of daughter cell separation following cell division between stage X and 3+. Cell separation was scored every 2 hr; n = 2,997; 7 embryos. Error bars represent SEM. (E and F) Time series of a stage X (E) and stage 3 (F) memGFP transgenic chick embryo highlighting the fate of a dividing cell (in red) and its immediate neighbors (in blue). At stage X (E), daughter cells do not rearrange. (G) Image of a memGFP transgenic chick embryo from a time-lapse experiment highlighting daughter cells (colored cells) that have rearranged within 30 min after cell division. Scale bar represents 200 mm in (A), 500 mm in (C), and 10 mm in (B), (E), (F) and (G). See also Movies S1 and S2.

Figure 2 .

 2 Figure 2. Cell Division Events and Their Associated Rearrangements Are Necessary for the Spatial Patterning of Gastrulation Movements (A-C) Maximum projection of time series from a time-lapse experiment of a wild-type GFP electroporated embryo. The last ten time points have been pseudocolored in red. (A 0 -C 0 ) Cartoon depicting the trajectories of a few cells, the position of the primitive streak is indicated by a red dotted line. (D) First time point of a 1-hr time-lapse experiment of a memGFP wild-type embryo, showing the region used for junction transition analyses in (D 0 ). (D 0 ) Cartoon schematizing transitions that each cell-cell junction will undergo over 1 hr in the region boxed in (D). ''Stable'' junctions, CMI transitions, DCAI, transitions, and ''T'' transitions are shown in gray, light blue, dark blue, and orange, respectively (see Experimental Procedures and Movie S3, for explanation on junction state assignment); cells that will divide are colored in red. (E) Time series of a wild-type memGFP embryo on which stripes of cells and their progeny have been artificially labeled (in blue, green, and red) to reveal changes in cell organization between t0 (E) and t + 100 min (E 0 ). Note that in wild-type embryos the cells disperse widely. (F) Quantifications of the relative proportion of Stable, CMI, DCAI, and T-process transitions in wild-type, aphidicolin-treated, and aminopterin-treated embryos. Error bars represent SEM. (G-I) Maximum projection of time series from a time-lapse experiment of an aphidicolin-treated and GFP electroporated embryo. Color scheme as in (A)-(C). (G 0 -I 0 ) Cartoon depicting the trajectories of a few cells. Color scheme as in (A 0 )-(C 0 ). (J) First time point of a 1-hr time-lapse experiment of a memGFP aphidicolin-treated embryo, showing the region used for junction transition analyses in (J 0 ). (J 0 ) Cartoon schematizing transitions that each cell-cell junction will undergo over 1 hr in the region boxed in (J). The same color code used in (D) is applied. (K) Time series of an aphidicolin-treated memGFP embryo on which stripes of cells and their progeny have been artificially labeled (in blue, green, and red) to reveal changes in cell organization between t0 (K) and t + 100 min (K 0 ). Note that the cellular organization remains almost unchanged. Error bars represent SEM with c 2 test p value between bars, ****p < 0.0001. Scale bar represents 200 mm in (A)-(C) and (G)-(I), and 10 mm in (D)-(E) and (J)-(K). See also Figure S1, and Movies S3 and S4.

Figure 3 .

 3 Figure 3. Cell Division Actively Promotes Epithelial Rearrangements (A) Dorsal view of a stage 3 memGFP transgenic chicken embryo acquired at 103 with the tiling/ stitching module of the confocal microscope. The white box depicts the location of regions analyzed, as shown in (B); the primitive streak is indicated by a red dotted line. (B) Maximum-intensity projection of time points of a 1-hr time-lapse experiment in a region lateral to the primitive streak as shown in (A). Red lines point at cell divisions that lead to daughter cell juxtaposition, and green lines to daughter cells that separate from each other. Projection of the memGFP signal allows the visualization of the global tissue movement. (C) Quantification of cell division orientation normalized to local tissue movement (red arrow).Note that no specific alignment of cell division with tissue flow can be observed (c 2 test, p = 0.85). (D) Dorsal view of a stage 3 memGFP transgenic chicken embryo acquired at 103 with the tiling/ stitching module of the confocal microscope. The white circle depicts a region that was laser isolated; the primitive streak is indicated by a red dotted line. (E) Maximum-intensity projection of time points of a 1-hr time-lapse experiment of the laser-isolated region shown in (D). Red lines point at cell divisions that lead to daughter cell juxtaposition, green lines to daughter cells that separate from each other. Projection of the memGFP signal allows visualization of the global tissue movement. Note that tissue flow is normal outside of the isolated region but abrogated in the isolated region. (F) Quantifications of the proportion of daughter cell separation in control and laser-isolated epithelial regions (light gray: separated daughter cells; dark gray: daughter cells in contact). Two-way ANOVA test showed no significant difference (ns). Error bars represent SEM Scale bar represents 500 mm in (A) and (D), 200 mm in (B), and 100 mm in (E). See also Movie S5.

Figure 4 .

 4 Figure 4. E-Cadherin, F-Actin, and pMyosin Localization and Myosin Dynamics before and during Gastrulation Movements (A and B) Transverse cryosections of stage 3 (A) and stage X (B) embryos stained with phalloidin (A and B), pMyosin (A 0 and B 0 ), and E-cadherin (A 00 and B 00 ) antibodies. (A%) and (B%) show the merged pictures. Arrows point to F-Actin and pMyosin accumulation. (C-J) Confocal ortho-slices of stage 3 (C-F) and stage X (G-J) whole-mount embryos stained with phalloidin, pMyosin, and E-cadherin antibodies. Arrows indicate F-actin and pMyosin accumulation, asterisks show free-contact cell interfaces, and arrowheads indicate basal E-cadherin junctions. (K) Left panel: Time series of a GFP-Myosin electroporated cell showing localization at the cortex and the cytokinetic furrow in a stage 3 embryo. Right panel: Example of images used for GFP-Myosin (heatmap color code) FRAP experiments, showing the region used for FRAP (arrowhead) of epithelial cells in stage X and stage 3 embryos. (L) Left panel: FRAP curves of cortical GFP-Myosin in stage X (red) and stage 3 (blue) embryos. Errors bars indicate SEM; n = 30 and n = 61 for stage X and stage 3, respectively. Right panel: Common plot of mobile fraction for all FRAP experiments done at stages X and 3; associated average numbers of the mobile fraction of each fitted curve and statistical significance between the two stages were obtained by a Mann-Whitney test, ****p < 10 À5 . Scale bar represents 10 mm. See also Figures S2-S4.

(

  K) Quantification of the proportion of cells exhibiting a daughter-daughter cell junction in all aforementioned conditions. Error bars represent SEM with two-way ANOVA test p value between bars. ****p < 0.0001. (L) Quantifications of the relative proportion of stable junctions and CMI, DCAI, and T transitions in wild-type (WT), calyculin A-treated, and jasplakinolide-treated embryos. Error bars represent SEM with c 2 test p value between bars. ****p < 0.0001. Arrowheads point to a novel junction between initially distant neighbors, arrows point to a daughter-daughter cell junction, and red asterisks indicate a dividing cell and its resulting daughter cells. Scale bar represents 10 mm. See also Figures S5-S7 and Movie S6.
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  Limb position; Gastrulation; Hox genes; Lateral Plate Mesoderm; Natural variations; Morphogenesis De la formation de la Lame Latérale à la position des membres -Liens entre la colinéarité temporelle des genes Hox et la position de l'aile chez les oiseaux Résumé: La position des membres le long du corps est reproductible chez une même espèce mais est très variable entre différentes espèces. Comment les membres acquièrent leur position et quel mécanisme est à l'origine de ces variations est à ce jour non élucidé. De part leur rôle dans la mise en place des axes embryonnaires, les gènes Hox sont depuis longtemps suspectés de jouer un rôle dans ce processus. Cependant les différentes preuves disponibles à ce jour restent indirectes et corrélatives. Chez l'embryon de poulet, je montre que la position des membres est établit précocement au cours du développement, lors de la gastrulation. Je démontre que la formation de la lame latérale (i.e. le tissue d'origine des membres) est un processus graduel et que l'activation séquentielle des gènes Hox spécifie ce tissue en domaines du membre et du flanc. Dans un second temps, une combinaison d'actions activatrice et répressive des gènes Hox sur le programme d'initiation du membre, actions liées à leur organisation colinéaire, est critique pour l'organisation de la lame latérale en domaines du membre et du flanc. Enfin, en étudiant des embryons de différentes espèces d'oiseaux présentant des variations dans la longueur de leur cou et donc dans la position de leur ailes (le poulet, l'autruche et le diamant mandarin), je montre que des changements relatifs dans la séquence d'activation colinéaire des gènes Hox au cours de la gastrulation sous-tendent les variations naturelles de la position de l'aile. L'ensemble de ces résultats montre que les gènes Hox jouent un rôle direct et précoce dans le positionnement des membres et propose un model général de mise en place d'un organisme par ces gènes. Mots clés: Position des membres; Gastrulation; Gènes Hox; Lame Latérale; Variations naturelles; Morphogenèse

  

  

  

Table 1 :

 1 Limb position relative to vertebrae in different tetrapod species

	Frog	2 nd vertebrae	8 th vertebrae
	Xenopus laevis	1 st thoracic vertebrae (T1)	1 st sacral vertebrae (S1)
	Gecko	7 th vertebrae	27 th vertebrae
	Paroedura picta	T1	S1
	Human	8 th vertebrae	25 th vertebrae
	Sapiens sapiens	T1	S1
	Mouse	8 th vertebrae	27 th vertebrae
	Mus musculus	T1	S1
	Alligator	9 th vertebrae	24 th vertebrae
	Alligator sinensis	T1	S1
	Sparrow	9 th vertebrae	18 th vertebrae
	Fringilla domestica	T1	S1
	Chicken	15 th vertebrae	25 th vertebrae
	Gallus gallus	T1	S1
	Swan Cygnus melancoriphus	26 th vertebrae T1	-

1. Hox genes: good candidates to regulate limb position

  

Table 3: Perturbation of the cervico-thoracic transition in Hox mutants

  

	-/-	C7 to T1 homeotic transformation	Horan et al., 1994
	Hoxd4 -/-	C7 to T1 homeotic transformation	Horan et al., 1995
	Hoxa5 -/-	C7 to T1 homeotic transformation	Jeannotte et al., 1993
	Hoxb8 -/-	T1 to C7 homeotic transformation	van den Akker et al., 1999
	Compound mutant		
	Hox5 -/-	T1 to C7 homeotic transformation	McIntyre et al., 2007
	Hox6 -/-	T1 to C7 homeotic transformation	McIntyre et al., 2007

Table 4 :

 4 Perturbation of the HL position in Hox mutants

	-/-	Posterior shift of one vertebrae	van den Akker et al., 2001
	Hoxb9 GOF	Anterior shift of one vertebrae	Jurberg et al., 2013
		Phenotypic variations	
	Hoxa10 -/-	between mutants: anterior or	Wahba et al., 2001
		posterior pelvic shift	
	Hoxc10 -/-	Anterior shift of one vertebrae	Hostikka et al., 2009
	Hoxa11 -/-	Posterior shift of one vertebrae	Small et al., 1993
	Hoxd11 -/-	Posterior shift of one vertebrae	Davis et al., 1994
	Compound mutant		
	Hox8 -/-	Posterior shift of one vertebrae	van den Akker et al., 2001
	Hox9 -/-	Posterior shift of two vertebrae	McIntyre et al., 2007
	Hoxa10 -/-& d11 -/-	Posterior shift of one vertebrae	Favier et al., 1996
	Cluster mutant		
	HoxC -/-	Posterior shift of one vertebrae	Suemori and Noguchi, 2000

Table 5 :

 5 Recapitulative

table of the number of embryos displaying a FL shift after inversion of the LPM at stage HH11
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AER:

establishment of the Hoxb4-Hoxb9 transition in the epiblast that results in a posterior shift of this transition in the LPM (summarized in Figure 24B, compare top and bottom panels). A similar analysis is currently performed in zebra finch but based on these different results, I would predict that activation of Hoxb4 would be conserved while Hoxb9 activation would occur earlier as compared to chicken. These relative changes in the timing of activation of Hox genes between chicken and ostrich correlate with the natural variation in wing position observed in these two species further reinforcing the working hypothesis that the collinear activation of Hox genes during gastrulation determines the wing position in birds. But thus far, these different findings remain correlative, and this hypothesis needs to be functionally tested in order to be validated.

MATERIALS AND METHODS

105 9.2. Analysis of ingression behavior at the primitive streak Ingression behavior of the cells before and during primitive streak regression was analyzed by measuring the time a cell has spent in the primitive streak before ingressing.

Movies were first aligned on the primitive streak to remove artificial movements due to imaging. As previously described, epiblast cells were found migrating towards the primitive streak with a lateral-to-medial trajectory. Cells were considered being in the primitive streak when they did not have this lateral-to-medial trajectory. The time between this moment and the moment cells ingress was measured and determined as the time a cell spent in the primitive streak before ingression. 9.3. Quantification of electroporated cell repartition in the LPM Quantification of electroporated cells was performed using ImageJ and the ITCN (Imaged-based Tool for Counting Nuclei) plugin from Thomas Kuo and Jiyun Byun (UC Santa Barbara). Embryos were electroporated at stage HH4, cultured ex ovo and harvested at stage HH12-13 (18-22 somites stage). The LPM was segmented along the AP axis into neck, forelimb, interlimb and hindlimb regions based on previous studies (Chaube, 1959) confirmed by photoconversion. Using ITCN plugin, the number of cells was quantified in each of these regions and cell number was normalized relative to the area of each region.

In situ hybridization

Whole-mount in situ hybridization on chick embryos was performed as previously described (Henrique et al., 1995). After collection, embryos were fixed in 4% formaldehyde/PBT (PBS+0.1%Tween) 2 hours at room temperature or overnight at 4°C. Fixed embryos were treated with proteinase K (10µg/ml) for 2 to 30 minutes depending on the embryo stage and postfixed with 4% formaldehyde/0.1% glutaraldehyde. Hybridization with DIG-labeled RNA probes was performed under stringent conditions (1.3X SSC pH5, 50% formamide) at 65°C in a hybridization buffer overnight. Embryos were then washed and treated with 2% BBR (Boehringer Blocking Reagent)/20% Lamb Serum for 1 hour or more and incubated in alkaline phosphatase-coupled anti-DIG antibody for 6 hours at room temperature or overnight at 4°C. After several wash steps, embryos were stained with BCIP/NBT Liquid Substrate System ® (SIGMA) until color developed; fixed in 4% formaldehyde/0.1% glutaraldehyde for 2 hours and stored at 4°C. DIG-labeled probes were made from plasmids containing cDNA fragments of Hoxb4, Hoxb7, Hoxb9 (as previously ANNEXES 113

Timed Co-linear activation of Hox genes during gastrulation regulates forelimb position and underlies natural variation in Birds Summary

Limb position along the main body axis is highly consistent within one species but very variable among tetrapods. Despite major advances in our understanding of limb patterning in three dimensions, how limbs reproducibly form along the anteroposterior axis remains largely unknown. Hox genes have long been suspected to play a role in this process, however supporting evidences are mostly correlative and a direct role has yet to be demonstrated. Here, using bird embryos, we show that limb position is established very early during development, during the process of gastrulation. We find that the formation of the Lateral Plate Mesoderm (i.e. the embryonic compartment from which limbs will form) is a progressive process and that co-linear activation of Hox genes sequentially patterns it along the antero-posterior axis. Subsequent combinatorial activation and repression activities of Hox genes on limb initiation are particularly critical to pattern the LPM into limb-and non-limbforming domains. Finally, by analyzing chicken, zebra finch and ostrich embryos which exhibit variation in their forelimb position, we show that relative changes in the timing of colinear Hox gene activation during gastrulation underlie variation in limb position. Altogether these result shed light on the cellular and molecular mechanism that regulate limb position by showing a direct and early role for Hox genes in this process during gastrulation and provide a mechanism for variation in body plan organization observed in tetrapods.
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SUMMARY

During early embryonic development, cells are organized as cohesive epithelial sheets that are continuously growing and remodeled without losing their integrity, giving rise to a wide array of tissue shapes. Here, using live imaging in chick embryo, we investigate how epithelial cells rearrange during gastrulation. We find that cell division is a major rearrangement driver that powers dramatic epithelial cell intercalation events. We show that these cell division-mediated intercalations, which represent the majority of epithelial rearrangements within the early embryo, are absolutely necessary for the spatial patterning of gastrulation movements. Furthermore, we demonstrate that these intercalation events result from overall low cortical actomyosin accumulation within the epithelial cells of the embryo, which enables dividing cells to remodel junctions in their vicinity. These findings uncover a role for cell division as coordinator of epithelial growth and remodeling that might underlie various developmental, homeostatic, or pathological processes in amniotes. (legend continued on next page)