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Summary

The Xenopus pronephros is the functional kidney of the tadpole. Diverse environments during vertebrate evolution generated kidneys with different physical forms and internal organizations. Despite these differences, the specific structural unit of the kidney, the nephron, is quite similar across phyletic groups and it develops in a highly conserved manner. The number of nephrons varies according to the renal structures and the species. Amphibians and fish at larval stages have a kidney structure (pronephros) composed of only one nephron while the adult human kidney (metanephros) contains around 1 million nephrons. In general, the vertebrate nephron consists of a filtrating unit, the renal corpuscle, connected through a neck with a complex and twisted tube that can be divided into a proximal tubule, an intermediate segment, and a distal tubule that finally drains into an excretion unit, the collecting duct. In birds and mammals, the nephron shows a major modification-Henle's loop-a thin tubular portion that enables urine concentration. Avian kidneys have mammalian and reptilian type nephrons meaning with and without Henle's loop respectively. All mammalian nephrons, by contrast, display Henle's loops, that vary according to their length, as well as within and between species. [START_REF] Romagnani | Renal progenitors: an evolutionary conserved strategy for kidney regeneration[END_REF] 

Comparative renal function in vertebrates

The first vertebrate excretory structure evolved to maintain the osmotic balance in an aqueous environment. This organ was later subjected to adaptations in order to survive life on land.

The functional kidney of primitive fish, the pronephros, evolved around 500 million years ago. It consists of a single giant nephron that filters waste from the coelomic cavity excretes wastes and regulates water balance. Advanced fish like teleost have a pronephros during early development that is then replaced by a mesonephros during adult life. This last excretory organ is composed of dozens to hundreds of nephrons and has also endocrine and hematopoietic functions. Amphibians evolved about 340 million years ago, these organisms spend their life cycles both in the water (where they breed) and inland. Amphibians develop a pronephros during larval stages. After metamorphosis, an adult kidney, the mesonephros, replaces the pronephros.

Figure 1. The vertebrate kidney

A. The pronephros is the earliest kidney form it represents the first stage of kidney development.

It consists of one nephron that is functional during the larval stage of fish and amphibians. B. The mesonephros is the second kidney form. It comprises dozens to hundreds of nephrons and represents the functional mature kidney in most fish and amphibians C. The metanephros or adult kidney of reptiles, birds, and mammals develops after degeneration of the pronephros and mesonephros. This structure constitutes a substantially increased number of nephrons, usually from thousands to millions.

Nephrons similarities are depicted across phyletic groups. Avian and mammalian kidneys show a major modification to the basic structure of the nephron-Henle's loop-, which enables urine concentration. Bird kidneys contain two types of nephrons: nephrons with Henle's loop ('mammalian type') and nephrons without Henle's loop ('reptilian type'). By contrast, all nephrons in mammals display Henle's loop, although the lengths of these loops differ both within and between species. Adapted after [START_REF] Romagnani | Renal progenitors: an evolutionary conserved strategy for kidney regeneration[END_REF] From about 300 million to 65 million years ago, amniotes evolved. Amniotes have terrestrial adapted breeding and do not live partly in the water. In these organisms, the initial kidney structures found in fish and amphibians (pronephros and mesonephros) develop, however, they are shortly degenerated, as a new excretory organ appears, the metanephros. The metanephros is the adult kidney of amniotes; it has an increased number of nephrons usually from thousands to millions, as it handles with a bigger body mass. The avian and mammalian metanephros has modifications (Henle's loops) that enable a successful concentration of urine given the selective pressure of water reabsorption in the terrestrial environment.

All vertebrate kidneys -fish, amphibians, reptiles, birds, and mammals-are ruled by the filtration-reabsorption principle in addition to tubule secretion (with the exception of some teleost fish that lack ultrafiltration mechanisms and rely entirely on secretory-type kidneys).

Filtration mechanisms guarantee that compounds present in the blood of large molecular size such as proteins are not kept in the ultrafiltrate. Furthermore, reabsorption mechanisms retain valuable filtered compounds such as glucose, amino acids, and vitamins that should not be lost. Vertebrate kidneys can process large volumes of fluid; about 99% of the filtered volume is reabsorbed. Although it seems more advantageous to rely on tubular secretion, the evolution of ultrafiltration structures (renal corpuscle/glomeruli) has unique importance. Since filtered substances remain in the urine unless they are reabsorbed, ultrafiltration allows the excretion of new molecules encountered while exploring new environments without the need to develop specific secretory mechanisms for each one of them [START_REF] Schmidt-Nielsen | Animal physiology : adaptation and environment[END_REF].

Regardless of the environment the vertebrate kidney is known to accomplish three main functions 1) Osmoregulation: maintenance of homeostasis by careful regulation of blood solutes 2) Waste excretion: metabolic byproducts' voiding as ammonium (fish and amphibians), uric acid (birds and reptiles), or urea (mammals) 3) Endocrine function.

Osmoregulation and excretion

In aquatic organisms, the gills, the digestive tract, and the kidney control the movement of ions and molecules between cells, body fluids and the environment. Marine fish have to deal with excess salt secretion (managed by gills and some specialized glands); hence, their kidneys excrete little water [START_REF] Schmidt-Nielsen | Animal physiology : adaptation and environment[END_REF]. By contrast, primary freshwater aquatic vertebrates (i.e. fish and some amphibians) tend to excrete a high quantity of diluted urine while they gain water and lose electrolytes through their respiratory surfaces [START_REF] Peter | Osmoregulatory Functions of Neurohypophysial Hormones in Fishes and Amphibians[END_REF].

Due to terrestrial life reptiles, mammals, and birds face different challenges during osmoregulation. Accordingly, they tend to conserve water and produce urines that are hyperosmotic to the plasma [START_REF] Braun | Comparative renal function in reptiles, birds, and mammals[END_REF].

Aquatic amphibian species have very lower urine flow, lower glomerular filtration rates, and lower fractional water reabsorption compared to amphibious amphibians that spend part or most of their life out of water. This type of amphibians tends to have low osmotic permeability in order to restrain the continuous osmotic flooding experienced by their tissues.

Amphibious amphibians, on the other hand, require higher urine flow to maintain a steady state volume when placed in water. They show a proportionally increased glomerular filtration related to water excretion, and fractional water reabsorption is also greater as a potential adaptation for nitrogen excretion. Additionally, amphibians can induce glomerular antidiuresis in response to hormones such as arginine vasotocin (AVT), known to change the permeability to water in the collecting duct of mammals [START_REF] Peter | Osmoregulatory Functions of Neurohypophysial Hormones in Fishes and Amphibians[END_REF]. On the other hand, several species of frogs and salamanders are capable of counteracting this effect in response to diuretic hormones like mesotocin [START_REF] Stiffler | A Comparison of the Responses of the Amphibian Kidney to Mesotocin, Isotocin, and Oxytocin[END_REF]. In brief, amphibians possess features that are vital for adaptation to both constant water exposures in aquatic environments and to dehydration in land [START_REF] Peter | Osmoregulatory Functions of Neurohypophysial Hormones in Fishes and Amphibians[END_REF][START_REF] Vondersaar | Renal function in amphibians: A comparison of strictly aquatic and amphibious species, with observations on the effects of anesthesia[END_REF].

Ammonium is the simplest form of nitrogen excretion coming from amino acid metabolism.

This molecule is very toxic and requires large amounts of water for its removal. Due to osmosis, which allows large volumes of water to enter the body fluid of fish and amphibians, these organisms excrete nitrogenous waste as ammonia. Nevertheless, upon adaptation to terrestrial habitats, different nitrogen excretions evolved.

Uric acid excretion evolved in reptiles and birds. This form of excretion is more efficient because of its low water solubility; yet, it is not in solution but rather exists in a colloidal suspension made up of small spherical structures. The urine of reptiles and birds contain large amounts of proteins that prevent uric acid precipitation and maintains it in colloidal suspension. Reptiles and birds do not rely entirely on their kidneys for extracellular fluid homeostasis regulation. Their urine enters the lower gastrointestinal tract (rectum) where proteins are degraded and recycled. Fluid and electrolyte balance is also achieved in these species through excess salt excretion by nasal salt glands, and in the case of reptiles, the bladder serves as water supply during deprivation. Moreover, reptilian kidneys lack Henle's loops (structures enabling urine concentration). Whereas the avian kidney has mostly short looped and some long loops of Henle (10-30%). This explains why even if both excrete uric acid reptilian urine is less concentrated than the plasma, while avian is at best isosmotic or only slightly hyperosmotic to the plasma [START_REF] Braun | Comparative renal function in reptiles, birds, and mammals[END_REF].

Mammals excrete byproducts of protein metabolism as urea. Mammalian urine has almost no protein [START_REF] Braun | Comparative renal function in reptiles, birds, and mammals[END_REF]. Filtration, reabsorption of water and solutes, and the secretion of solutes by the nephric tubules are similar in mammals and birds. Glomerular ultrafiltration constitutes the first step of urine production. This passive process is provoked by the difference in pressure between the capillary networks and the filtration structures (generated by the hydrostatic pressure from the pumping action of the heart and the concentration of proteins in the plasma). The filtrate is mainly composed of water, electrolytes, and small molecular weight substances, hence, the absence of protein in the mammalian urine. Filtration is followed by glucose, amino acids, and ion reabsorption that consequently assist electrolyte and acid-base balance regulation. The osmotic gradient within the kidney is mainly made by sodium chloride and urea. As in birds, waste excretion depends on the need to either void water excess or conserve body water. Nonetheless, mammals are capable of concentrating urine 10-12 times more than birds. Urine concentration or dilution depends on the modulation of the osmotic potential (namely within the loop of the Henle and the collecting ducts).

Though mammals can lose water via other organs (skin, lungs, and gastrointestinal tract), the kidney is the only organ that regulates extracellular fluid homeostasis.

Therefore, it appears that during the water to land transition, waste and water excretion relies more on kidneys than aquatic species that can constantly diffuse wastes across the surfaces in contact with water in their environments.

Endocrine function

Besides waste excretion and homeostasis regulation, the kidney has an endocrine function.

Several hormones and enzymes are produced in the kidney that can either function within or outside this organ. Renin evolved in teleost fish and is conserved in amniotes. The reninangiotensin system in known to stimulate sodium-proton exchange through either the release of aldosterone (from the adrenal gland), which regulates sodium reabsorption in the distal tubule and collecting duct cells; or affecting the filtrate's volume whilst controlling the resistance of afferent and efferent glomerular arterioles [START_REF] Braun | Comparative renal function in reptiles, birds, and mammals[END_REF][START_REF] Dantzler | Regulation of renal proximal and distal tubule transport: sodium, chloride and organic anions[END_REF].

Urodilatin, a member of the atrial natriuretic peptide (ANP) family, is produced and secreted within the kidney. This hormone has been found in amniotes though its action has only been studied in mammals. Urodilatin prevents sodium transport in case of excess in the body. It has a paracrine action since it is produced by cells of the distal tubules yet inhibits sodium reabsorption in the collecting ducts [START_REF] Braun | Comparative renal function in reptiles, birds, and mammals[END_REF][START_REF] Dantzler | Regulation of renal proximal and distal tubule transport: sodium, chloride and organic anions[END_REF]. Dopamine is also produced within the kidney. In mammals, it contributes to the intrarenal loss of sodium (natriuresis) by decreasing sodium reabsorption in the proximal tubules. At the same time, it also provokes dilatation of arterial vasculature consequently increasing blood flow [START_REF] Braun | Comparative renal function in reptiles, birds, and mammals[END_REF]. Kallikreins are part of the serine protease family produced by the kidney. Upon cleavage of their substrate (kininogen) in the connecting and collecting ducts, bradykinin, the active end product is produced. Bradykinin, in turn, counterbalances the effect of the reninangiotensin system, meaning it causes a loss of sodium. Kallikrein system is conserved not only in amniotes but also in freshwater fish, lungfish, and amphibians [START_REF] Masini | The Kallikrein-Kinin and Renin-Angiotensin Systems in the Kidney of an African Lungfish,Protopterus annectens[END_REF][START_REF] Richards | Tissue kallikreins in evolutionarily diverse vertebrates[END_REF]. Large amounts of prostaglandins (acidic lipids) are produced in the endothelial cells from cortical arteries and arterioles as well as in interstitial cells from the collecting ducts. These molecules are known to enhance microvascular permeability and vasodilation, thus counterbalancing the renin-angiotensin system. PGs are present in reptiles

and birds yet their action has only been well described in mammals. Erythropoietin (EPO), the major hormone that regulates proliferation and maturation of red blood cells (erythrocytes), is also produced mainly in the kidney in response to oxygen tension. Finally, a form of vitamin D (1,25-dihydroxycholecalciferol) is produced in the proximal tubule of the mammalian nephron to regulate calcium reabsorption in the bones.

Vertebrate kidney organization and function 1.3.1 Larval nephron organization and function in non-amniotes:

1.

Xenopus pronephros

The Xenopus pronephros is the first and functional embryonic kidney that controls the tadpole's solute and fluid balance. It is composed of a simple nephron whose vascularized filtration unit is not directly merged into the pronephric tubule, meaning it is non-integrated.

This larval nephron can recapitulate the patterning and segmentation of other vertebrate nephrons (Lienkamp, 2016) and is composed of three major domains: 1) the glomus that is the vascular structure or filtration unit of the pronephros, it projects into a specialized compartment of the coelom known as nephrocoel.

2) The pronephric tubule that is formed opposed to the glomus, is the place where the molecules of the filtrate are reabsorbed into the bloodstream.

3) The duct that communicates with the exterior enabling the disposal of the remaining waste products [START_REF] Brandli | Towards a molecular anatomy of the Xenopus pronephric kidney[END_REF]Desgrange and Cereghini, 2015;[START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF].

Figure 2. The Xenopus pronephros and its cell types

A. Distinct pronephros segments: proximal tubule (PT, yellow; PT1, PT2, and PT3), intermediate tubule (IT,green;IT1 and IT2), distal tubule (DT, orange; DT1 and DT2), and connecting tubule (black). The nephrostomes (NS) are ciliated peritoneal funnels that connect the coelomic cavity (C) to the nephron. B. Scheme of cell types from the amphibian pronephric tubule (1); proximal/intermediate tubule (2); distal tubule (3), and nephric duct (4). BB, basal body; BM, basement membrane; BRB, brush border; CI, cilium; ER, endoplasmic reticulum; GO, Golgi complex; M, mitochondria; MV, microvilli; N, nucleus; NO, nucleolus; SR, striated rootlet. Adapted after [START_REF] Mobjerg | Morphology of the kidney in larvae of Bufo viridis (Amphibia, Anura, Bufonidae)[END_REF]Raciti et al., 2008) The glomus is vascularized by the dorsal aorta and extends into the nephrocoel, the filtration chamber of the pronephros. Its structural and molecular characterization, as well as gene expression, is similar to the mammalian glomeruli (White et al., 2010). The glomus serves as a molecular filter. It is mainly required to eliminate water excess and to osmoregulate in a dilute freshwater environment [START_REF] Takahashi-Iwanaga | Comparative anatomy of the podocyte: A scanning electron microscopic study[END_REF]. These functions are possible thanks to the unique features of the pronephric glomerular epithelia [START_REF] Fox | The amphibian pronephros[END_REF]White et al., 2010;[START_REF] Zhou | Proximo-distal specialization of epithelial transport processes within the Xenopus pronephric kidney tubules[END_REF]). The glomus is not surrounded by a double-layered capsule like in the mesonephros nephrons [START_REF] Mobjerg | Morphology of the kidney in larvae of Bufo viridis (Amphibia, Anura, Bufonidae)[END_REF]. Although the elongated mass of capillary loops is surrounded by epithelial cells similar to the visceral layer of the Bowman's capsule, parietal epithelial cells are yet not described in the pronephric glomus (Wessely and Tran, 2011). In contrast, highly specialized epithelial cells required for kidney filtration named podocytes are found specifically in the pronephric glomus (White et al., 2010). Podocytes form extensive foot processes to establish intercellular filtration slits between their interdigitations (See Figure 3. Comparative anatomy of the podocyte ). Filtration slits are sieve-like structures bridged by a diaphragm, which prevent large molecules to exit the bloodstream [START_REF] Gerth | Nephrin expression and three-dimensional morphogenesis of the Xenopus pronephric glomus[END_REF][START_REF] Takahashi-Iwanaga | Comparative anatomy of the podocyte: A scanning electron microscopic study[END_REF]White et al., 2010). Besides podocytes other cell types have been described in the Xenopus glomus, like fenestrated endothelial cells that form capillary bundles [START_REF] Doherty | A flk-1 promoter/enhancer reporter transgenic Xenopus laevis generated using the Sleeping Beauty transposon system: an in vivo model for vascular studies[END_REF] and mesangial-like cells probably involved in the maintenance of the glomus' dimensional structure [START_REF] Takahashi-Iwanaga | Comparative anatomy of the podocyte: A scanning electron microscopic study[END_REF]. Regarding the protein content, filtration slit specific proteins namely: Nphs1 (Nephrin), Kirrel (Neph1), Nphs2 (Podocin), and Mafb (Kreisler) (White et al., 2010) are prominently located in the Xenopus glomus.

From the glomus, the ultrafiltrate is collected in the nephrocoel and then is swept into the pronephric tubule by thin ciliated nephrostomal funnels, refered as nephrostomes [START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF]. In Xenopus, three nephrostomes link the pronephric tubule to the nephrocoel. The nephrostomes are thinner than the three broader branches of the pronephric tubule connected to them. The low cuboidal epithelium of the nephrostomes is completely lined with cilia extending all along the funnel [START_REF] Mobjerg | Morphology of the kidney in larvae of Bufo viridis (Amphibia, Anura, Bufonidae)[END_REF]. By ciliary action, the fluids are moved into the tubular epithelia where selective reabsorption of nutrients and salts takes place [START_REF] Brandli | Towards a molecular anatomy of the Xenopus pronephric kidney[END_REF]) [START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF].

Figure 3. Comparative anatomy of the podocyte

Podocytes viewed by scanning electron microscopy (SEM). Freeze-fractured specimens showing free surfaces of podocytes in a lamprey (1), a carp (2), an eel (3), a bullfrog (4), an iguana (5), and a rat (6).

The podocytes radiate long processes from a round cell body (P) and embrace glomerular capillaries. Arrows indicate pedicel interdigitation between adjoining podocytes. Scale bar 5µM. [START_REF] Takahashi-Iwanaga | Comparative anatomy of the podocyte: A scanning electron microscopic study[END_REF] The pronephric tubule is divided into four major domains: proximal tubule, intermediate tubule, distal tubule, and connecting tubule (See Figure 2. The Xenopus pronephros and its cell types). The segmental organization of the nephron is based on either distinct cellular morphologies [START_REF] Mobjerg | Morphology of the kidney in larvae of Bufo viridis (Amphibia, Anura, Bufonidae)[END_REF] or gene expression profiles that define each segment's dedicated function (Raciti et al., 2008;[START_REF] Zhou | Proximo-distal specialization of epithelial transport processes within the Xenopus pronephric kidney tubules[END_REF]. In Xenopus, the proximal tubule is divided into three segments (PT1, PT2, and PT3), the intermediate tubule into two segments IT1 and IT2 and the distal tubule is also composed of two segments DT1 and DT2.

The collecting duct does not appear to be further subdivided into distinct segments (Raciti et al., 2008).

The proximal tubule is constituted by columnar epithelia with a single central cilium and solid brush borders consisting of branching cylindrical microvilli [START_REF] Mobjerg | Morphology of the kidney in larvae of Bufo viridis (Amphibia, Anura, Bufonidae)[END_REF]Raciti et al., 2008). PT1 and PT2 correspond to the early proximal convoluted segment, whereas the late straight proximal segment corresponds to PT3 [START_REF] Zhou | Proximo-distal specialization of epithelial transport processes within the Xenopus pronephric kidney tubules[END_REF]. Proximal tubule subdomain PT1 shows predominant expression of the genes from the solute carrier (Slc) gene family slc7a7 and slc7a8 (Raciti et al., 2008). The expression of these well-described cationic amino acid transporters [START_REF] Torrents | Identification and characterization of a membrane protein (y+L amino acid transporter-1) that associates with 4F2hc to encode the amino acid transport activity y+L. A candidate gene for lysinuric protein intolerance[END_REF], seems to be in agreement with the mammalian proximal tubule function as the major site of sodium, amino acid, and glucose reabsorption [START_REF] Silbernagl | The renal handling of amino acids and oligopeptides[END_REF]. Two genes, namely slc25a10 and slc26a11, are exclusively expressed in PT2, slc1a1 and slc7a13 are confined to PT3 (Raciti et al., 2008). Such specific segment marker expression is consistent with the morphology of the proximal tubule. An ill-defined capillary network between the tubules known as the pronephric sinus allows venous blood vessels arising in close proximity to the cardinal vein to penetrate the convoluted segments of the proximal tubule, PT1. PT1 connects the nephrostomes to a single proximal segment PT2.

The most distal region of the proximal tubule PT3 appears like a protrusion that is also known as the broad or common tubule. Once the selective reabsorption occurs, solutes return to the circulatory system while the wastes pass into the duct for their subsequent excretion [START_REF] Silbernagl | The renal handling of amino acids and oligopeptides[END_REF][START_REF] Zhou | Proximo-distal specialization of epithelial transport processes within the Xenopus pronephric kidney tubules[END_REF]. The proximal tubule of the Xenopus pronephros shows structural and functional conservation with the mammalian proximal tubule. Molecular evidence supporting this is the expression in this tissue of transporters that control the uptake of: glucose (members of the slc2 and scl5 gene families), amino acids (slc1, slc3, slc7, slc17, slc36, and slc38), peptides (slc15), bicarbonate (slc4), acetyl-coenzyme A (slc33), nucleosides (slc28 and slc29), vitamins (slc19 and slc23), and metal ions (slc30, slc31, and slc39).

Moreover, expression of genes encoding transporters like rhbg/slc42a2, slc22, and slco, suggest functional conservation of the proximal tubule as the site of ammonia and production and secretion of organic anions and cations (Raciti et al., 2008). Furthermore, the cuboidal to cylindrical cells present in these tubular epithelia contain a relatively large number of lipid droplets [START_REF] Mobjerg | Morphology of the kidney in larvae of Bufo viridis (Amphibia, Anura, Bufonidae)[END_REF]. This indicates a role as lipid and cholesterol recovery of the filtrate [START_REF] Gérard | ESQUISSE D'UNE HISTOPHYSIOLOGIE COMPARÉE DU REIN DES VERTÉBRÉS[END_REF]. Lastly, there is evidence indicating the involvement of endocytic transport in this tubule segment. Endocytic receptor genes encoding for megalin/LRP2, cubilin, and amnionless, are expressed in the proximal tubule [START_REF] Christensen | Gene expression analysis defines the proximal tubule as the compartment for endocytic receptormediated uptake in the Xenopus pronephric kidney[END_REF].

The pronephros intermediate tubule comprises the tubular portion between the proximal and the distal tubule. The epithelium of the intermediate tubule in the amphibian pronephros is not different from that of the proximal tubule [START_REF] Mobjerg | Morphology of the kidney in larvae of Bufo viridis (Amphibia, Anura, Bufonidae)[END_REF]. The intermediate tubule is an S-shaped structure that seems to be specialized in the reabsorption of minerals and ions (Desgrange and Cereghini, 2015). It is comprised of two segments IT1 and IT2, both characterized molecularly by the expression of the thiamine transporter slc19a2. (Raciti et al., 2008) In the mammalian metanephric kidney the intermediate tubule gives rise to the thin limbs of the Henle's loop, which are necessary to concentrate the urine in a terrestrial environment [START_REF] Kriz | CHAPTER 20 -Structural Organization of the Mammalian Kidney[END_REF]. The Xenopus pronephros rather produces very diluted urine in freshwater that is hypo-osmotic to the blood plasma [START_REF] Kriz | CHAPTER 20 -Structural Organization of the Mammalian Kidney[END_REF]. Some genes specific to thin limbs of Henle like aquaporin1 (Aqp1), and Slc14a2 the UT-A2 splice variant of the urea transporter, are not detected in the Xenopus intermediate tubule, but others like claudin 8 (Cldn8) and the kidney-specific chloride channel (Clcnka) are (Raciti et al., 2008). Distal tubule marker genes like slc12a1, slc12a6, and kcnj1 show overlapping expression in the intermediate tubules, thus, suggest an evolutionary role in the reabsorption of salts and ions (Raciti et al., 2008). The distal tubule does not have brush borders on the apical surface but rather dispersed, small, and irregular microvilli and a single cilium. The lateral and basal membranes are considerably folded [START_REF] Mobjerg | Morphology of the kidney in larvae of Bufo viridis (Amphibia, Anura, Bufonidae)[END_REF].

Concerning its molecular characterization, the intermediate tubule expresses the same set of genes found in the mammalian nephron like Na-K-Cl transporter slc12a1 (nkcc2) found in the Xenopus DT1 restricted to the mammalian Thick ascending limb (TAL) and slc12a3 (NCC) expressed in the Xenopus DT2 and the mammalian distal straight tubule (Desgrange and Cereghini, 2015;[START_REF] Kriz | CHAPTER 20 -Structural Organization of the Mammalian Kidney[END_REF]Raciti et al., 2008) respectively. The Xenopus connecting duct is the link between the pronephric tubule and the cloaca (Raciti et al., 2008).

The epithelial structure of this compartment is formed by low cylindrical epithelial cells that resemble the distal tubule's [START_REF] Mobjerg | Morphology of the kidney in larvae of Bufo viridis (Amphibia, Anura, Bufonidae)[END_REF]. As in the mouse it shows expression of sodium/calcium exchangers like slc16a7 and slc8a1, as well as the zinc transporter slc30a8, and tight junction markers e.g. calb1, clcnk, and kcnj1 (Desgrange and Cereghini, 2015;Raciti et al., 2008). Modified from: (Desgrange and Cereghini, 2015;[START_REF] Wingert | The zebrafish pronephros: a model to study nephron segmentation[END_REF] 1.

Zebrafish pronephros

Zebrafish embryos possess a simple pronephros that comprises two nephron tubules attached at their anterior end to a single vascularized glomerulus. The Zebrafish glomerulus is composed of fenestrated endothelial cells and podocytes with extensive interdigitating foot processes [START_REF] Drummond | Zebrafish kidney development[END_REF]. These podocytes express hallmark markers of the slit diaphragm like podocin and nephrin. Regarding the nephric tubule, as in Xenopus it can be subdivided into discrete regions. The expression profiles of these regions resemble those of the metanephric nephrons [START_REF] Wingert | The cdx genes and retinoic acid control the positioning and segmentation of the zebrafish pronephros[END_REF]. Functional genomic-based analyses of differentiated renal cell types' markers recently redefined the organization of the Zebrafish pronephros. A previously considered tubule portion has been reclassified as a neck segment, while a long stretch of tubular epithelium traditionally considered as duct has been subdivided into two proximal tubule segments (proximal convoluted tubule (PCT) and proximal straight tubule (PST), two distal tubule segments (distal early (DE) and distal late (DL)), and a short duct [START_REF] Wingert | The zebrafish pronephros: a model to study nephron segmentation[END_REF][START_REF] Wingert | The cdx genes and retinoic acid control the positioning and segmentation of the zebrafish pronephros[END_REF].

The neck represents a segment similar to the neck described in the adult kidneys of other teleost consisting of low cuboidal cells with apical cilia and few vacuoles [START_REF] Kamunde | Fine structure of the nephron in the euryhaline teleost, Oreochromis niloticus[END_REF]. It expresses a marker of ciliated cells rfx2, suggesting the presence of ciliated cells in the neck fragment [START_REF] Wingert | The cdx genes and retinoic acid control the positioning and segmentation of the zebrafish pronephros[END_REF]. The PCT is basically a coiled loop on each side of the glomerulus that displays high columnar epithelial cells with a well-developed apical brushed border [START_REF] Drummond | Zebrafish kidney development[END_REF]Kriz and Kaissling, 2013a). PCT in zebrafish expresses transporters necessary for acid-base homeostasis like slc4a2, slc4a4, and slc9a3, in addition to markers of glucose and amino acids reabsorption like sglt and endocytic receptors (involved in metabolite uptake) like megalin and cubulin [START_REF] Anzenberger | Elucidation of megalin/LRP2-dependent endocytic transport processes in the larval zebrafish pronephros[END_REF][START_REF] Christensen | Gene expression analysis defines the proximal tubule as the compartment for endocytic receptormediated uptake in the Xenopus pronephric kidney[END_REF][START_REF] Wingert | The zebrafish pronephros: a model to study nephron segmentation[END_REF]. PST does not have a well-developed endocytic apparatus, [START_REF] Kamunde | Fine structure of the nephron in the euryhaline teleost, Oreochromis niloticus[END_REF], yet like PCT it possesses apical microvilli [START_REF] Drummond | Early development of the zebrafish pronephros and analysis of mutations affecting pronephric function[END_REF]. Furthermore, PST segment shows expression of slc13a3 and trpm7

sulfate and calcium transporters respectively [START_REF] Drummond | Zebrafish kidney development[END_REF]. The discontinuous pattern of expression of these markers reflects the presence of multiciliated cells specialized for fluid propulsion and of transporting epithelial cells involved in filteredblood solutes' absorption in the segment [START_REF] Liu | Notch signaling controls the differentiation of transporting epithelia and multiciliated cells in the zebrafish pronephros[END_REF]. Distal segments, on the other hand, are composed of low columnar cells with few microvilli and large basolateral membrane infoldings associated with mitochondria [START_REF] Kamunde | Fine structure of the nephron in the euryhaline teleost, Oreochromis niloticus[END_REF]. DE expresses nkcc2 like the TAL portion of the mammalian distal tubule and the Xenopus DT1. In contrast, DL expresses markers specifically found in the mammalian Distal convolted tubule (DCT) like slc12a3 (that fine-tunes sodium and chloride absorption) and in collecting ducts such as clck, slc12a3, and cldn8 [START_REF] Wingert | The zebrafish pronephros: a model to study nephron segmentation[END_REF][START_REF] Wingert | The cdx genes and retinoic acid control the positioning and segmentation of the zebrafish pronephros[END_REF]. The presence of these markers suggests a role of the distal segments as "diluting segments" since they can reduce the osmolarity of the urinary filtrate [START_REF] Drummond | Zebrafish kidney development[END_REF][START_REF] Igarashi | Cloning, embryonic expression, and alternative splicing of a murine kidney-specific Na-K-Cl cotransporter[END_REF].

Furthermore, the absence of a thin limb segment in the Zebrafish pronephros is in relation to renal function in freshwater fish, since they do not require conserving water and urine. The distal tubule also posses a cluster of cells known as the Stannius corpuscle (CS) situated in the same region as the macula densa of the mammalian nephron. The cells constituting the CS constitute endocrine glands necessary for the maintenance of calcium homeostasis. Although there is no corresponding structure in mammals, studies performed in the eel suggest a potential evolutionary link between the CS and the macula densa as regulators of arterial pressure [START_REF] Butler | Response by the corpuscles of Stannius to hypotensive stimuli in three divergent rayfinned fishes (Amia calva, Anguilla rostrata, and Catastomus commersoni): cardiovascular and morphological changes[END_REF]. The collecting duct PD is a single short segment that connects to the cloaca. It is demarcated by the expression of gata3 [START_REF] Wingert | The zebrafish pronephros: a model to study nephron segmentation[END_REF][START_REF] Wingert | The cdx genes and retinoic acid control the positioning and segmentation of the zebrafish pronephros[END_REF] and like in Xenopus it lacks significant segment expressing markers found in the mammalian duct (See Figure 4. Vertebrate nephrons share a similar segmentation pattern). Which is consistent with a two nephron system in the Xenopus and Zebrafish pronephros whose architectures do not require an intricate collective system enabling a proper funneling of wastes coming from thousands of nephrons, like mammalian kidneys [START_REF] Wingert | The zebrafish pronephros: a model to study nephron segmentation[END_REF].

Adult kidney in amniotes: the example of mammals 1.3.2.1 Anatomy of the kidney

The metanephros is the adult kidney in amniotes. The human kidney has been largely used as a reference to study its anatomical features (See Figure 5. Anatomy of the mammalian kidney).

In this species, the kidneys comprise two bean-shaped purplish red color organs that are part of the urinary system. They are responsible for producing urine, which is conducted to the bladder through the excretory ducts: renal chalices, renal pelvis, and ureters, to finally be evacuated to the outside through the urethra.

In the human kidney 3 regions can be detected from the outside inwards: the renal capsule, the renal parenchyma, and the renal pelvis. The most external region is the renal capsule; it comprises a fibrous sheath of connective tissue covering the adipose capsule surrounding the kidney and the adrenal gland. The middle region or renal parenchyma is subdivided into the renal cortex (located at the periphery) and the renal medulla (central location). The renal cortex is the structure immediately below the renal capsule that contains the renal corpuscles, blood vessels, and cortical collecting ducts. The renal medulla is composed of triangular areas called renal or Malpighian pyramids. Each one of these with its surrounding cortical tissue composes a renal lobe (7-18 lobes can be found per kidney). These pyramids face on one end the renal capsule while their vertexes reach the calyxes that transport urine into a funnelshaped structure known as the renal pelvis. This last structure narrows medially and is followed by the ureter.

The metanephric kidney is a well-irrigated organ. The renal artery emerges from the abdominal aorta and divides into segmental arteries that enter the renal parenchyma through their terminal branches; further branching generates interlobular arteries that penetrate renal columns until the cortex. These last ones, branch into arcuate arteries that give rise to cortical radiate arteries that originate in turn, the afferent arterioles of the glomeruli. Glomerular capillaries fuse to the efferent arterioles. Peritubular capillaries and straight arterioles are vessels that surround the tubules thus allowing reabsorption and secretion. Finally the blood returns from the kidney through the venous system [START_REF] Aranalde | Fisiología renal[END_REF]. Within the cortex a dashed line delineates a medullary ray. Adapted after: [START_REF] Davidson | Mouse kidney development[END_REF][START_REF] Koeppen | Structure and Function of the Kidneys[END_REF] 

Metanephric nephron organization and function in amniotes: the example of mammals

The first appearance of the metanephric kidney occurs in reptiles. They reptilian kidney is more complex than the amphibian yet it does not display a distinct cortex and medulla.

Nephrons are oriented in a right angle to the long axis of the kidney and are organized in lobes. By contrast the avian kidney, show cortical and medullary regions. This difference is

given by the appearance of the Henle's loop during evolution leading to an imposed radiating pattern around the collecting ducts and the vascular system [START_REF] Braun | Vertebrate Renal System[END_REF]. The mammalian metanephric kidney has a deep medullary area compared to birds generated by long Henle's loops and collecting ducts contributing to the pyramid shape of the kidney [START_REF] Braun | Vertebrate Renal System[END_REF].

The mammalian nephron is composed of 8 constitutive parts: 1) a filtering unit named renal corpuscle, 2) the neck that connects the glomerulus to 3) the proximal convoluted tubule or PCT (subdivided into 2 segments PS1 and PS2), followed by 4) the straight portion of the proximal tubule PST or S3. The loop of Henle connects the proximal tubule with the distal portion. It is further divided into 5) the descending thin limb (DTL), and 6) the thick ascending limb (TAL). The distal tubule comprises not only the TAL but also 7) the macula densa and 8) the distal convoluted tubule (DCT). Finally, the connecting tubule links the nephron to the collecting duct (See Figure 5. Anatomy of the mammalian kidney).

The nephrons are located within the mammalian kidney in a characteristic position, with the corpuscles and the PCT in the cortex The loop of Henle, penetrates the medullary pyramid through the medullary ray, forms a kind of hook inside the medulla and returns to the cortex by the same medullary ray [START_REF] Aranalde | Fisiología renal[END_REF]. The straight portion of each distal tubule that reenters the cortex passes next to its renal corpuscle of origin, forming the macula densa of the distal tubule and then continues as a DCT. Nephrons can be classified either by the length of their Henle's loop into short and long or by the position of the renal corpuscle within the cortex into superficial, mesocortical, and juxtaglomerular/juxtamedullar. They drain into a complex system of collecting ducts. Cortical nephrons are emptied individually into a terminal collecting duct, yet juxtaglomerular nephrons drain into arcuate collecting ducts that go through the surface of the cortex and enter the medullar ray. Once these collecting duct cross the medullar ray and the pyramid, they end up forming several large collecting ducts at the apex of the pyramid [START_REF] Aranalde | Fisiología renal[END_REF]Kriz and Kaissling, 2013a).

In mammals the nephron begins with a renal corpuscle localized in the cortex. This structure constitutes a tuft of specialized capillaries inside a doubled wall capsule located at the edge of the renal tubule (See Adapted after [START_REF] Koeppen | Structure and Function of the Kidneys[END_REF] At the urinary pole the Bowman's space opens into the lumen of the proximal tubule. Such transition is given by a neck segment that varies among species and that in humans is coated by a simple squamous epithelium [START_REF] Aranalde | Fisiología renal[END_REF]. The proximal tubule lined by cells that form a brush border at the apical pole and complex interdigitating folding of the basolateral plasma membrane. The amplified surface matches a high transcellular solute transport rate. In addition, this structure is characterized by the expression of solute transporters and tight junction elements (Desgrange and Cereghini, 2015;Kriz and Kaissling, 2013a) 2), and amino acid transport (evidenced by the presence of peptide carriers like PEPT1) (Kriz and Kaissling, 2013a).

The intermediate tubule or Henle's loop comprises thin tubular portions connecting proximal and distal tubules (Kriz and Kaissling, 2013a). This structure plays an important role in urine concentration acting as a countercurrent multiplier system [START_REF] Aranalde | Fisiología renal[END_REF]. junctions. This epithelia does not express neither water nor urea permeable, however, it highly permeable to Cl+ and Na+, since it delimits the abrupt beginning of chloride channels expression (clcnk) (Desgrange and Cereghini, 2015;Kriz and Kaissling, 2013a) The distal tubule is composed of three regions the distal straight tubule, the macula densa, and the DCT. The distal straight tubule corresponds to the TAL (See from where the tubule originated [START_REF] Aranalde | Fisiología renal[END_REF]. The cells of the straight tubule have an irregular shape, with very few microvilli on their cell surface, and interdigitations extending from the lumen to the basal region. TAL has low water permeability, which is very important to keep the luminal content hypotonic compared to blood. This segment is essential for urine concentration by salt reabsorption (via NKCC2 and CIC-K), for acid-base homeostasis (via sodium/hydrogen exchangers like NHE2 and NHE3), as wells as for Mg2+ and Ca2+ recovery (facilitated by tight junction proteins like claudins) (Kriz and Kaissling, 2013a).

Upon the return of the distal tubule to the cortex, the walls of the distal tubule run adjacently to the efferent arteriole, the extraglomerular mesangium and the afferent arteriole. Such association denominated the juxtaglomerular apparatus, whilst the region of the distal tubule involved in it is known as macula densa. The DCT is shorter than the proximal; yet, there is an increased epithelial height. DCT cells do not show brush border, they exhibit interdigitations at the basal region, and have some microvilli at the apical portion [START_REF] Aranalde | Fisiología renal[END_REF]. Active ion transport continues in this tubule segment through the participation of Na-K-ATPase, thiazide-inhibitable sodium chloride co-transporter (NCC) and the transient receptor potential channel melastatin subtype 6 (TRPM6) (Kriz and Kaissling, 2013a). Adapted after (Kriz and Kaissling, 2013b) The connective tubule epithelia resemble that of the DCT. By contrast segment specific connecting tubule cells display at their apical plasma membrane TRPV5 (calcium channel)

and ENaC (amiloride-sensitive epithelial sodium channel). In addition, rats, mice, and human display vasopressin-regulated water channel, aquaporin-2 (AQP2). The succeeding structure is the collecting duct. Clear cubic cells line the collecting duct. These cells with narrowly arranged interdigitations of uniform height are at the basal region bear short microvilli at the apical zone. In contrast, to the TAL and the DCT the collecting duct epithelia are waterpermeable. Collecting duct cells consistently express the amiloride-sensitive Na-channel (ENaC) together with the vasopressin-regulated water channel AQP2. Accordingly, the connective tubule and the collecting duct have overlapping functional features such as calcium, sodium, potassium, and water reabsorption (Kriz and Kaissling, 2013a).

Adaptations to either aquatic or terrestrial life generated a variable complexity along the kidney structures' evolution. Despite this, overall nephron segment organization and function is clearly conserved among vertebrates.

The Xenopus pronephros as a model of conserved vertebrate nephrogenesis

Renal embryogenesis is based on the assumption that three spatially distinct kidney-structures develop successively with increasing complexity: the pronephros, the mesonephros, and the metanephros [START_REF] Saxen | Early organogenesis of the kidney[END_REF]. The basic functional unit of all kidney structures, the nephron, is evolutionarily conserved in its essential features (organization, structural proteins, and signaling pathways patterns) in all vertebrates (Wessely and Tran, 2011).

The pronephros referred as the first and most primitive embryonic kidney, is commonly described as "vestigial" or "non-functional" in mammals [START_REF] Goodrich | Studies on the structure & development of vertebrates[END_REF]. Its formation is thought to be crucial for the development of the subsequent kidney structures meso-and metanephros. However, recent publications deny the existence of pronephros in human embryos and claim it is completely untraceable [START_REF] De Bakker | The Pronephros; a fresh perspective[END_REF]. Although the pronephros is a subject of discussion for mammals, it is present and functional in animals that spend their larval stages in aquatic environments, like fish and amphibians (Vize et al., 2003a). In these organisms the pronephros is absolutely required for their survival, thanks to it they can excrete large amounts of dilute urine and thus allow water balance, otherwise, they will die from a condition known as edema (Vize et al., 2003a).

Acquisition of more complex kidney structures, from an evolutionary perspective, agrees with the water to terrestrial environment transition. In lower vertebrates with aquatic larvae like Xenopus and Zebrafish, the pronephric kidney serves as a water excretory organ that prevents the embryo to die from edema. The mesonephric kidney appears as these animals grow or metamorphose. This organ probably evolved in response to the increase in body mass and its associated factors such as increased blood pressure. Lastly, given its unique ability to concentrate urine and preserve water, the metanephric kidney represents a powerful adaptation that allowed amniotes to live and breed in land [START_REF] Davidson | Mouse kidney development[END_REF][START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF].

The different kidney structures (pro-meso and metanephros) are composed of similar cell types and accomplish common renal functions. It is not surprising to find common gene functions involved in the formation of one kidney type that can be also re-used in others.

Therefore, studying gene function in one kidney structure such the Xenopus pronephros can yield useful information about genetic hierarchies involved during all forms of kidney development.

Xenopus laevis also known as the South African clawed frog is a suitable model for experimental embryology due to its unique advantages. The facility of its maintenance in the laboratory, its resistance to disease, its relatively short life cycle, and its external embryonic development helped to obtain a well-documented guide of developmental stages and presumptive territories (Nieuwkoop and Faber, 1975). Moreover, the large number and size of eggs simplifies its manipulation, namely via tissue targeted microsurgery. Likewise, multiple techniques to study gene function are possible thanks to the ease to microinject either oligonucleotides or messenger RNAs (mRNAs) into Xenopus embryos [START_REF] Kay | Xenopus laevis: Practical uses in cell and molecular biology. Injections of oocytes and embryos[END_REF]. In addition, transgenesis and genome editing are feasible in this animal model. Nevertheless, the model has some limitations. Xenopus laevis is allotetraploid and studying its genetics can be challenging. For this reason, similar amphibian models like Xenopus tropicalis with a diploid and fully sequenced genome [START_REF] Hellsten | The genome of the Western clawed frog Xenopus tropicalis[END_REF] are also available for in vivo "-omics" approaches. Because of its anatomical simplicity the Xenopus pronephros is an attractive vertebrate model to study kidney organogenesis and disease (Raciti et al., 2008).

The Xenopus pronephros has provided a significant progress in the study of both developmental and molecular events taking place during kidney development [START_REF] Jones | Xenopus: a prince among models for pronephric kidney development[END_REF].

Several inductive events, signaling pathways, and gene products similarly govern the development of the Xenopus pronephros as well as that of other vertebrate kidneys. For instance, Lhx1, Pax2/8, Osr1/2 are transcription factors (TFs) essential for renal precursors' specification in Xenopus, as well as in Zebrafish, and in mouse [START_REF] Brandli | Towards a molecular anatomy of the Xenopus pronephric kidney[END_REF]Carroll and Vize, 1999;[START_REF] Jones | Xenopus: a prince among models for pronephric kidney development[END_REF]Tena et al., 2007). In Xenopus mesodermal precursors commit into a pronephric fate during gastrulation in response to various signaling like Retinoic acid (RA), BMP (Bone Morphogenetic Protein), WnT, and FGF (Fibroblast Growth Factor) (Wessely and Tran, 2011). Several of these signaling are implicated not only in the renal precursor specification but also in renal primordium condensation of chick and mouse embryos [START_REF] Costantini | Patterning a complex organ: branching morphogenesis and nephron segmentation in kidney development[END_REF][START_REF] Dressler | The cellular basis of kidney development[END_REF]. In Xenopus, the pronephric anlage represents the first observable morphological sign of nephrogenesis [START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF]. A cluster of condensed mesodermal cells produce the tubule anlage while the adjacent layer gives rise to the glomus. The tubule anlage undergoes regionalization in order to generate the different segments of the nephron: an anterior-dorsal compartment leading to proximal tubule and a ventral-posterior compartment giving rise to the distal and connecting tubule. Lastly tubule and glomerular maturation culminate the formation of a functional nephron. Several factors involved in renal primordium regionalization, epithelialization, and terminal differentiation of tubule segments are common between Xenopus and other vertebrate species.

Morphological conservation during vertebrate nephrogenesis:

Nephrogenesis in non-amniotes: example of the Xenopus pronephros

In the Xenopus embryo the pronephros is derived from the intermediate mesoderm (IM) located between the paraxial mesoderm and the lateral plate [START_REF] Saxen | Early organogenesis of the kidney[END_REF]. Its induction by surrounding tissues starts at stage 12.5 (early neurula) [START_REF] Brandli | Towards a molecular anatomy of the Xenopus pronephric kidney[END_REF][START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF]. In Xenopus the somatic layer of the IM forms the pronephric tubule and the duct. This layer corresponds to the outer layer facing the epidermis, whereas the splanchnic layer that generates the glomus comprises the inner layer contiguous to the endodermal yolk mass. At neurula stage the renal precursors are located in a region of the dorsal lateral mesoderm known as the pronephric Kidney Field (KF). By stage 21 the somatic portion of the lateral mesoderm below somites 3 and 5 slightly condenses giving rise to the pronephric anlage [START_REF] Brandli | Towards a molecular anatomy of the Xenopus pronephric kidney[END_REF][START_REF] Nieuwkoop | Normal table of Xenopus laevis (Daudin) : a systematical and chronological survey of the development from the fertilized egg till the end of metamorphosis[END_REF][START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF]. This thickening is given by changes in cell shape and extensive cell rearrangements of pronephric precursor cells as they become more columnar [START_REF] Brandli | Towards a molecular anatomy of the Xenopus pronephric kidney[END_REF][START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF]. By stage 24, the pronephric anlage extends into a dorso-ventral direction to somite 6 [START_REF] Nieuwkoop | Normal table of Xenopus laevis (Daudin) : a systematical and chronological survey of the development from the fertilized egg till the end of metamorphosis[END_REF], establishing

the future pronephric tubule epithelia. By this stage the pronephric anlage looks like a "bump" of compacted aggregated cells, referred as the pronephric swelling. Such swelling causes the overlying ectoderm to distend. This "mass" of assembled cells might come from the outward folding of the IM that forms the outer region of the anlage, while the dorsal region of the somatic lateral plate forms the inner ventral side [START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF]. By stage 27 the pronephric anlage is found distally to the lateral plate. Since the cells have undergone mesenchymal to epithelial transition (MET), they are now arranged in a radial fashion, [START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF] forming an epithelial tubule (Desgrange and Cereghini, 2015). By stage 28 the anterior portion of the anlage becomes highly folded and a tiny lumen is first observed. This structure continues to extend caudally and by stage 32 the entire anlage is luminized [START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF]. The pronephric tubule epithelia and the pronephric duct epithelium arise from different developmental origin. The pronephric duct anlage arises from the condensation of somatic IM positioned ventrally to the pronephric tubule anlage (below somites 5-7) [START_REF] Brandli | Towards a molecular anatomy of the Xenopus pronephric kidney[END_REF][START_REF] Nieuwkoop | Normal table of Xenopus laevis (Daudin) : a systematical and chronological survey of the development from the fertilized egg till the end of metamorphosis[END_REF][START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF]. As the pronephric tubule anlage elongates, it fuses the rectal primordium by stages 36-37, to later open to the exterior via the cloaca (Desgrange and Cereghini, 2015). On the other hand, the glomus originates in the splanchnic mesoderm [START_REF] Brandli | Towards a molecular anatomy of the Xenopus pronephric kidney[END_REF], its morphogenesis starts at stages 29-30 (late tailbud).

Finally, capillaries arising from the dorsal aorta associate with cells from the future pronephric glomerular epithelia, while the nephrostomes open in the proximal region into the nephrocoel and sweep the wastes into the proximal tubule (Desgrange and Cereghini, 2015).

Once the renal cell type differentiation occurs the pronephros become functional at stage 38 (tadpole) [START_REF] Nieuwkoop | Normal table of Xenopus laevis (Daudin) : a systematical and chronological survey of the development from the fertilized egg till the end of metamorphosis[END_REF]. (Desgrange and Cereghini, 2015;[START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF] In Xenopus, the mesonephros becomes the adult kidney upon metamorphosis. Mesonephric precursors appear at the tadpole stage (stage 39), on either side of the median line between the aorta, the myotome, the medial post-cranial veins and the endoderm. Once the mesonephros anlage becomes distinguishable, mesonephric cells begin to migrate towards the pronephric collecting tubes, which serve as mesonephric ducts. By stage 45, the nephrogenic cord goes along the Wolffian ducts. Within the mesonephric primordium several cell clusters form.

Afterwards, the cells of each cluster rearrange radially, a central lumen appears, and the glomeruli form. These new tubules extend and connect to the mesonephric ducts. At stage 48, the first mesonephric nephrons become functional. Yet, renal function is still mainly assured by the pronephros that degenerates from stage 53 on. Finally, the adult mesonephros results from the reorganization of several nephrons' generations [START_REF] Nieuwkoop | Normal table of Xenopus laevis (Daudin) : a systematical and chronological survey of the development from the fertilized egg till the end of metamorphosis[END_REF].

Nephrogenesis in non-amniotes: example of the zebrafish pronephros

Renal precursors of the zebrafish embryo arise from IM. The IM is located between the posterior lateral edge and the paraxial mesoderm. In zebrafish unlike other teleost fish IM gives rises to both kidney and blood cell fates [START_REF] Kimmel | Origin and organization of the zebrafish fate map[END_REF]. Shortly after completion of epiboly around 12-post fertilization (hpf) renal precursors specification occurs. The pronephric KF in Zebrafish corresponds to a defined region of IM that expresses kidney markers with distinct overlapping anterior-posterior borders. Previous to pronephric tubule formation, the nephrogenic mesoderm is regionalized into sequential anterior to posterior subdomains [START_REF] Drummond | Zebrafish kidney development[END_REF][START_REF] Drummond | Early development of the zebrafish pronephros and analysis of mutations affecting pronephric function[END_REF]. The most proximal part corresponding to podocytes and neck cells emerge from IM adjacent to somites 3-4, whereas the first proximal tubule segment arises from the IM level with somites 5-8 [START_REF] Bollig | A highly conserved retinoic acid responsive element controls wt1a expression in the zebrafish pronephros[END_REF][START_REF] Wingert | The cdx genes and retinoic acid control the positioning and segmentation of the zebrafish pronephros[END_REF]. It is likely that most distal segments derive sequentially from more posterior domains of the IM. Differentiation of the tubular epithelium occurs through an anterior-posterior MET between 16 and 24 hpf [START_REF] Drummond | Early development of the zebrafish pronephros and analysis of mutations affecting pronephric function[END_REF]. During pronephros epithelialization, muticiliated cells interspersed with epithelial transporting cells [START_REF] Liu | Notch signaling controls the differentiation of transporting epithelia and multiciliated cells in the zebrafish pronephros[END_REF]. Moreover, establishment of cell-cell junctions are crucial for epithelial lumen formation [START_REF] Horsfield | Cadherin-17 is required to maintain pronephric duct integrity during zebrafish development[END_REF]. Similarly, cell polarity combined with the positioning of membrane transporters is important for proper kidney ion transport and function [START_REF] Drummond | Zebrafish kidney development[END_REF][START_REF] Drummond | Early development of the zebrafish pronephros and analysis of mutations affecting pronephric function[END_REF]. Regarding glomeruli formation, it occurs relatively late in development between 30-40 hpf. Two distinct lateral glomerular primordia localized under somite 3 and bound to the proximal tubule, coalesce under the notochord by stage 36-40 hpf. This fusion gives rise to a glomerulus connected by a neck to both nephrons located on each side of the embryo. Fused glomerular primordia bring presumptive podocytes into contact with endothelial cells of the overlying dorsal aorta [START_REF] Drummond | Zebrafish kidney development[END_REF][START_REF] Drummond | Early development of the zebrafish pronephros and analysis of mutations affecting pronephric function[END_REF][START_REF] Majumdar | Zebrafish no isthmus reveals a role for pax2.1 in tubule differentiation and patterning events in the pronephric primordia[END_REF]. Although glomerular filtration begins 48 hpf, full pronephros maturation occurs 4 days post fertilization (dpf) [START_REF] Kramer-Zucker | Cilia-driven fluid flow in the zebrafish pronephros, brain and Kupffer's vesicle is required for normal organogenesis[END_REF].

Figure 9. Zebrafish pronephros nephrogenesis

Adapted after (Desgrange and Cereghini, 2015) Mesonephrogenesis in zebrafish occurs around 10 dpf while undergoing from larva to juvenile postembryonic metamorphosis. Mesonephric progenitors migrate along to then fuse the pronephric tubules. At the caudal end of the swim bladder, these progenitors proliferate, aggregate into cluster and then epithelialize to form renal vesicle-like bodies. These renal vesicles elongate and fuse along the DE tubules establishing a continuous lumen. During such elongation metanephric nephron segments differentiate. Mesonephrogenesis continues throughout the life of the Zebrafish, especially during juvenile stages and early adult ages, as a response to osmoregulatory demands arising from increased body mass [START_REF] Diep | Development of the zebrafish mesonephros[END_REF][START_REF] Zhou | Characterization of mesonephric development and regeneration using transgenic zebrafish[END_REF].

Nephrogenesis in amniotes: example of the mouse metanephros

In mouse embryos the renal precursors arise at E8 from IM at the level of the presumptive somites 5-8. These cells separate away from the IM, elongate longitudinally, and undergo MET to then form the nephric duct. A couple condensations of mesenchymal cells represent pronephros precursors, however, these clusters do not further differentiate and pronephros development is aborted [START_REF] Bouchard | Functional equivalence of the transcription factors Pax2 and Pax5 in mouse development[END_REF][START_REF] Vetter | Morphogenesis and histochemistry of the developing mouse kidney[END_REF]. The most anterior portions of the nephric duct degenerate by apoptosis while the most caudal regions remain for the formation of posterior and late kidney structures meso-and metanephros. Mesenchymal cells adjacent to the nephric duct constitute the nephric cord. The nephric duct continues to elongate while inducing the condensation and differentiation of the mesonephric tubules in the nephric cord. The mouse mesonephros comprises around 18 pairs of tubules extending from level of somite 10 to 17. The most anterior (cranial) mesonephric tubules develop rudimentary glomeruli, are frequently branched, and are in continuous contact with the nephric duct. In contrast, the most caudal tubules do not fully differentiate and do not connect to the nephric duct [START_REF] Sainio | Differential regulation of two sets of mesonephric tubules by WT-1[END_REF]. The mesonephros is a transient structure that begins its degeneration at E14.5 by caudal-rostral apoptosis. In females all the mesonephros degrades whereas in males some cranial tubules contribute to reproductive system development [START_REF] Pietilä | The embryonic aorta-gonad-mesonephros region as a generator of haematopoietic stem cells[END_REF][START_REF] Pole | Patterns of apoptosis during degeneration of the pronephros and mesonephros[END_REF][START_REF] Vetter | Morphogenesis and histochemistry of the developing mouse kidney[END_REF]. In brief, mammalian embryos during their in-utero development are not exposed to the osmotic challenges of the external environment and do not rely on early pronephric and mesonephric kidneys for excretion. Although they are rudimentary short-lived structures, the development of reproductive structures and the succeeding metanephric kidney depends on them.

Metanephros development begins at E10 at the level of somite 25. This process is directed by the interactions between the ureteric bud (an outgrowth of the primary nephric duct) and the adjacent metanephric mesenchyme (subpopulation of the nephric cord). By stage E11 the ureteric bud epithelia invades the metanephric mesenchyme and by stage 11.5 it undergoes branching forming a T-shaped structure. The tips of newly formed branches are surrounded by mesenchymal cell aggregates. Some of these aggregated cells undergo MET (cap mesenchyme) whereas others contribute to the interstitial stroma. Nephrons are derived from cap mesenchyme, that form polarized renal vesicles, which are in contact with the ureteric bud epithelia on one end. Meanwhile the ureteric bud continues to branch forming new Tshaped structures with aggregates at their tips. Cell proliferation coupled with two consecutives clefts in the renal vesicle lead to the formation of comma-and-S-shaped bodies that fuse with the collecting duct epithelium. The S-shaped body shows at this stage proximaldistal patterning: cells from the proximal end of the cleft are at the origin of the glomerulus whereas the most distal region connects to the ureteric bud epithelia. Endothelial cells invade the proximal cleft initiating further glomerular development. In parallel, the S-shaped body extends and differentiates into the proximal tubule, the Henle's loop, and the distal tubule. By the end of metanephros development, around 10 thousand nephrons constitute the mouse kidney and about 1.5 millions in humans [START_REF] Davidson | Mouse kidney development[END_REF][START_REF] Dressler | The cellular basis of kidney development[END_REF]. 

Renal precursors

Proper nephrogenesis requires specification of the renal precursors [START_REF] Cebrian | The Number of Fetal Nephron Progenitor Cells Limits Ureteric Branching and Adult Nephron Endowment[END_REF].

Determining the firsts steps of pronephric fate differentiation is crucial to define the developmental processes ruling renal precursor's specification (Lienkamp, 2016). A tissue is considered as "specified" when it has the ability to properly differentiate into a particular fate when cultured under "neutral" conditions [START_REF] Slack | From Egg to Embryo: Regional Specification in Early Development[END_REF]. Brennan et al. explanted presumptive pronephric mesoderm from Xenopus embryos at different developmental stages and cultured it within two animal caps (neutral ectodermal environment). They accurately demonstrated that in Xenopus the time point for glomus and tubule cells' specification happens between stage 12 and 13, while for the collecting duct precursors at stages 13-14 [START_REF] Brennan | The specification of the pronephric tubules and duct in Xenopus laevis[END_REF][START_REF] Brennan | The specification and growth factor inducibility of the pronephric glomus in Xenopus laevis[END_REF].

Mesodermal induction and patterning

The renal precursors originate entirely from the mesoderm [START_REF] Dressler | The cellular basis of kidney development[END_REF]. Mesodermal establishment and regionalization has been a subject of intense investigation in the Xenopus model. In 1969 Nieukoop identified three distinct regions of the blastula Xenopus embryo:

animal cap, marginal zone, and vegetal region. Each of these are at the origin of the three germ layers: ectoderm, mesoderm, and endoderm respectively. The animal cap gives rise to the ectoderm, cells from the vegetal pole form endodermal tissues, yet neither of these induce mesodermal structures when cultured separately. Mesodermal induction is achieved only upon combination of both ectodermal and endodermal tissue [START_REF] Nieuwkoop | The Formation of the Mesoderm in Urodelean Amphibians : II. The origin of the dorso-ventral polarity of the mesoderm[END_REF].

In Xenopus the mesodermal germ layer specifies after zygotic transcription due to different signals and maternal determinants controlling embryonic patterning [START_REF] Heasman | Patterning the early Xenopus embryo[END_REF]. The mesoderm differentiates along the dorsal to ventral axis in the following way: the most dorsal part forms the prechordal plate and the notochord, contiguous to these are the somites that differentiate to form the future skeletal muscles, vertebral column and dermis; moving forward ventrally there is the pronephros, the lateral plate mesoderm, and finally the most ventral region corresponds to the ventral blood islands [START_REF] De Robertis | Dorsal-ventral patterning and neural induction in Xenopus embryos[END_REF]. In order to initiate pronephric lineage, it is important to establish a proper mesodermal axial patterning. At gastrula stage the Spemann's and Mangold's organizer, secretes dorsalizing signals that not only induce neuroderm but also initiate mesodermal patterning [START_REF] Spemann | Über induktion von Embryonalanlagen durch Implantation artfremder Organisatoren[END_REF]. Among the factors secreted by the organizer there are BMP antagonists such as chordin, noggin and follistatin that settle a gradient of BMP activity within the mesoderm.

BMP is crucial for ventral and posterior development; it regulates targets like ventx1.2 (Xvent1) and ventx2.2 (Xvent2) important for lateral plate and somite formation [START_REF] Onichtchouk | Requirement for Xvent-1 and Xvent-2 gene function in dorsoventral patterning of Xenopus mesoderm[END_REF]. Cells closer to the organizer tend to acquire a dorsal fate since they received low doses of BMP signaling. While cells on the opposite side of the organizer differentiate into blood islets (ventral mesoderm) due to the high exposure to BMP. IM, which is at the origin of the pronephric lineage, corresponds to cells receiving intermediate rates of BMP [START_REF] Dale | BMP signalling in early Xenopus development[END_REF][START_REF] James | Bmp signaling promotes intermediate mesoderm gene expression in a dose-dependent, cell-autonomous and translation-dependent manner[END_REF]. In addition, the organizer also secretes Wnt antagonist like Frzb1, Sfrp2 (secreted frizzled-related protein-2), Frzb2

(crescent) and Dkk1 (dickkopf-1), required for prechordal and somitic mesoderm formation respectively [START_REF] Glinka | Dickkopf-1 is a member of a new family of secreted proteins and functions in head induction[END_REF][START_REF] Kazanskaya | The role of Xenopus dickkopf1 in prechordal plate specification and neural patterning[END_REF][START_REF] Wang | Frzb-1, an Antagonist of Wnt-1 and Wnt-8, Does Not Block Signaling by Wnts -3A, -5A, or -11[END_REF]. Wnt8 is expressed in the ventral lateral marginal zone from the mid-blastula transition in response to FGF and Activin. Wnt8 plays a key role in the regionalization of this tissue as well as in specification of paraxial mesoderm [START_REF] Christian | Interactions between Xwnt-8 and Spemann organizer signaling pathways generate dorsoventral pattern in the embryonic mesoderm of Xenopus[END_REF][START_REF] Smith | Injected Xwnt-8 Rna Acts Early in Xenopus Embryos to Promote Formation of a Vegetal Dorsalizing Center[END_REF]. In sum, the organizer represents a source of diffusible dorsalizing signals that also act as repressors of ventralizing factors. Therefore, interactions between such signaling are responsible of the dorsal-ventral regionalization of the mesoderm.

Pronephric Kidney Field

In Xenopus at late gastrula/early neurula stages the renal precursors localize in the KF. The KF is characterized by the co-expression of the TF encoding genes: lhx1, pax8, osr1 and osr2 (Vize et al., 2003b). Depletion of these TFs all lead to an impaired development of the pronephros (Buisson et al., 2015;Cirio et al., 2011;Tena et al., 2007).

Pax8 and lhx1

The timing of pax8 (Xenopus paired box 8) transcriptional activation in the KF overlaps with the time at which the renal precursors specify [START_REF] Brennan | The specification of the pronephric tubules and duct in Xenopus laevis[END_REF][START_REF] Brennan | The specification and growth factor inducibility of the pronephric glomus in Xenopus laevis[END_REF]. Whole-mount in situ hybridization reveals that pax8 expression starts at late gastrula stages in two distinct populations of cells, the otic placode and pronephric precursors. This expression pattern is maintained in both structures through late tailbud stages. pax8 is neither expressed at the midhindbrain boundary (opposite to mouse and Zebrafish) nor at the thyroid gland (Carroll and Vize, 1999;[START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF]. LIM homeodomain TF Lhx1 (formerly known as Xlim1 in Xenopus laevis), is initially required for proper gastrulation movements and its expression begins in the Spemann's and Mangold's organizer region [START_REF] Hukriede | Conserved requirement of Lim1 function for cell movements during gastrulation[END_REF][START_REF] Taira | The LIM domain-containing homeo box gene Xlim-1 is expressed specifically in the organizer region of Xenopus gastrula embryos[END_REF]Taira et al., 1994b). lhx1 is expressed in three distinct cell lineages: those leading to notochord, pronephros, and the central nervous system [START_REF] Chan | A role for Xlim-1 in pronephros development in Xenopus laevis[END_REF]. By late gastrula stage it is detected in the ventral portion of the mesoderm at the origin of the lateral plate and the IM. By stage 19 such stripe of IM condenses and converges to the pronephric KF. At stage 22 lhx1 is expressed in the pronephric anlage as a broad teardrop-shaped pattern indistinguishable from pax8 (Carroll et al., 1999), suggesting that both may be cooperating in the establishment and maintenance of the pronephric mesoderm. This expression pattern is maintained through tailbud stage, and becomes more restricted to the tubules as the anlage lumenizes (Taira et al., 1994b;[START_REF] Vize | Development of the Xenopus pronephric system[END_REF].

Although lhx1 is also described as an earlier pronephric marker its expression in the presumptive pronephric region differs from pax8 (Carroll and Vize, 1999). As early as stage 12.5 expression of both lhx1 and pax8 can be detected in pronephric precursors. By stage 14 pax8 is expressed in a patch of cells below the presumptive anterior somites. Its expression domain does not extend ventrally into the lateral plate mesoderm as lhx1. Although the onset of pax8 and lhx1 expression in the mesoderm occurs at the same time, pax8 expression overlaps with lhx1 only in a dorsal subset of cells. This differential expression within the presumptive pronephric field implies that the transcription of the two genes is controlled independently (Carroll and Vize, 1999). Adapter after (Carroll and Vize, 1999) lhx1 is one of the earliest genes expressed throughout the IM from which renal precursors originate and is known to play a key role at multiple stages of kidney development [START_REF] Barnes | Embryonic Expression of Lim-1, the Mouse Homolog of Xenopus XLim-1, Suggests a Role in Lateral Mesoderm Differentiation and Neurogenesis[END_REF]Carroll and Vize, 1999;Cirio et al., 2011;[START_REF] Swanhart | Characterization of an lhx1a transgenic reporter in zebrafish[END_REF][START_REF] Tsang | Lim1 Activity Is Required for Intermediate Mesoderm Differentiation in the Mouse Embryo[END_REF].

In Zebrafish lhx1 is an early marker of mesonephros and of self-renewing adult renal progenitor cells that drive nephrogenesis [START_REF] Diep | Development of the zebrafish mesonephros[END_REF]. In mouse, Lhx1 is involved in correct KF patterning as well as in ureteric bud morphogenesis and nephric vesicle patterning [START_REF] Kobayashi | Distinct and sequential tissue-specific activities of the LIM-class homeobox gene <em>Lim1</em> for tubular morphogenesis during kidney development[END_REF][START_REF] Pedersen | Lim1 is required for nephric duct extension and ureteric bud morphogenesis[END_REF][START_REF] Shawlot | Requirement for Lim1 in head-organizer function[END_REF]. In Xenopus, overexpression of a constitutive active construct of Lhx1 (obtained by the fusion of Lhx1 Cterminal domain with the transactivation domain of the viral protein VP16) expands the expression domain of pax8 in the pronephric KF and larger differentiated tubule epithelia at late tailbud stages [START_REF] Chan | A role for Xlim-1 in pronephros development in Xenopus laevis[END_REF]Cirio et al., 2011). Lhx1 loss of function results in reduced or absent KF and inhibition of differentiated pronephric tubules. This phenotype is observed during Lhx1 depletion by an antisense oligonucleotide (Cirio et al., 2011), Crispr cas-9 knockout [START_REF] Delay | Tissue-Specific Gene Inactivation in Xenopus laevis: Knockout of lhx1 in the Kidney with CRISPR/Cas9[END_REF], and during the overexpression of Xlim-EnR, a mutant fusion of Lhx1 and the repressor domain of Engrailed (Cirio et al., 2011). Recent studies indicate that lhx1 influences pronephros specification when synergizing with the transcriptional co-activator furry (fry) by regulating miRNAs clusters which in turn allow KF establishment [START_REF] Espiritu | The Lhx1-Ldb1 complex interacts with Furry to regulate microRNA expression during pronephric kidney development[END_REF].

Several works implicate not only Lhx1 but also Pax8 in pronephros specification. The overexpression of either Pax8 or Lhx1 in the marginal zone leads to the development of enlarged pronephroi. Lhx1 over-expression in combination with Pax8 (and to a lesser extent, Pax2) in the lateral marginal zone results in the expansion of the KF, concomitant reduction of somitic genes, and formation of ectopic and enlarged pronephric tubules and ducts (Carroll et al., 1999;[START_REF] Wu | The HNF1β transcription factor has several domains involved in nephrogenesis and partially rescues Pax8/lim1-induced kidney malformations[END_REF]. Upon Pax8 knockdown lhx1 is down regulated at early tailbud stage in the pronephric anlage. Pax8 depletion does not inhibit lhx1 at neurula stage; however, hnf1b KF gene expression is severely affected. Pax8 morphants show a total absence of tubule formation. Besides, Pax8 has also been shown to control cell proliferation of pronephric precursors presumably through activation of Wnt/β-catenin pathway (Buisson et al., 2015).

These results show that Pax8 plays a key role in pronephric KF establishment. Pax functions during kidney development are further discussed in Pax TFs and kidney development.

Osr1 and 2

Osr1 and Osr2 (odd-skipped related transcription factor 1 initially called Odd1 and 2) are zinc finger-containing transcription factors required for kidney development. In chick and mouse embryos Osr1 is expressed in the IM from where renal structures derive and is maintained until kidney organogenesis occurs [START_REF] James | Odd-skipped related 1 is required for development of the metanephric kidney and regulates formation and differentiation of kidney precursor cells[END_REF][START_REF] So | Cloning and expression analysis of a mouse gene related to Drosophila odd-skipped[END_REF]. Osr2 is expressed later in the murine mesonephros and in the mesenchyme that surrounds the ducts of the developing metanephros [START_REF] Lan | Osr2, a new mouse gene related to Drosophila odd-skipped, exhibits dynamic expression patterns during craniofacial, limb, and kidney development[END_REF] [START_REF] Wang | Odd-skipped related 1 (Odd 1) is an essential regulator of heart and urogenital development[END_REF]. Osr2-/-mutants show defective craniofacial and tooth development, yet no renal phenotype is observed [START_REF] Lan | Odd-skipped related 2 (Osr2) encodes a key intrinsic regulator of secondary palate growth and morphogenesis[END_REF]. In the chick embryo overexpression of Osr1 induces ectopic expression of the nephric markers lhx1 and pax2 [START_REF] James | Odd-skipped related 1 is required for development of the metanephric kidney and regulates formation and differentiation of kidney precursor cells[END_REF]. Furthermore, Osr1 plays an important role in the establishment and maintenance of the renal progenitors' population of the metanephric mesenchyme [START_REF] James | Odd-skipped related 1 is required for development of the metanephric kidney and regulates formation and differentiation of kidney precursor cells[END_REF]Mugford et al., 2008b). (Tena et al., 2007).

Osr1
Although osr1 expression precedes osr2, both osr genes are initially detected in the IM at the end of gastrulation. During neurulation, their patterning is confined to the presumptive pronephric territory resolved in a broad expression largely overlapping that of lhx1 and pax8.

By tailbud stages osr2 is expressed in the tubules and both osr genes are detected in the ducts.

osr genes are therefore co-expressed at the time by which the KF establishes. This is consistent with both genes being required for renal precursors' specification (Tena et al., 2007). Adapted after (Tena et al., 2007) 

Signaling pathways involved in renal precursors' specification

BMP signaling

BMP antagonist Chordin is an organizer-secreted signal important for the formation of anterior somites that in turn generate secondary pronephros-inducing signals [START_REF] Mitchell | Chordin affects pronephros development in Xenopus embryos by anteriorizing presomitic mesoderm[END_REF]. In Xenopus, BMPs are expressed throughout gastrulation (phosphorylated Smad1/5 are present at high levels ventrally and at low levels dorsally) accordingly playing a crucial role during mesodermal patterning [START_REF] Faure | Endogenous patterns of TGFbeta superfamily signaling during early Xenopus development[END_REF][START_REF] Schohl | β-catenin, MAPK and Smad signaling during early <em>Xenopus</em> development[END_REF]. Alarcon and collaborators in 2008, showed that increasing BMP signaling by overexpressing an inducible Smad1 construct (Smad1GR) at stage 14 (post-gastrulation and after initial specification of renal mesoderm), causes an expansion of pax8 expression domain in the KF territory. The authors also managed to partially rescue Irx1/3 morphants displaying pax8 and lhx1

diminished expression in the KF by BMP activation between stages 14-22 (between pronephric mesoderm specification and proneprhic anlage condensation) [START_REF] Alarcon | A dual requirement for Iroquois genes during Xenopus kidney development[END_REF]. By contrast, a study done by Bracken and collaborators to assess the effect of BMP stage-dependent inhibition on pronephros development showed that BMP inhibition using

ΔSmad7tevGR or ERSmad6 at stage 14, leads to a decrease in the expression of pax8 and lhx1 along with a decreased expression of differentiated tubule marker genes [START_REF] Bracken | Patterning the embryonic kidney: BMP signaling mediates the differentiation of the pronephric tubules and duct in Xenopus laevis. Developmental dynamics : an official publication of the[END_REF]. Outstandingly, inhibition of BMP signaling at the onset (stage 10.5) and after gastrulation (stage 12.5) results in a dramatic reduction in the expression of markers of the tubules (3G8), glomus (wt1), and duct (lhx1) [START_REF] Bracken | Patterning the embryonic kidney: BMP signaling mediates the differentiation of the pronephric tubules and duct in Xenopus laevis. Developmental dynamics : an official publication of the[END_REF]. These results suggest that BMP signaling is implicated in the specification of pronephric precursors.

Wnt signaling

Several studies suggest that pronephric induction from IM is given by signal coming from the anterior somites [START_REF] Chapman | Impaired intermediate formation in mouse embryos expressing reduced levels of Tbx6[END_REF][START_REF] Mauch | Signals from trunk paraxial mesoderm induce pronephros formation in chick intermediate mesoderm[END_REF][START_REF] Mitchell | Chordin affects pronephros development in Xenopus embryos by anteriorizing presomitic mesoderm[END_REF][START_REF] Seufert | Developmental basis of pronephric defects in Xenopus body plan phenotypes[END_REF]. The Holtfreter Sandwich experiment consists in culturing unspecified IM alone or with anterior somite explants inside two animal caps. This experiment confirmed that somites are able to induce both proximal and intermediate/distal tubule structures from unspecified IM (Tetelin and Jones, 2010). Based on expression patterns several Wnt molecules and receptors are expressed throughout the mesoderm during gastrulation and could play a role in the specification of renal progenitor cells [START_REF] Zhang | Expression of Wnt Signaling Components during Xenopus Pronephros Development[END_REF] (Tetelin and Jones, 2010).

pescadillo ribosomal biogenesis factor 1 (pes1) and peter pan (ppan) are specifically expressed during pronephros development. Their expression at late gastrula / early neurula stage is given by Wnt4 and its potential receptor Fzd3 (Frizzled homologue 3). Depletion of either Pes1 or Ppan leads to a severe reduction of lhx1 expression in the KF and strong malformations during pronephric tubule formation. Pes1 or Ppan can interact physically and their loss of function phenotype can be rescued by overexpression of one another [START_REF] Tecza | Pescadillo homologue 1 and Peter Pan function during Xenopus laevis pronephros development[END_REF].

FGF signaling

Fgf activity is required for both the specification of dorsal mesodermal structures, such as the somites and the suppression of ventral mesodermal fates such as blood [START_REF] Kumano | Revisions to the Xenopus gastrula fate map: implications for mesoderm induction and patterning[END_REF]. In zebrafish perturbing Fgf8 signaling at the onset of gastrulation affects the number of Pax2 positive pronephric precursors [START_REF] Warga | Zebrafish Tbx16 regulates intermediate mesoderm cell fate by attenuating Fgf activity[END_REF]. In Xenopus FGF signaling is also crucial for renal specification of the IM. Previously, it has been shown in our team that Fgf4 overexpression results in a dramatically reduced pax8 and lhx1 expression in the KF and inhibition of further pronephros development. Morpholino-based Mix1/2 knockdown results in an expansion of fgf4 and fgf8 expression domains at mid-gastrula stage. Moreover, Mix1/2 influence Fgfs expression in the LMZ (at the origin of the KF). Hence, inhibition of pronephros development observed in these morphants results from an increase of FGF signals. This phenotype can be rescued by treatment with FGF receptor inhibitor SU5402 at stage 13 (mid-gastrula) (Colas et al., 2008). These results suggest exposure to FGF signaling during gastrulation is critical for renal precursors specification.

RA administration during gastrulation is known to attenuate FGF signaling [START_REF] Del Corral | Opposing FGF and Retinoid Pathways Control Ventral Neural Pattern, Neuronal Differentiation, and Segmentation during Body Axis Extension[END_REF][START_REF] Ozbudak | The vertebrate segmentation clock: the tip of the iceberg[END_REF]. Another study conducted within our team analyzed the functional interaction between RA and FGF signaling pathway, taking place previous to KF establishment. Inhibition of FGF activity (by SU5402) at mid gastrula stage did not have any effect on the expression of major RA targets like hoxa1 in the LMZ, suggesting that Fgf is not antagonizing RA. However, RA down-regulation in LMZ explants affects the expression of mkp3, MKP3 is a phosphatase of Erk kinase belonging to the FGF signaling pathway.

Inversely, mkp3 expression is strongly up regulated in response to exogenous RA. Moreover, MKP3 knockdown inhibits pax8 and lhx1 expression in the KF and impairs further pronephros development (Le Bouffant et al., 2012). Therefore, it appears that FGF and RA signaling cooperate during pronephric precursors' specification.

RA signaling

A previous study done in our team reported that RA signaling is required for pronephros specification in vivo (Cartry et al., 2006). Raldh2 and RARs (RA nuclear receptors) are expressed in the mesodermal layer during gastrulation (Chen et al., 2001), by late gastrula stage their expression domains overlap with lhx1 and pax8 expression in the KF. Overexpression of a constitutively active form of RA receptor (VP16-xRARα1) leads to an enlarged pax8 pronephric expression domain. By contrast, disruption of RA signaling at late gastrula stage results in a loss of pax8 and lhx1 expression in the KF and leads to a complete absence of pronephros. The absence of pronephric KF formation is a direct consequence of impaired RA signaling in pronephros precursors. Actually, when orthotopically transplanting a combination of modified RA-receptor-deficient explants from the lateral marginal zone (LMZ) of the presumptive KF and wild type grafts from the same tissue, only control cells contribute to pronephros formation. RA receptor-deficient transplanted cells are not able to differentiate into epithelial cells of the pronephric tubules. These results imply that renal precursors in order to participate in the formation of pronephros must be able to interpret RA signals. Furthermore, pax8 and lhx1 expression during pronephros morphogenesis is not affected by RA inhibitor treatment at neurula stage 17 (when renal precursors are already specified) (Cartry et al., 2006). Therefore, RA signaling is mainly required for pronephric precursors' specification during gastrulation.

pax8 and lhx1 are responsive to exogenous RA treatment at late gastrula stage. Incubating embryos at the late gastrula stage with RA expands lhx1 expression domain in the KF even in the absence of protein synthesis. This suggests that lhx1 may be a direct target of RA previous to renal precursors specification. This is in accordance with results from Taira et al (1994),

showing that RA enhances lhx1 expression in the lateral mesoderm at late gastrula stage yielding a substantially larger KF domain (Taira et al., 1994a). However, the signaling cues controlling pax8 KF gene expression remain elusive.

Pronephros differentiation can be induced from presumptive ectodermal tissue by activin/RA treatment. Treating animal caps with activin and RA promotes the differentiation of pronephric tissue and the formation of a differentiated tubule and glomus [START_REF] Brennan | The specification and growth factor inducibility of the pronephric glomus in Xenopus laevis[END_REF]Moriya et al., 1993;[START_REF] Osafune | In vitro induction of the pronephric duct in Xenopus explants[END_REF]. During ex vivo pronephric induction KF gene expression of lhx1, osr1, osr2, and hnf1b expression is enhanced earlier than pax8 (Drews et al., 2011). The fact that pax8 pronephric expression is induced later implies an indirect regulation. 1,2) lhx1 (3,4) pax8. Fated expression in presumptive pronephric area. C. Schematics of animal caps dissection at the late blastula and activin and RA treatment promoting pronephros differentiation. D. Animal caps were cut at the late blastula stage 9 and incubated for 1.5 or 3 hours in RA (10-4M) and activin A (10 ng/ml). The mRNA levels were analyzed by quantitative RT-PCR for 5, 7 and 13 hours of induction treatment. Standard deviations from four independent animal cap pools (N = 30) are given and alterations are indicated by an upward arrow, if all four induction values were higher than one for a given probe. Adapted after (Chen et al., 2001) (Drews et al., 2011) (Cartry et al., 2006) 

Molecular conservation during the major steps of vertebrate nephrogenesis

In Xenopus, nephrogenesis initiates with renal precursors' specification followed by condensation of the pronephric anlage. Several factors and signaling pathways implicated in the establishment of the pronephric anlage in Xenopus are also involved during renal precursors' proliferation and survival at the origin of the pro-and metanephros in zebrafish and mice respectively. Wnt signaling is major actor in the induction of nephrogenesis. In Xenopus, Inhibition of Wnt/β-catenin signaling at the neurula stage (stage 16/17) leads to decreased expression of pax8 and lhx1 in the pronephric mesenchyme at stage 23 [START_REF] Lyons | Requirement of Wnt/beta-catenin signaling in pronephric kidney development[END_REF]. Likewise, in mouse, WNT9 appears to act as a paracrine signal from the ureteric bud to the metanephric mesenchyme, that triggers tubologenesis through the activation of Pax8, Fgf8, and Wnt4 in the pre-tubular aggregates [START_REF] Carroll | Wnt9b plays a central role in the regulation of mesenchymal to epithelial transitions underlying organogenesis of the mammalian urogenital system[END_REF][START_REF] Dickinson | Molecular determinants of WNT9b responsiveness in nephron progenitor cells[END_REF]. In addition, Wnt9 cooperates with Six2 to elicit metanephric progenitor cell proliferation [START_REF] Karner | Canonical Wnt9b signaling balances progenitor cell expansion and differentiation during kidney development[END_REF]. Canonical Wnt signals also promote cell division rates in the Xenopus pronephric primodium [START_REF] Mccoy | Non-canonical wnt signals antagonize and canonical wnt signals promote cell proliferation in early kidney development[END_REF]. Consistently, Wnt8a induces proliferation of renal progenitors in Zebrafish [START_REF] Naylor | Wnt8a expands the pool of embryonic kidney progenitors in zebrafish[END_REF]. Furthermore, FGF signaling also plays a critical role in the condensation of the pronephric primordium in Xenopus [START_REF] Urban | FGF is essential for both condensation and mesenchymal-epithelial transition stages of pronephric kidney tubule development[END_REF] and is required for metanephric progenitors survival [START_REF] Grieshammer | FGF8 is required for cell survival at distinct stages of nephrogenesis and for regulation of gene expression in nascent nephrons[END_REF][START_REF] Perantoni | Inactivation of FGF8 in early mesoderm reveals an essential role in kidney development[END_REF]. Moreover, BMP signaling controls Xenopus pronephric anlage formation through its target tbx2 [START_REF] Cho | Role of Tbx2 in defining the territory of the pronephric nephron[END_REF]. Similarly, metanephric progenitors' compartmentalization along with their transition to differentiated states is regulated by BMP [START_REF] Brown | Role for compartmentalization in nephron progenitor differentiation[END_REF].

Regionalization of the nephric primordium

Notch signaling and wt1 (Wilm's Tumor suppressor gene 1) are known to be the major players involved in the early regionalization of the pronephros. wt1 is expressed in the splanchnic layer of the pronephric mesoderm at stage 20; at later stages these cells undergo morphogenesis to form the glomus. wt1 cooperates with foxc2 and Notch signaling to repress tubule identity and induce the expression of podocyte markers in this tissue [START_REF] Taelman | The Notcheffector HRT1 gene plays a role in glomerular development and patterning of the Xenopus pronephros anlagen[END_REF]. Analogously, in zebrafish wt1a cooperates with foxc1 and Notch signaling during podocyte formation [START_REF] O'brien | Wt1a, Foxc1a, and the Notch mediator Rbpj physically interact and regulate the formation of podocytes in zebrafish[END_REF]. Notch signaling has been shown to play a role firstly in glomus induction and secondly in the proximal-distal patterning of the pronephric anlage [START_REF] Mclaughlin | Notch regulates cell fate in the developing pronephros[END_REF][START_REF] Taelman | The Notcheffector HRT1 gene plays a role in glomerular development and patterning of the Xenopus pronephros anlagen[END_REF]. This last process appears to be mediated partly by Wnt signaling and Notch-effector Hey1 (Hrt1) [START_REF] Taelman | The Notcheffector HRT1 gene plays a role in glomerular development and patterning of the Xenopus pronephros anlagen[END_REF].

Likewise, in zebrafish and mouse Notch signaling is also implicated in the specification of glomerulus and proximal tubule [START_REF] Kreidberg | WT-1 is required for early kidney development[END_REF][START_REF] Lorent | Inhibition of Jagged-mediated Notch signaling disrupts zebrafish biliary development and generates multi-organ defects compatible with an Alagille syndrome phenocopy[END_REF][START_REF] Majumdar | Zebrafish no isthmus reveals a role for pax2.1 in tubule differentiation and patterning events in the pronephric primordia[END_REF][START_REF] Niaudet | WT1 and glomerular diseases[END_REF][START_REF] Takemoto | Large-scale identification of genes implicated in kidney glomerulus development and function[END_REF][START_REF] Wagner | An inducible mouse model for PAX2-dependent glomerular disease: insights into a complex pathogenesis[END_REF]. In Xenopus and in mice, Hnf1b plays a role in proximal and intermediate tubule formation via Notch signaling and Irx genes [START_REF] Heliot | HNF1B controls proximal-intermediate nephron segment identity in vertebrates by regulating Notch signalling components and Irx1/2[END_REF][START_REF] Massa | Hepatocyte nuclear factor 1beta controls nephron tubular development[END_REF]. By contrast, in zebrafish hnf1b controls podocyte formation as well as proximal and distal tubule gene expression [START_REF] Naylor | HNF1 beta Is Essential for Nephron Segmentation during Nephrogenesis[END_REF].

Regarding intermediate and distal tubule formation, Mecom (Evi1) is an important player in the pronephros regionalization. It represses glomus and proximal tubule differentiation, thus establishing a boundary between the proximal and the intermediate tubule. This process requires restricting mecom expression to the ventral posterior region of the pronephric primordium, which is given by Notch activation in the dorsal anterior layer of the anlage and Wt1 in the splanchnic layer [START_REF] Van Campenhout | Evi1 is specifically expressed in the distal tubule and duct of the Xenopus pronephros and plays a role in its formation[END_REF]. In zebrafish mecom plays a similar role in the distal and collecting tubule segmentation [START_REF] Van Campenhout | Evi1 is specifically expressed in the distal tubule and duct of the Xenopus pronephros and plays a role in its formation[END_REF].

Besides this factor, Pou3f3 also seems to be required for the formation of the intermediate and distal tubule in Xenopus as well as in the formation of the mouse's Henle's loop [START_REF] Nakai | Crucial roles of Brn1 in distal tubule formation and function in mouse kidney[END_REF][START_REF] Rieger | Missense Mutation of POU Domain Class 3 Transcription Factor 3 in Pou3f3L423P Mice Causes Reduced Nephron Number and Impaired Development of the Thick Ascending Limb of the Loop of Henle[END_REF]. 

Tubulogenesis

The pronephric tubule primordium undergoes MET. Renal cells modify their morphology and adhesion while polarizing. Giving rise to pronephric tubules and ducts requires cell shape changes and extensive cell rearrangements similar to those seen during metanephric mesenchyme conversion [START_REF] Brandli | Towards a molecular anatomy of the Xenopus pronephric kidney[END_REF]. Previous studies have place Wnt4 as a major factor during cellular morphogenesis and pronephric duct and tubule epithelialization [START_REF] Saulnier | Essential function of Wnt-4 for tubulogenesis in the Xenopus pronephric kidney[END_REF]. It is likely that Wnt cooperates synergistically with fzd8 during these processes [START_REF] Zhang | Expression of Wnt Signaling Components during Xenopus Pronephros Development[END_REF]. In addition, the induction of adherent junctions and thus the establishment of apico-basal polarity require regulating cadherins expression in the pronephric primordium [START_REF] Dahl | Genetic dissection of cadherin function during nephrogenesis[END_REF][START_REF] Kubota | Cadherin-6 is required for zebrafish nephrogenesis during early development[END_REF][START_REF] Yang | De novo lumen formation and elongation in the developing nephron: a central role for afadin in apical polarity[END_REF].

Additionally, extracellular matrix components interact precisely in order to properly form of a fibrillar network and basal membrane. Bello and collaborators demonstrated that the laminin receptor Dystroglycan, participates in the assembly of Laminin 1 during the placement of the basal lamina around pronephric anlage [START_REF] Bello | The dystroglycan: nestled in an adhesome during embryonic development[END_REF][START_REF] Bello | A function for dystroglycan in pronephros development in Xenopus laevis[END_REF].

Once the pronephric tubule epithelializes it elongates. [START_REF] Lynch | Cell migration in the formation of the pronephric duct inXenopus laevis[END_REF] measured precisely pronephric tubule elongation between stages 23 and 41. Their experiments revealed two distinct mechanisms responsible for the posterior elongation of the tubule: first, from stages 23 to 25, the tubule primordium segregates from the mesoderm in an antero-posterior wave, then, cell migration between stages 29 and 34 allows the extension of the tubule to the cloaca [START_REF] Lynch | Cell migration in the formation of the pronephric duct inXenopus laevis[END_REF]. Lienkamp and collaborators using confocal time-lapse imaging of intact embryos observed two distinct cell movements necessary for the extension and convolution of the proximal Xenopus pronephros. Inversin (Invs, NPHP2) relays

Frizzled-8 signals to promote the extension pronephric tubule in a ventral direction. Such elongation is given by two opposing movements: one cell movement that originates in the proximal pronephric condensate and elongates the tubule in a dorsal to ventral direction, and another comprising cells from the distal part migrating in a proximal direction [START_REF] Lienkamp | Inversin relays Frizzled-8 signals to promote proximal pronephros development[END_REF]. Likewise, in zebrafish compaction and migration of the distal segments exert mechanical tension on proximal segments. This enables tubular extension along the anteriorposterior axis and contributes to the establishment of the boundaries between pronephric tubule segments [START_REF] Naylor | Wnt8a expands the pool of embryonic kidney progenitors in zebrafish[END_REF]. Furthermore, Lienkamp's team also demonstrated that the pronephric tubule elongates by convergent-extension, which is driven by multiple rounds of planar polarized medio-lateral cell intercalations. Cells undergoing intercalation are initially organized in rosettes of 4 to 6 cells, the control of this rosette topology requires noncanonical/PCP signaling, while the extension conversion movement along the elongating tubule is myosin II-dependent. The formation of such rosettes has also been observed in mice during collecting duct elongation [START_REF] Karner | Canonical Wnt9b signaling balances progenitor cell expansion and differentiation during kidney development[END_REF]. This suggests a conservation of the mechanisms responsible for the elongation of the renal tubule in vertebrates [START_REF] Lienkamp | Vertebrate kidney tubules elongate using a planar cell polarity-dependent, rosette-based mechanism of convergent extension[END_REF]. Moreover, recent studies show that pkd1 (a gene encoding the large receptor Polycytin1 whose mutant phenotype in humans results in polycystic kidney disease (PKD) a condition characterized by nephron dilatations and renal cyst formation) like in mammals [START_REF] Castelli | Polycystin-1 binds Par3/aPKC and controls convergent extension during renal tubular morphogenesis[END_REF], also plays a crucial role in the establishment and maintenance of a precise nephric tubule diameter in Xenopus [START_REF] Zhang | Polycystin 1 loss of function is directly linked to an imbalance in G-protein signaling in the kidney[END_REF].

Tubule elongation is associated with proliferation in the presumptive proximal segment of the S-shape body in mouse [START_REF] Cheng | Notch2, but not Notch1, is required for proximal fate acquisition in the mammalian nephron[END_REF] and of the proximal and distal cells in zebrafish [START_REF] Naylor | Wnt8a expands the pool of embryonic kidney progenitors in zebrafish[END_REF][START_REF] Naylor | Notch activates Wnt-4 signalling to control medio-lateral patterning of the pronephros[END_REF][START_REF] Vasilyev | Collective cell migration drives morphogenesis of the kidney nephron[END_REF]. Similarly, in Xenopus a tight control of cell division is required to regulate the size of the pronephric kidney. Romaker et al (2013) proposed an in vivo model where miRNAs modulate mTORC1 signaling (activated by insulin-like growth factor Igf 2), which in turn regulates pronephric tubule growth [START_REF] Romaker | MicroRNAs are critical regulators of tuberous sclerosis complex and mTORC1 activity in the size control of the Xenopus kidney[END_REF]. Adapted after [START_REF] Lienkamp | Inversin relays Frizzled-8 signals to promote proximal pronephros development[END_REF][START_REF] Lienkamp | Vertebrate kidney tubules elongate using a planar cell polarity-dependent, rosette-based mechanism of convergent extension[END_REF] 

Maturation and terminal nephron differentiation

In order to achieve proper terminal nephron differentiation, either fresh water vertebrates or amniotes, require a tight regulation of proteins involved in osmoregulation, solute reabsorption, and secretion. Epithelial transport is usually regionalized into different segments along the nephron (See 1.3). Several factors required for early tubule regionalization have a dual function and are also required for tubule segments' differentiation. For instance, Hnf1b

besides its requirement for proximal and intermediate tubule formation is also necessary for the expression of terminal differentiation genes such as slc12a1 (NKCC2) in the intermediate tubule of Xenopus as well as in the mammalian TAL [START_REF] Heliot | HNF1B controls proximal-intermediate nephron segment identity in vertebrates by regulating Notch signalling components and Irx1/2[END_REF][START_REF] Reggiani | The prepattern transcription factor Irx3 directs nephron segment identity[END_REF]. Hnf1b depletion strongly inhibits the expression of scl4a4, which is normally detected in the Xenopus proximal tubule and DT1 [START_REF] Heliot | HNF1B controls proximal-intermediate nephron segment identity in vertebrates by regulating Notch signalling components and Irx1/2[END_REF]. In mice Hnf1b is also implicated in the expression of terminal differentiation genes from other tubule segments like Slc12a3 in the distal tubule [START_REF] Heliot | HNF1B controls proximal-intermediate nephron segment identity in vertebrates by regulating Notch signalling components and Irx1/2[END_REF]. Pax2 is necessary for the expression of certain differentiation markers: slc4a4 gene in the proximal tubule, slc12a1 in the distal and in the intermediate tubule, and clcnkb1 in the intermediate, distal tubule, and the collecting tube (Buisson et al., 2015). Similarly, Irx3 depletion is associated with intermediate tubule differentiation defects (inhibition of slc12a1 and clcnkb1 expression) [START_REF] Reggiani | The prepattern transcription factor Irx3 directs nephron segment identity[END_REF].

In zebrafish Irx3b depletion causes expansion of proximal tubule differentiation markers like slc20a1 and trpm7 while inhibiting the expression of DE markers such as slc12a1 and kcnj1 [START_REF] Wingert | Zebrafish nephrogenesis involves dynamic spatiotemporal expression changes in renal progenitors and essential signals from retinoic acid and irx3b. Developmental dynamics : an official publication of the American Association of Anatomists[END_REF]. In addition in this species, Irx2a is implicated in the maturation of MCCs present in a dispersed way in the PST and portions of the PCT and DE elements of the zebrafish pronephros [START_REF] Marra | Iroquois transcription factor irx2a is required for multiciliated and transporter cell fate decisions during zebrafish pronephros development[END_REF]. Pou3f3 -/mutant mouse fails to express DCT markers Slc8a1 and Slc12a3 [START_REF] Nakai | Crucial roles of Brn1 in distal tubule formation and function in mouse kidney[END_REF]. In our team Camille Cosse-Etchepare studied the role of Pou3f4 in the Xenopus pronephros. She observed that Pou3f4 morphants failed to form the intermediate tubule loop and do not express specific markers such as slc12a1 (in preparation).

RA signaling during kidney development

Retinol (vitamin A) through its active derivative, RA, regulates major growth and patterning decisions during vertebrate development [START_REF] Chambon | A decade of molecular biology of retinoic acid receptors[END_REF]. RA was shown to regulate germ layer formation, [START_REF] Davies | Vertebrate ancient opsin and melanopsin: divergent irradiance detectors[END_REF][START_REF] Uehara | Removal of maternal retinoic acid by embryonic CYP26 is required for correct Nodal expression during early embryonic patterning[END_REF] anterior-posterior patterning [START_REF] Kudoh | Distinct roles for Fgf, Wnt and retinoic acid in posteriorizing the neural ectoderm[END_REF], neurogenesis (Maden, 2002b), digit specification in tetrapod limbs (Maden, 2002a), inner ear [START_REF] Romand | Retinoid signaling in inner ear development[END_REF] and eye [START_REF] Wolf | The discovery of the visual function of vitamin A[END_REF] development, cardiogenesis [START_REF] Niederreither | Embryonic retinoic acid synthesis is essential for heart morphogenesis in the mouse[END_REF], plus organogenesis of "budding" structures like the lungs [START_REF] Malpel | Regulation of retinoic acid signaling during lung morphogenesis[END_REF], the pancreas [START_REF] Stafford | A conserved role for retinoid signaling in vertebrate pancreas development[END_REF], and the kidney.

Overview of the RA signaling pathway

RA is a signaling molecule that has a molecular weight of approximately 300 Da, highly oilsoluble, and able to diffuse across the cell membrane. This single molecule can exert pleiotropic effects when interacting with the nuclear receptors, retinoic acid receptor (RAR)

and retinoid X receptor (RXR) [START_REF] Kastner | Genetic evidence that the retinoid signal is transduced by heterodimeric RXR/RAR functional units during mouse development[END_REF]. Thereby RA directly controls the transcriptional activity of target genes. In amniotes de maternal source of retinol comes from either the egg-yolk or the placenta. Cellular retinol-binding proteins (CRBPs) control retinol uptake from pre-gastrulation stages. Receptor protein stimulated by retinoic acid 6 (STRA6)

mediates retinol intracellular transfer. Retinol is then converted into retinaldehyde and RA (Maden, 2002a, b). Retinol to retinaldehyde is catalyzed by cytosolic alcohol dehydrogenases (ADHs) and microsomal retinol dehydrogenases (RDHs). Non-canonical retinaldehyde source comes from direct cleavage of beta-carotene by beta-carotene oxygenase (BCO) enzyme(s) (pathway commonly used by marine fish and invertebrates). Retinaldehyde is subsequently oxidized into RA. This process is carried out by three retinaldehyde dehydrogenases RALDH1, RALDH2, and RALDH3 (whose corresponding genes are: Aldh1a1-3). RA then acts within the nucleus as a ligand of RAR and RXR heterodimers [START_REF] Niederreither | Retinoic acid in development: towards an integrated view[END_REF]. RA exists as in all-trans retinoic acid (atRA) or as 9-cis stereoisomer of RA. atRA is the major RAR ligand in vivo while the 9-cis stereoisomer interaction occurs mainly in vitro with RXR. RARs and RXRs heterodimeric complexes bound to specific DNA sequences referred to as retinoic acid response elements (RARE) [START_REF] Umesono | Direct repeats as selective response elements for the thyroid hormone, retinoic acid, and vitamin D3 receptors[END_REF]. These nuclear receptors in the absence of RA can associate with repressive complexes composed of N-Cor1

(nuclear receptor co-repressor1) or N-Cor2/SMRT (silencing mediator for retinoid or thyroidhormone receptors). Together they bind target sites and inhibit transcription. When RA interacts with the RAR ligand domain the physical conformation of the complex changes. N-Cor complex is released thus allowing the recruitment of co-activators that will induce transcription. Finally, Cytochrome P450 26 (CYP26) enzymes transform RA into (4-hydroxy-RA and 4-oxo-RA) compounds that are subjected to further metabolism and elimination [START_REF] Chen | A transcriptional co-repressor that interacts with nuclear hormone receptors[END_REF][START_REF] Glass | The coregulator exchange in transcriptional functions of nuclear receptors[END_REF][START_REF] Horlein | Ligand-independent repression by the thyroid hormone receptor mediated by a nuclear receptor co-repressor[END_REF][START_REF] Mahony | Ligand-dependent dynamics of retinoic acid receptor binding during early neurogenesis[END_REF][START_REF] Mark | Function of retinoid nuclear receptors: lessons from genetic and pharmacological dissections of the retinoic acid signaling pathway during mouse embryogenesis[END_REF][START_REF] Niederreither | Retinoic acid in development: towards an integrated view[END_REF]. They play important roles during vertebrate development where they act as RA sinks where RA signaling needs to be absolutely abolished, as for example in the anterior vertebrate neural plate.

Figure 17. Basic components of RA signaling

Biochemical conversion of carotenoids and retinoids to form RA. In the target cell (bottom) The RARs and RXRs are bound by a heterodimer complex which when bound to their ligand, RA, recruit co-activators resulting in the activation of nearby genes. Adapted after [START_REF] Das | Retinoic acid signaling pathways in development and diseases[END_REF]Nolte et al., 2019) 

RA and renal development

RA has been implicated in several developmental processes. Given the difficulty to calculate its concentration and to define RA gradients in the embryo, most experimental approaches studying RA signaling are based on expression patterns and roles of RA synthesizing and catabolizing enzymes, as well as RA nuclear receptors (Nolte et al., 2019). Below is a summary of the main RA roles during pro-meso and metanephros development.

RA and mouse kidney development

RA signaling is a key secreted regulator controlling renal specification (Moriya et al., 1993;[START_REF] Osafune | In vitro induction of the pronephric duct in Xenopus explants[END_REF][START_REF] Taira | The LIM domain-containing homeo box gene Xlim-1 is expressed specifically in the organizer region of Xenopus gastrula embryos[END_REF]. When murine embryonic stem (ES) cells are treated with activin and RA the expression of IM markers increases promoting differentiation of renal epithelial cell types [START_REF] Kim | Nephrogenic factors promote differentiation of mouse embryonic stem cells into renal epithelia[END_REF][START_REF] Vigneau | Mouse embryonic stem cell-derived embryoid bodies generate progenitors that integrate long term into renal proximal tubules in vivo[END_REF].

Aldh1a2 gene encodes the RA-synthesizing enzyme RALDH2. Aldh1a2-/-mouse embryos exhibit impaired early nephric specification (Cartry et al., 2006). Reporter transgenic embryos have shown that Aldh1a2-/-mutants lack any RA activity in the trunk mesoderm until E9.5 [START_REF] Niederreither | Retinaldehyde dehydrogenase 2 (RALDH2)-independent patterns of retinoic acid synthesis in the mouse embryo[END_REF]. The IM of Aldh1a2-/-mutants does not express renal precursors markers Pax2 and Emx2 at the stage by which the nephric anlage establishes in WT embryos

(5-7 somite-stages). By 13-14 somite-stages although Pax2 expression is detected in IM cells, the mesonephric marker Mecom is not detected in putative mesonephric cells in Aldh1a2-/-mutants. The presumptive nephric region is not properly organized in these embryos. There is a delay in the MET of mesonephric tissues, and truncation of prospective mesonephric columns due to overall trunk structures defects (Cartry et al., 2006). Rdh10 is also strongly expressed in the developing mesonephros. Rdh10 knockout mice show trunk mesodermal reduction and organ abnormalities including the kidney [START_REF] Sandell | RDH10 is essential for synthesis of embryonic retinoic acid and is required for limb, craniofacial, and organ development[END_REF].

Several studies indicate that Cyp26 together with Raldh2 regulates RA distribution along the A-P axis during embryogenesis [START_REF] Kam | Retinoic acid synthesis and functions in early embryonic development[END_REF]. Cyp26 null mutants also display kidney defects. Mesonephric precursors of Cyp26a1 -/-mutants prematurely merge within a hypoplastic urogenital sinus giving rise to a horseshoe kidney structure [START_REF] Abu-Abed | The retinoic acid-metabolizing enzyme, CYP26A1, is essential for normal hindbrain patterning, vertebral identity, and development of posterior structures[END_REF].

In the mouse, RA/RAR and GDNF/c-ret are two interdependent signal transduction pathways essential for metanephric kidney development. Glial-cell-line-derived neurotrophic factor (GDNF) is a ligand of the receptor tyrosine kinase (c-ret). GDNF is secreted from the metanephric mesenchyme. It activates c-ret (expressed on the tip of the ureteric bud) via the co-receptor GFRA1 and promotes UB outgrowth and invasion [START_REF] Costantini | GDNF/Ret signaling and the development of the kidney[END_REF].

Rar-α-/-and Rar-β2-/-mutants expose many abnormal tissues including the kidney. In these mutants, the "nephrogenic zone" lacks nephron progenitors, stromal cells, and ureteric bud tips [START_REF] Mendelsohn | Function of the retinoic acid receptors (RARs) during development (II). Multiple abnormalities at various stages of organogenesis in RAR double mutants[END_REF]. They also show impaired branching morphogenesis and downregulation of Ret expression. These phenotypes can be rescued by ret overexpression in ureteric bud cells suggesting a major role of RA in Ret regulation during renal development [START_REF] Batourina | Vitamin A controls epithelial/mesenchymal interactions through Ret expression[END_REF]. Aldh1a2 is expressed in the stromal mesenchyme and appears to be the main source or RA in the developing metanephros. RA maintains Ret expression and UB branching by paracrine action between stromal mesenchyme and ureteric bud cells [START_REF] Rosselot | Non-cell-autonomous retinoid signaling is crucial for renal development[END_REF]. Furthermore, RARE reporter signal regulates gene transcription in UB-derived collecting ducts [START_REF] Wong | Retinoic acid receptor-dependent, cell-autonomous, endogenous retinoic acid signaling and its target genes in mouse collecting duct cells[END_REF]. Adapted after [START_REF] Rosselot | Non-cell-autonomous retinoid signaling is crucial for renal development[END_REF]) [START_REF] Costantini | GDNF/Ret signaling and the development of the kidney[END_REF] Besides the RA/RAR and GDNF/c-ret signaling model, RA also regulates the expression of a number of genes in the mouse embryonic kidney. Culturing embryonic kidneys with RAR antagonists inhibits the UB branching morphogenesis and suppresses the expression of most of the candidates of RA responsive genes in a dose-dependent manner [START_REF] Takayama | Identification and characterization of retinoic acid-responsive genes in mouse kidney development[END_REF]. Moreover, RA and fluid shear stress (FSS) contribute to primary cultured podocyte differentiation [START_REF] Yang | Roles of fluid shear stress and retinoic acid in the differentiation of primary cultured human podocytes[END_REF].

RA in Zebrafish pronephros development

The anterior-posterior (AP) patterning of tissues deriving from all three germ layers, such as the hindbrain [START_REF] Frank | Hindbrain induction and patterning during early vertebrate development[END_REF], paraxial mesoderm [START_REF] Naylor | BMP and retinoic acid regulate anterior-posterior patterning of the non-axial mesoderm across the dorsal-ventral axis[END_REF], and gut [START_REF] Niu | The role of mesodermal signals during liver organogenesis in zebrafish[END_REF], is directed by RA signaling. In zebrafish, RA controls pronephros segmentation along the proximal-distal axis by influencing the spatial patterns of transcription factor expression domains [START_REF] Wingert | The zebrafish pronephros: a model to study nephron segmentation[END_REF]. Raldh2 morphants by 48hpf exhibit fewer podocytes than wild-type embryos based on scattered staining of wt1b, wt1a, and mafb.

They also have shortened proximal tubules evidenced by reduced expression domains of slc20a1a in the PCT and trpm7 in the PST. By contrast, distal tubule segments (DE and DL) are moderately expanded in these embryos shown by expanded slc12a1 and slc12a3 expression respectively. Consistently, full RA inhibition between early gastrula and the 15somite stage with 4-diethylaminobenzaldehyde (DEAB) a competitive inhibitor of ADHs leads to impairment in podocyte development (absent wt1a expression), an absence of proximal tubule segment specification (loss of jagged-2a and delta-c gene expression), and a dramatic expansion of distal nephron cell fates (mecom at 8-somite stage) [START_REF] Wingert | The cdx genes and retinoic acid control the positioning and segmentation of the zebrafish pronephros[END_REF]. Conversely treating embryos with exogenous RA gives rise to pronephros composed entirely of proximal segments [START_REF] Wingert | The cdx genes and retinoic acid control the positioning and segmentation of the zebrafish pronephros[END_REF]. The paraxial mesoderm (PM) is the presumptive source of RA. Aldh1a2 gene coding for retinaldehyde dehydrogenase-2 is expressed at high levels in the PM. Whereas the RA-catabolizing enzyme coding-gene cyp26a1 is expressed in the upper trunk region rostral to and slightly overlapping aldh1a2 expression. RA localization along the anterior-posterior axis appears to be controlled by cdx genes acting upstream of aldh1a2 and cyp26a1. Cdx-deficient embryos show the opposite phenotype of RA loss of function and have a posteriorly shifted aldh1a2/cyp26a1 expression boundary. Moreover, it has been shown that RA from pre-gastrula to late gastrula stage acts downstream of BMPs along the gastrula DV axis. Dorsal induction of anterior segments (PCT, PST, and DE) is therefore largely dependent on RA, while posterior kidney fates are "protected" ventrally by Cyp26a1 [START_REF] Naylor | BMP and retinoic acid regulate anterior-posterior patterning of the non-axial mesoderm across the dorsal-ventral axis[END_REF]. Altogether, these results suggest that RA from the paraxial mesoderm stimulates the IM to induce proximal tubule identities while limiting the expansion of distal segments [START_REF] Wingert | The zebrafish pronephros: a model to study nephron segmentation[END_REF].

Regulation of nephron patterning segmentation and MCCs formation occurs downstream or RA signaling [START_REF] Marra | Iroquois transcription factor irx2a is required for multiciliated and transporter cell fate decisions during zebrafish pronephros development[END_REF]. Some of the targets include: hnf1b promoting tubule differentiation [START_REF] Naylor | HNF1 beta Is Essential for Nephron Segmentation during Nephrogenesis[END_REF], irx3b involved in the regulation of proximal segment size and DE segment specification [START_REF] Wingert | Zebrafish nephrogenesis involves dynamic spatiotemporal expression changes in renal progenitors and essential signals from retinoic acid and irx3b. Developmental dynamics : an official publication of the American Association of Anatomists[END_REF]; sim1a implicated in the induction of PST and CS [START_REF] Cheng | Nephron proximal tubule patterning and corpuscles of Stannius formation are regulated by the sim1a transcription factor and retinoic acid in zebrafish[END_REF]; mecom negatively regulated by RA, required to restrict proximal tubule and essential for distal tubule development and MCC fate choice through notch activation [START_REF] Li | Zebrafish nephrogenesis is regulated by interactions between retinoic acid, mecom, and Notch signaling[END_REF]; taz controlling PST and DE cell fates, tbx2a/b negatively regulated by RA signaling promoters of DL fate and suppressors of CS genesis [START_REF] Zhang | The transcriptional coactivator Taz regulates proximodistal patterning of the pronephric tubule in zebrafish[END_REF]; emx1 also negatively regulated by RA signaling regulates in parallel the expression domains of irx3b and irx1a during distal segmentation, and sim1a

during CS formation [START_REF] Morales | Homeogene emx1 is required for nephron distal segment development in zebrafish[END_REF]; irx2a that plays a major role in PST and DL development [START_REF] Marra | Iroquois transcription factor irx2a is required for multiciliated and transporter cell fate decisions during zebrafish pronephros development[END_REF], and etv5a regulated by irx2a to control MCC fate choice [START_REF] Marra | Iroquois transcription factor irx2a is required for multiciliated and transporter cell fate decisions during zebrafish pronephros development[END_REF][START_REF] Marra | Epithelial cell fate in the nephron tubule is mediated by the ETS transcription factors etv5a and etv4 during zebrafish kidney development[END_REF]. Adapted after [START_REF] Marra | Iroquois transcription factor irx2a is required for multiciliated and transporter cell fate decisions during zebrafish pronephros development[END_REF][START_REF] Marra | Epithelial cell fate in the nephron tubule is mediated by the ETS transcription factors etv5a and etv4 during zebrafish kidney development[END_REF] 

RA in Xenopus pronephros development

Since Aldh1a2 is mainly expressed in presomitic and somitic mesoderm, and lateral plate mesoderm at the mid-trunk level (Chen et al., 2001), in Xenopus, the primary source of RA synthesis required for pronephric precursors specification is thought to come from PM. Yet, other sites of RA biosynthesis might include the IM (including autocrine signaling from renal precursors) and/or the lateral plate mesoderm (Cartry et al., 2006).

As mentioned earlier in 2.2.3.4, treatment of animal caps with activin and RA induces differentiation into functionally active pronephros (Chan et al., 1999;Moriya et al., 1993;[START_REF] Osafune | In vitro induction of the pronephric duct in Xenopus explants[END_REF]. Moreover, RA signaling is required at gastrula stage for renal precursors' specification by controlling KF gene expression of pax8 and lhx1 (Le [START_REF] Bouffant | Differential expression of arid5b isoforms in Xenopus laevis pronephros[END_REF][START_REF] Lee | XPteg (Xenopus proximal tubules-expressed gene) is essential for pronephric mesoderm specification and tubulogenesis[END_REF]Cartry et al., 2006) Besides pax8 and lhx1, other targets genes acting downstream of RA signaling during pronephros development include: pteg (proximal tubules-expressed gene), hspa9 (heat shock 70 kDa protein 9), and prdx1 (Peroxiredoxin1). pteg is expressed in the pronephric territory since late gastrula stage. By tadpole stages, it is exclusively expressed in proximal tubules.

RA overexpression induces an expansion of pteg in the KF even in the absence of protein synthesis caused by Cycloheximide (CHX) treatment. On the other hand, injecting embryos with dnRAR (the only RAR present in the KF (Cartry et al., 2006), significantly downregulates pronephric expression and this can be rescued by overexpressing Pteg. These results suggest that pteg is a direct target of RAR signaling important for renal specification and tubulogenesis, acting upstream of pax8 and lhx1 [START_REF] Lee | XPteg (Xenopus proximal tubules-expressed gene) is essential for pronephric mesoderm specification and tubulogenesis[END_REF]. Hspa9 also expressed in the pronephric mesoderm and whose overexpression results in KF and pronephric tubule expansion. By contrast, Hspa9 morphants display reduced pax8 KF expression while the otic vesicle territory remains unmodified. This phenotype results in the inhibition of pronephric tubule formation not related to impaired somite formation [START_REF] Gassie | Hspa9 is required for pronephros specification and formation in Xenopus laevis. Developmental dynamics : an official publication of the[END_REF]. Prdx1 also acts as a downstream mediator of RA signaling pathway by regulating ROS levels during Xenopus pronephros development [START_REF] Chae | Peroxiredoxin1, a novel regulator of pronephros development, influences retinoic acid and Wnt signaling by controlling ROS levels[END_REF].

In Xenopus, RA gradient determines the AP patterning of the lateral plate mesoderm independently of signals from the dorsal part of the embryo [START_REF] Deimling | Retinoic acid regulates anterior-posterior patterning within the lateral plate mesoderm of Xenopus[END_REF].

However, proximal-distal segment patterning of the Xenopus IM and pronephros is not clear as in zebrafish [START_REF] Wingert | The zebrafish pronephros: a model to study nephron segmentation[END_REF]. Through a highly conserved process, RA controls AP patterning during hindbrain development. RA signaling, in turn, regulates itself by controlling the expression of RA synthesizing and catabolizing enzymes [START_REF] Kedishvili | Enzymology of retinoic acid biosynthesis and degradation[END_REF]. In Xenopus, Hoxa1 and Pbx1 mesoderm-specific morphants have aldh1a2 downregulation as well as hindbrain patterning defects evidenced by abnormal krox20

(rhombomere 5/6 -specific marker) expression patterns in early hindbrain neuroepithelium. In sum, hoxa1 and pbx1 synergize to maintain normal Raldh2 levels in the mesoderm sufficient to induce hindbrain segmentation (Vitobello et al., 2011).

Conversely, when modulating RA signaling during early organogenesis several Hox and TALE members (See 4.1) have been identified as direct targets [START_REF] Duester | Retinoic acid synthesis and signaling during early organogenesis[END_REF]. In the Xenopus laevis neurula, putative RAR targets found by cDNA microarrays include Hox and TALE members such as: hoxa1, meis1, and hoxd4 [START_REF] Arima | Global analysis of RAR-responsive genes in the Xenopus neurula using cDNA microarrays[END_REF]. Hoxa1, hoxd1, and hoxd4 also show gene expression changes upon treatment with RAR and RXR agonists in Xenopus tropicalis embryos together with signature genes known to be regulated by RA such as cyp26, pck1, rbp3, ripply3, ucp1, lhx1, neuronal differentiation markers (ngnr-1, MyT1, and Gli3), gata-1, somitogenesis marker Thylacine1, among others (Zhu et al., 2017a).

Likewise, microarray and RNAseq expression studies of isolated explants from the orofacial region of RAR-inhibitor treated embryos identified different Hox paralogous groups (PGs)

among the most deregulated genes after early RAR inhibition [START_REF] Wahl | Transcriptome analysis of Xenopus orofacial tissues deficient in retinoic acid receptor function[END_REF].

Based on transcriptomic analyses (unpublished data) Hox and TALE homeodomain proteins appear to be targets of RA signaling in Xenopus renal precursors. Consistently, in vivo reduction of RA by cyp26 mRNA injection affects KF gene expression (pax8 and lhx1) in a dose-dependent manner [START_REF] Gassie | Hspa9 is required for pronephros specification and formation in Xenopus laevis. Developmental dynamics : an official publication of the[END_REF]. Nevertheless, only lhx1 appears to be a direct 

Hox genes

Hox genes encode conserved TFs that act as master regulators of vertebrate and invertebrate body plan [START_REF] Burglin | Homeodomain subtypes and functional diversity[END_REF][START_REF] Pearson | Modulating Hox gene functions during animal body patterning[END_REF]. Through the modulation of genetic networks, Hox proteins regulate several cellular processes (such as cell death, proliferation, differentiation, migration, size, and shape) required for morphogenesis and organogenesis [START_REF] Carnesecchi | Hox transcription factors: an overview of multi-step regulators of gene expression[END_REF][START_REF] Hombria | Beyond homeosis--HOX function in morphogenesis and organogenesis[END_REF]. Hox TFs regulate the expression of different targets by forming cooperative DNA binding complexes with cofactors [START_REF] Mann | The specificity of homeotic gene function[END_REF][START_REF] Mann | Hox proteins meet more partners[END_REF]. The best-characterized Hox-cofactors belong to the TALE (Three Amino acid Loop Extension) family encoded by Pbx and Meis genes in vertebrates (extradenticle and homothorax, resp., in Drosophila) [START_REF] Moens | Hox cofactors in vertebrate development[END_REF].

Considering the enormous amount of data on Hox and TALE cofactors, this introduction chapter cannot be exhaustive. For this reason, a Hox and TALE general overview is presented below together with several examples of their main roles focusing on kidney development, and a description of Hox genes in the Xenopus model.

General overview of Hox TFs and TALE cofactors

Hox TFs evolutionary conserved genomic organization

Hox genes are organized in genomic clusters that emerged from successive duplications throughout animal evolution [START_REF] Holland | Evolution of homeobox genes[END_REF]. Comparative studies on Hox cluster evolution have shown that the ordered collinear arrangement of Hox clusters was probably generated by unequal crossover [START_REF] Hoegg | Hox clusters as models for vertebrate genome evolution[END_REF]. Upon gene duplication divergent patterns of gene expression lead to either the appearance of new functions (neo-functionalization) or the division of ancestral functions' subsets into different PGs, the so-called subfunctionalization [START_REF] Burglin | Homeodomain subtypes and functional diversity[END_REF]. It is presumed that during multiple rounds of duplication anterior and posterior Hox arose first in evolution followed by intermediate genes [START_REF] Gehring | Evolution of the Hox gene complex from an evolutionary ground state[END_REF].

Initial insights into Hox gene organization expression came from studies of Drosophila HOX proteins, which include 8 genes (lab, pb, dfd, scr, antp, ubx, abdA, and abdB) divided into two sub-clusters (Bithorax complex or BX-C and Antennapedia complex or ANT-C) [START_REF] Gehring | Evolution of the Hox gene complex from an evolutionary ground state[END_REF][START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF][START_REF] Luo | The Enigmatic HOX Genes: Can We Crack Their Code?[END_REF]. Genetic and molecular analyses revealed that Drosophila hox genes exhibit: 1) what Lewis named "colinearity" [START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF] later called "Spatial colinearity" i.e. Hox genes are clustered along the chromosome correspondingly with the order of their expressions along the body, 2) Common expression in partially overlapping domains along the body axis, 3) A conserved 180bp DNA motif named homeobox, that encodes the Homeodomain (HD) a sequence-specific DNA binding domain that allows Hox proteins to accomplish their TF roles, 4) Dramatic homeotic transformations (where one body segment takes the identity of another) upon mutations that alter the order of Hox gene expression along the head-tail axis [START_REF] Capecchi | Hox genes and mammalian development[END_REF][START_REF] Gehring | The homeo box: a key to the understanding of development?[END_REF][START_REF] Harding | Spatially regulated expression of homeotic genes in Drosophila[END_REF].

Cloning Drosophila homeobox sequences and using them as probes to isolate vertebrate Hox genes revealed that most vertebrates Hox are located in 4 genomic clusters HoxA-D that are found on four different chromosomes. They probably arose by duplication of an ancestral cluster and in the case of some teleost fish up to 7 clusters are identified [START_REF] Lemons | Genomic evolution of Hox gene clusters[END_REF]. In amniotes, each of the 4 Hox clusters is homologous to the entire set of Drosophila [START_REF] Acampora | The human HOX gene family[END_REF][START_REF] Duboule | The structural and functional organization of the murine HOX gene family resembles that of Drosophila homeotic genes[END_REF][START_REF] Graham | The murine and Drosophila homeobox gene complexes have common features of organization and expression[END_REF]. These homologies were probably present in the last common ancestor of Drosophila and vertebrates [START_REF] Gaunt | Hox cluster genes and collinearities throughout the tree of animal life[END_REF]. See 8), and posterior (paralogs 9-13) PGs [START_REF] Duboule | The rise and fall of Hox gene clusters[END_REF]Merabet and Mann, 2016). Each cluster contains a variable number of Hox genes that are transcribed from the same strand in the same orientation within the cluster, where Hox PG1 is located at the 3' end and Hox PG13 at the 5' end. Vertebrate Hox genes also display "colinearity" in their expression patterns [START_REF] Gaunt | Spatially restricted domains of homeo-gene transcripts in mouse embryos: relation to a segmented body plan[END_REF]. Moreover, they also perform similar roles in body axis patterning [START_REF] Mallo | Hox genes and regional patterning of the vertebrate body plan[END_REF]. Vertebrate body development follows a temporal progression along the AP axis and so do their Hox genes. Hox expression timing in vertebrates corresponds to the ordering of genes along the chromosome, this is known as "temporal colinearity" [START_REF] Kmita | Organizing axes in time and space; 25 years of colinear tinkering[END_REF].

Although vertebrate Hox are quite similar from Drosophila's there is an important difference between them: Drosophila Hox genes are expressed at the same time and do not show "temporal colinearity" [START_REF] Gaunt | Hox cluster genes and collinearities throughout the tree of animal life[END_REF]. Therefore, it appears that vertebrate Hox gene clusters show a correlation between their temporal position and their physical position both in time and space, although this has been a subject of debate in some species like Xenopus (See 4.5 below).

Hox proteins are frequently dependent on interactions with other DNA-binding proteins, which act as Hox cofactors. that some Pbx paralogs are highly divergent and that their accelerated rate of evolution can be explained by functional changes [START_REF] Mukherjee | Comprehensive analysis of animal TALE homeobox genes: new conserved motifs and cases of accelerated evolution[END_REF].

Protein structure: Hox and TALE functional domains

The structural features that define the HD structure present in Hox proteins have been determined using NMR (nuclear magnetic resonance) and X-Ray analyses [START_REF] Burglin | Homeodomain subtypes and functional diversity[END_REF].

HDs are characterized by the presence of three-alpha-helices that folds in a bundle with an unstructured N-terminal arm [START_REF] Gehring | Homeodomain-DNA recognition[END_REF]. The consensus HD sequence evidences strong conservation. Residues in the third alpha-helix (the so-called recognition helix) are highly conserved and constitute the trademark of the HD [START_REF] Burglin | Homeodomain subtypes and functional diversity[END_REF]. HD contains invariable positions such as the tryptophan (W) residue at position 48 and the asparagine (N) residue at position 51 this last one is crucial for Hox monomeric and heterodimeric complex binding [START_REF] Passner | Structure of a DNAbound Ultrabithorax-Extradenticle homeodomain complex[END_REF]. Structural analyses have been complemented with in vivo and in vitro studies on the DNA binding properties of HDs [START_REF] Mann | Hox specificity unique roles for cofactors and collaborators[END_REF]. DNA contacts are majorly determined by residues 47, 50, 51, and 54 present in this DNA binding region and by arginine in position 5 of the N-terminal arm [START_REF] Gehring | Homeodomain-DNA recognition[END_REF]. Besides the HD, anterior and central Hox encode a short-conserved peptide motif present upstream of the HD (Chang et al., 1995). This sequence named the hexapeptide (also called the YPWM motif or HX) constitutes a conserved core sequence of 6 amino acids [START_REF] Burglin | Homeodomain subtypes and functional diversity[END_REF]Chang et al., 1995;[START_REF] Mann | The specificity of homeotic gene function[END_REF] known to interact with TALE class cofactors [START_REF] Johnson | Extradenticle protein is a selective cofactor for the Drosophila homeotics: role of the homeodomain and YPWM amino acid motif in the interaction[END_REF]. (SPIM) to interact with the homeodomain (HD) of PBC. PBC-A and PBC-B domains interact with the MEIS-A and MEIS-B domains of Meis or Prep. Note that these complexes could also form with homeodomain (HD)-less isoforms of Hth and Meis.

Adapted after [START_REF] Joshi | Functional specificity of a Hox protein mediated by the recognition of minor groove structure[END_REF] (Merabet and Mann, 2016).

The TALE class cofactors are homeobox proteins characterized by the presence of three extra residues in the loop between helix 1 and 2. This amino acid loop extension of PBC proteins creates a hydrophobic pocket in their TALE HD [START_REF] Mann | Hox specificity unique roles for cofactors and collaborators[END_REF]. All PBC proteins dimerize with Hox TFs from PGs 1-10 ( Chang et al., 1995;[START_REF] Knoepfler | The pentapeptide motif of Hox proteins is required for cooperative DNA binding with Pbx1, physically contacts Pbx1, and enhances DNA binding by Pbx1[END_REF].

Crystal structures of several vertebrate and invertebrate HOX/PBC complexes have shown that the hydrophobic pocket present of the PBC/PBX TALE HD interacts with either the tryptophan (W) that is part of the HX (or W-containing motif) in Hox proteins [START_REF] Knoepfler | The pentapeptide motif of Hox proteins is required for cooperative DNA binding with Pbx1, physically contacts Pbx1, and enhances DNA binding by Pbx1[END_REF][START_REF] Mann | Hox specificity unique roles for cofactors and collaborators[END_REF] and/or with specific PBC interaction motifs (SPIM) also present in some Hox paralogs (Merabet and Mann, 2016). The conjunction between HX and SPIMs allow Hox proteins to adopt different 3D conformations when bound to TALE cofactors (Merabet and Mann, 2016). Also, Pbx cofactors have two domains PBC-A and PBC-B upstream of the HD (about 180 amino acids) that can interact with Meis proteins [START_REF] Chang | Meis proteins are major in vivo DNA binding partners for wild-type but not chimeric Pbx proteins[END_REF]. Meis class cofactors contain a Meis domain (HM) upstream of the TALE HD, within the HM two domains (Meis-A and Meis-B) can form heterodimers and interact with PBC proteins even in the absence of Meis TALE HD [START_REF] Chang | Meis proteins are major in vivo DNA binding partners for wild-type but not chimeric Pbx proteins[END_REF][START_REF] Mercader | Ectopic Meis1 expression in the mouse limb bud alters P-D patterning in a Pbx1independent manner[END_REF][START_REF] Rieckhof | Nuclear Translocation of Extradenticle Requires homothorax, which Encodes an Extradenticle-Related Homeodomain Protein[END_REF].

Further, Meis was shown to use C-terminal sequences to interact with posterior Hox proteins [START_REF] Williams | Range of HOX/TALE superclass associations and protein domain requirements for HOXA13:MEIS interaction[END_REF]. Moreover, Hox-Meis-Pbx complexes have been reported [START_REF] Hudry | Hox proteins display a common and ancestral ability to diversify their interaction mode with the PBC class cofactors[END_REF][START_REF] Shanmugam | PBX and MEIS as non-DNA-binding partners in trimeric complexes with HOX proteins[END_REF] and are thought to rely on Hox-PBC [START_REF] Joshi | Functional specificity of a Hox protein mediated by the recognition of minor groove structure[END_REF] or Meis-PBC [START_REF] Chang | Meis proteins are major in vivo DNA binding partners for wild-type but not chimeric Pbx proteins[END_REF] interactions (Merabet and Mann, 2016). Recent analyses of human HOX revealed that highly diverse alternative and specific TALE interaction motifs occupy various positions within the anterior HOXB3, the central HOXA7, and HOXC8

proteins [START_REF] Dard | Human HOX Proteins Use Diverse and Context-Dependent Motifs to Interact with TALE Class Cofactors[END_REF], and that paralog specific residues within the HOX-A9 HD promote TALE interactions [START_REF] Dard | The human HOXA9 protein uses paralog-specific residues of the homeodomain to interact with TALE-class cofactors[END_REF]. These studies encourage further experimental validation of HOX-TALE protein interaction properties.

Hox-TALE DNA binding specificity

Hox homeodomains bind ''AT''-rich DNA sequences namely TAAT[t/g][a/g] sites. (See Adapted from [START_REF] Mann | Hox specificity unique roles for cofactors and collaborators[END_REF]Merabet and Mann, 2016).

Hox homeotic vs. non-homeotic roles

Hox genes are known to accomplish a homeotic role in driving segment identity control [START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF]. This implies demarcating the relative position of a particular structure along the animal body plan [START_REF] Carroll | Homeotic genes and the evolution of arthropods and chordates[END_REF]. Yet, this vision of Hox TFs as axial patterning regulators is quite simplified considering that Hox functions have diversified in 600 million years of evolution and millions of animal lineages [START_REF] Pearson | Modulating Hox gene functions during animal body patterning[END_REF]. Hox genes have a second remarkable function distinguishable from homeosis; they play multiple roles controlling morphogenesis and organogenesis. Both homeotic and non-homeotic roles have been extensively covered in numerous publications [START_REF] Hombria | Beyond homeosis--HOX function in morphogenesis and organogenesis[END_REF].

Homeotic function of hox genes

Mutations of hox genes in Drosophila often result in homeotic transformations or changes in the morphology of one segment into another [START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF]. During early embryogenesis, the external morphology is set up and the imaginal discs or the set of cells that give rise to adult structures such as wings, halters, legs, etc., are set-aside in the Drosophila larvae. Imaginal discs are separated during development in the same associated segment: wings' imaginal discs are located in the second thoracic segment (T2) of the embryo whereas the halters in the third (T3), and so on. Although in Drosophila Hox genes are expressed throughout segments their targets are rather regulated in a tissue-and organ-specific manner [START_REF] Hombria | Beyond homeosis--HOX function in morphogenesis and organogenesis[END_REF]. Ultrabithorax (ubx) is expressed from the halter segment towards the most posterior part of the larvae. Upon Ubx loss of function, T3 is transformed into T2 that normally does not express ubx. In these mutants, Ubx fails to repress the expression of Wingless (Wg) and a subset of Wg-and Decapentaplegic-activated genes such as spalt-related, vestigial, Serum

Response Factor, and achaete-scute, whose targets normally regulate morphological features that differ between the wing and haltere [START_REF] Pavlopoulos | Hox gene Ultrabithorax regulates distinct sets of target genes at successive stages of Drosophila haltere morphogenesis[END_REF][START_REF] Weatherbee | Ultrabithorax regulates genes at several levels of the wing-patterning hierarchy to shape the development of the Drosophila haltere[END_REF]. As a result, these adult flies end up with an additional pair of wings after metamorphosis [START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF][START_REF] Mcginnis | Homeobox genes and axial patterning[END_REF].

Classical homeotic transformations include Sex comb reduced (Scr) involved in the determination of the labial and prothoracic segments of the embryo whose heterozygous Scr mutants exhibit oppositely oriented transformations: labial into maxillary segments and T1 into T2 [START_REF] Pattatucci | A functional and structural analysis of the Sex combs reduced locus of Drosophila melanogaster[END_REF]. Moreover, Antennapedia (Antp) null mutants also evidence homeotic transformations. In these mutants, second legs transform into antenna without altering the development of the normal antenna itself, whereas the Antp gain of function transforms fly antenna into legs [START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF][START_REF] Struhl | A homoeotic mutation transforming leg to antenna in Drosophila[END_REF]. Hox interactions with other proteins in the subset of cells expressing the Hox gene confer positional specificity of target regulation [START_REF] Hombria | Beyond homeosis--HOX function in morphogenesis and organogenesis[END_REF]. In the case of Antp its interaction (through its HX motif) with exd is indispensable for Antp dual roles as activator/repressor of genes required for either head and antennal development or thoracic and tarsal fates [START_REF] Duncan | Control of the spineless antennal enhancer: direct repression of antennal target genes by Antennapedia[END_REF][START_REF] Papadopoulos | Functional synthetic Antennapedia genes and the dual roles of YPWM motif and linker size in transcriptional activation and repression[END_REF].

Consistently with Drosophila's homeotic functions, massive genetic studies done mainly in mouse point at Hox as relevant contributors to the vertebrate body axis patterning [START_REF] Mallo | Reassessing the Role of Hox Genes during Vertebrate Development and Evolution[END_REF]. Vertebrate Hox inactivation results in transformations of specific vertebral element's identity [START_REF] Mallo | Hox genes and regional patterning of the vertebrate body plan[END_REF]. For instance, Hoxa4, b4, and d4 participate in proper neck skeleton patterning. The triple loss of function results in the transformation of cervical vertebrae C2-C5 towards C1 phenotype, whereas individual mutations gave incompletely penetrant phenotypes in the second and third vertebrate [START_REF] Horan | Compound mutants for the paralogous hoxa-4, hoxb-4, and hoxd-4 genes show more complete homeotic transformations and a dose-dependent increase in the number of vertebrae transformed[END_REF]. Hox5, Hox6, and Hox9 genes are as well involved in ribcage development [START_REF] Mcintyre | Hox patterning of the vertebrate rib cage[END_REF]. Their mutants display anterior homeotic transformations at different AP boundaries of primaxial skeleton. Furthermore, Hox10 and Hox11 genes are important for the formation of the lumbar and sacral regions of the axial skeleton respectively [START_REF] Vinagre | Evidence for a myotomal Hox/Myf cascade governing nonautonomous control of rib specification within global vertebral domains[END_REF][START_REF] Wellik | Hox10 and Hox11 genes are required to globally pattern the mammalian skeleton[END_REF]. These mutants constitute anatomical transformations of axial skeleton regions (not just segments) and confirm functional redundancy among PG members similarly expressed along the AP axis [START_REF] Mallo | Hox genes and regional patterning of the vertebrate body plan[END_REF]. In the case of vertebrate species with nonregionalized axial skeletons like snakes, the suppression of distinct regions occurs independently of Hox gene expression domains boundaries but rather by changes in downstream expression during development [START_REF] Head | Evolution of the snake body form reveals homoplasy in amniote Hox gene function[END_REF].

It is important to address the segmental character of Hox homeotic mutants. The right number of segments remains; however, their identity is transformed. Spatio-temporal maintenance of Hox expression domains along the AP axis ensures Hox imposed segment identity. The specification of segmented structures may be due to a specific combination of homeotic genes (or Hox Code). By contrast, organogenetic/morphogenetic Hox functions are independent of continuous Hox expression patterns [START_REF] Hombria | Beyond homeosis--HOX function in morphogenesis and organogenesis[END_REF].

Hox organogenetic and morphogenetic functions

In the fly, mutating a single Hox gene results in a phenotype of its corresponding body segment. The vertebrate situation is not that simple since a combination of Hox genes may be required for the proper development of a segment, as a result, there is the possibility of redundancy [START_REF] Wellik | Hox patterning of the vertebrate axial skeleton[END_REF]. Such redundancy concedes an advantage to the Hox complex in terms of mutational response flexibility. Redundancy allows the evolutionary expansion of Hox functions through mutational changes such as 1) increased Hox complexes during wholegenome duplication events 2) deletions and duplications varying the number of Hox genes 3) mutations affecting the timing, position or gene activation levels 4) mutations in the coding sequence that affect the regulatory interactions between Hox and their targets. All these are relevant to generate multiple adaptive changes and novel functions for these proteins beyond the studied body segment establishment [START_REF] Hrycaj | Hox genes and evolution[END_REF]. Several vertebrate Hox functions (and even in Drosophila) are not associated with homeotic transformations but rather with roles in morphogenesis of particular organs [START_REF] Hombria | Beyond homeosis--HOX function in morphogenesis and organogenesis[END_REF].

Several HoxA and HoxD mutants strongly affect limb morphology, however, some loss of function phenotypes cannot be interpreted as classical homeotic transformations. Instead, they comprise loss or reduction of skeletal elements [START_REF] Zakany | The role of Hox genes during vertebrate limb development[END_REF]. Double mutant mice exhibit dramatic phenotypes whereas the effects of individual mutations are hardly detectable. This is the case of the combined absence of Hoxa13 and Hoxd13 that results in limbs devoid of digits [START_REF] Fromental-Ramain | Hoxa-13 and Hoxd-13 play a crucial role in the patterning of the limb autopod[END_REF] and compounds mutants of Hoxa1 and Hoxd1 that result in lower arms and shorter zeugopods [START_REF] Davis | Absence of radius and ulna in mice lacking hoxa-11 and hoxd-11[END_REF]. Understanding Hox functions during limb development requires changing the conventional Cartesian or axial patterning perception. Instead adopting a holistic view that considers the functional hierarchy along the proximal-distal axis of the limb, the redundant functions of Hox PG members within this structure, and the heterogeneous Hoxd gene transcripts expression profiles of limb cells [START_REF] Fabre | Heterogeneous combinatorial expression of Hoxd genes in single cells during limb development[END_REF].

Cooperative Hox functions during digit development require a tight regulation of the HoxD cluster given by two large regulatory landscapes or topologically associating domains (TADs). These TADs contain a series of enhancer elements with distinct specificities for either the future arm or digit cells. Response to these elements varies as the limb bud emerges (3) Scheme of Hox5 genes roles in lung development as upstream regulators of Wnt2/2b in the distal lung mesenchyme as part of the Hox5-Wnt2/ 2b-Bmp4-signaling axis. Adapted after [START_REF] Grenier | Functional evolution of the Ultrabithorax protein[END_REF] [START_REF] Fabre | Heterogeneous combinatorial expression of Hoxd genes in single cells during limb development[END_REF] [START_REF] Mallo | Hox genes and regional patterning of the vertebrate body plan[END_REF] [START_REF] Hrycaj | Hox5 Genes Regulate the Wnt2/2b-Bmp4-Signaling Axis during Lung Development[END_REF] As mentioned earlier Hox proteins interact with cofactors of the TALE class. Hox genes and the TALE family members have been shown to have a major role in heart development [START_REF] Lescroart | Hox and Tale transcription factors in heart development and disease[END_REF]. Lineage tracing experiments of cardiovascular progenitors (Mesp1 positive cells) have shown that anterior hox expression contributes to lineage fate decisions of the heterogenous subpopulations defining muscular, endocardial lineages, cardiomyocytes, and smooth muscle cells [START_REF] Lescroart | Early lineage restriction in temporally distinct populations of Mesp1 progenitors during mammalian heart development[END_REF][START_REF] Lescroart | Hox and Tale transcription factors in heart development and disease[END_REF]. Moreover, during cardiac cell specification RA signaling has an effect on heart development via Hox function. In zebrafish, RA responsive hoxb5b in the forelimb field indirectly regulates the size of the cardiac field [START_REF] Waxman | Hoxb5b acts downstream of retinoic acid signaling in the forelimb field to restrict heart field potential in zebrafish[END_REF]. RA-responsive Hox and TALE genes such as Meis2 show overlapping expression domains in cardiac mesoderm or neural crest cells (NCCs) suggesting cooperation between these during heart development.

Consistently Hox and TALE mutants display cardiac phenotypes. Hoxb1 null mice exhibit malformations in the outflow tract or OFT (connecting the bilateral dorsal aorta to the developing heart) and Ventricular septum defects (VSD) due to imbalanced proliferation and differentiation of second heart field (SHF) cells contributing to different myocardial lineages [START_REF] Roux | Hoxb1 regulates proliferation and differentiation of second heart field progenitors in pharyngeal mesoderm and genetically interacts with Hoxa1 during cardiac outflow tract development[END_REF]. Likewise, Meis1 and Pbx mutants exhibit cardiac defects such as VSD since Pbx1 is thought to interact with Hox and/or Meis to regulate target genes important for OFT development [START_REF] Chang | Pbx1 functions in distinct regulatory networks to pattern the great arteries and cardiac outflow tract[END_REF][START_REF] Stankunas | Pbx/Meis deficiencies demonstrate multigenetic origins of congenital heart disease[END_REF]. Further, studies on cardiovascular development suggest that TALE cofactors with or without Hox act as inputs with other key cardiac TFs [START_REF] Dupays | Sequential Binding of MEIS1 and NKX2-5 on the Popdc2 Gene: A Mechanism for Spatiotemporal Regulation of Enhancers during Cardiogenesis[END_REF].

Hox genes are important for many aspects of development and organogenesis. For instance, triple Hox PG5 mutants (Hoxa5/Hoxb5/Hoxc5) lead to dramatic lung defects including embryonic lung hypoplasia with reduced branching and proximal-distal patterning defects.

This phenotype is associated with a loss of Wnt/β-catenin signaling in the distal lung mesenchyme accompanied by down-regulation of downstream targets, including Left1, Axin2, and Bmp4. These studies demonstrate that Hox5 genes act as key upstream mesenchymal regulators of Wnt2/Wnt2b-BMP4 signaling that is critical for lung branching morphogenesis [START_REF] Hrycaj | Hox5 Genes Regulate the Wnt2/2b-Bmp4-Signaling Axis during Lung Development[END_REF].

Other examples of Hox functions during vertebrate organ development include Hox PG3 genes in the thymus, thyroid and parathyroid development [START_REF] Manley | Hox group 3 paralogs regulate the development and migration of the thymus, thyroid, and parathyroid glands[END_REF],

Hox6 functions in pancreatic organogenesis [START_REF] Larsen | Mesenchymal Hox6 function is required for mouse pancreatic endocrine cell differentiation[END_REF], and Hox9, 10 and 11 in kidney and reproductive tract development (Drake et al., 2018;[START_REF] Wellik | Chapter 9 Hox Genes and Vertebrate Axial Pattern[END_REF][START_REF] Wellik | Hox genes and kidney development[END_REF]Yallowitz et al., 2011) (See 4.4), among others. Furthermore, Hox non-homeotic roles can be extended to adult tissues since Hox and TALE genes have been reported to play key roles in many cancers [START_REF] Jia | A systematic survey of HOX and TALE expression profiling in human cancers[END_REF]. PBC and MEIS family members are prime examples since they were identified in chromosomal translocations and viral insertions that result in Pre-B acute lymphoblastic leukemia in children and acute myeloid leukemia in mouse [START_REF] Moskow | Meis1, a PBX1related homeobox gene involved in myeloid leukemia in BXH-2 mice[END_REF]. Though, Hox and TALE mutations in cancer affect the expression profiles rather than the protein function. Numerous studies correlate aberrant expression profiles of Hox (and TALE to a lesser extent) with cancers. In those studies, Hox and TALE are described to be up-or down-regulated depending on the cancer type, acting as pro-or anti-oncogenes [START_REF] Bhatlekar | Role of HOX Genes in Stem Cell Differentiation and Cancer[END_REF].

TALE cofactors function in development

Hox cofactors were identified for their homeotic transformations in Drosophila. Like the Hox genes themselves, multiple functions during vertebrate development and disease have been uncovered for their vertebrate homologs [START_REF] Moens | Hox cofactors in vertebrate development[END_REF]. TALE family homeodomain proteins have both Hox-dependent and Hox-independent functions. For this reason, genetic analyses of TALE need to be interpreted with caution, since the observed phenotypes might not always be due to their role as Hox cofactors [START_REF] Mann | Hox specificity unique roles for cofactors and collaborators[END_REF].

Pbx proteins function as Hox cofactors

Exd and Pbx comprise the PBC subclass of the TALE cofactors [START_REF] Burglin | Homeodomain subtypes and functional diversity[END_REF]. In Drosophila, exd mutants exhibit homeotic transformations of specific body segments without affecting the pattern of expression of the Hox genes themselves, suggesting that it is required for Hox function [START_REF] Peifer | Mutations in the Drosophila gene extradenticle affect the way specific homeo domain proteins regulate segmental identity[END_REF]. Exd and Pbx are orthologous and function as

TFs and as Hox cofactors in several biological systems [START_REF] Ladam | Hox regulation of transcription: more complex(es). Developmental dynamics : an official publication of the[END_REF]. PBC members display broad and often overlapping expression domains (Ferretti et al., 2000;[START_REF] Vlachakis | A novel pbx family member expressed during early zebrafish embryogenesis forms trimeric complexes with Meis3 and Hoxb1b. Developmental dynamics : an official publication of the[END_REF]. Hence, Pbx genes roles as Hox cofactors are independent of a spatial and temporal restriction in their expression [START_REF] Ladam | Hox regulation of transcription: more complex(es). Developmental dynamics : an official publication of the[END_REF]. Nonetheless, Pbx nuclear localization and protein stability appear to be crucial regulatory steps in controlling their availability to act as Hox cofactors [START_REF] Berthelsen | The subcellular localization of PBX1 and EXD proteins depends on nuclear import and export signals and is modulated by association with PREP1 and HTH[END_REF].

Pbx proteins are implicated in regulatory networks that direct morphogenetic processes and organogenesis in vertebrates [START_REF] Selleri | Corrigendum: 'Building a perfect body': control of vertebrate organogenesis by PBX-dependent regulatory networks[END_REF]. Vertebrate genomes contain multiple Pbx family members. There is a high degree of functional conservation across this protein family.

Zebrafish pbx4 embryonic mutant phenotype, in which Hox-dependent patterning events were disrupted, can be rescued by ectopic expression of any of the zebrafish pbx genes and Drosophila exd. This work suggests that the functional differences between pbx genes are likely to be due to differences in their expression rather than in their biochemical activities [START_REF] Popperl | lazarus is a novel pbx gene that globally mediates hox gene function in zebrafish[END_REF]. Consistently Pbx proteins exhibit identical cooperative DNA binding with Hox proteins in vitro (Chang et al., 1995).

Pbx members display overlapping expression and redundant functions. However, during organogenesis and even in adult tissues different Pbx proteins are expressed in temporally and spatially distinct patterns. In these contexts, single mutant phenotypes can be informative regardless of the presence of multiple gene homologs and the early lethality of mice lacking individual Pbx genes [START_REF] Moens | Hox cofactors in vertebrate development[END_REF]. Studies in mice and zebrafish hindbrain have demonstrated that Pbx genes are essential for rostrocaudal patterning and cell type specification in this organ [START_REF] Cooper | Autonomous and nonautonomous functions for Hox/Pbx in branchiomotor neuron development[END_REF]Vitobello et al., 2011;[START_REF] Waskiewicz | Eliminating zebrafish pbx proteins reveals a hindbrain ground state[END_REF]. Hox expression maintenance in specific rhombomeres involves Pbx functions [START_REF] Tümpel | Chapter 8 Hox Genes and Segmentation of the Vertebrate Hindbrain[END_REF]. Moreover, Pbx genes play an essential role in the specification and connectivity of Hox-dependent motor neuron columnar, divisional, and pool subtypes [START_REF] Hanley | Parallel Pbx-Dependent Pathways Govern the Coalescence and Fate of Motor Columns[END_REF].

Pbx1-deficient embryos develop normally until 11.5 dpc and exhibit pleiotropic developmental defects affecting several organ systems (skeleton, hematopoietic, thymus, thyroid, heart, intestines, pancreas, spleen, kidneys, gonads) [START_REF] Moens | Hox cofactors in vertebrate development[END_REF]. Some of these phenotypes overlap with Hox loss-of-function mutants. For instance, Pbx1-/-mice mimic Hoxa2 [START_REF] Selleri | Requirement for Pbx1 in skeletal patterning and programming chondrocyte proliferation and differentiation[END_REF] and Hoxa3 [START_REF] Minoux | Rostral and caudal pharyngeal arches share a common neural crest ground pattern[END_REF] Pbx1-/-embryos phenocopy Hox3 mutant phenotypes [START_REF] Manley | Abnormalities of caudal pharyngeal pouch development in Pbx1 knockout mice mimic loss of Hox3 paralogs[END_REF]. By contrast, studies in mouse and zebrafish point to the involvement of not only Pbx but also Meis genes in cardiac development [START_REF] Farr | Functional testing of a human PBX3 variant in zebrafish reveals a potential modifier role in congenital heart defects[END_REF]. Furthermore, Pbx TFs play critical roles in the regulation of lung vascular smooth muscle cells [START_REF] Mcculley | PBX transcription factors drive pulmonary vascular adaptation to birth[END_REF].

Numerous studies suggest cooperation between Pbx and Hox genes. Axial skeletal patterning and hindlimb positioning phenotypes that characterize the absence of Pbx1/Pbx2 are explained by the loss of Pbx genetic control of Polycomb and Hox expression and spatial distribution in the mesoderm, as well as of Pax1/Pax9 in the sclerotome [START_REF] Capellini | Pbx1/Pbx2 govern axial skeletal development by controlling Polycomb and Hox in mesoderm and Pax1/Pax9 in sclerotome[END_REF]. Pbx is also required for distal limb patterning mediated through the hierarchical control of Hox spatial distribution [START_REF] Capellini | Pbx1/Pbx2 requirement for distal limb patterning is mediated by the hierarchical control of Hox gene spatial distribution and Shh expression[END_REF]. Moreover, hoxb1a and pbx4 synergize to control motor neuron migration in zebrafish [START_REF] Cooper | Autonomous and nonautonomous functions for Hox/Pbx in branchiomotor neuron development[END_REF], similarly, hox PG1 members specify when cooperating with pbx4 to specify rhombomere identities [START_REF] Waskiewicz | Eliminating zebrafish pbx proteins reveals a hindbrain ground state[END_REF].

In most cases, Hox proteins function together with Pbx proteins to control developmental processes although there is evidence of Hox-independent roles [START_REF] Maves | Pbx homeodomain proteins direct Myod activity to promote fast-muscle differentiation[END_REF][START_REF] Yao | Pbx and Prdm1a transcription factors differentially regulate subsets of the fast skeletal muscle program in zebrafish[END_REF]. For instance, a Pbx-dependent complex regulatory network can execute morphogenesis in the midface, a Hox-less territory where two mutually exclusive cellular behaviorsapoptosis and EMT-mediate the fusion of the frontonasal and maxillary processes via regulation of Wnt canonical signaling [START_REF] Dong | Toward Microsurgical Correction of Cleft Lip Ex Utero through Restoration of Craniofacial Developmental Programs[END_REF][START_REF] Ferretti | A conserved Pbx-Wnt-p63-Irf6 regulatory module controls face morphogenesis by promoting epithelial apoptosis[END_REF]. Similarly, Pbx1 was identified as a driver of EMT in lung and liver cancer [START_REF] Kodama | Transposon mutagenesis identifies genes and cellular processes driving epithelial-mesenchymal transition in hepatocellular carcinoma[END_REF][START_REF] Risolino | Transcription factor PREP1 induces EMT and metastasis by controlling the TGF-beta-SMAD3 pathway in non-small cell lung adenocarcinoma[END_REF].

Meis proteins function as Hox cofactors

In Drosophila, Exd-Hth dimerization regulates the nuclear localization of Exd [START_REF] Rieckhof | Nuclear Translocation of Extradenticle Requires homothorax, which Encodes an Extradenticle-Related Homeodomain Protein[END_REF]). An equivalent interaction occurs between Pbx-Meis that similarly controls the translocation of the protein complex [START_REF] Mercader | Ectopic Meis1 expression in the mouse limb bud alters P-D patterning in a Pbx1independent manner[END_REF]. Meis is also known to promote HX independent DNA-Binding interactions between Hox and Pbx at least in vitro [START_REF] Hudry | Hox proteins display a common and ancestral ability to diversify their interaction mode with the PBC class cofactors[END_REF] and to cooperatively form trimeric complexes at enhancer regions of developmental genes [START_REF] Choe | Meis cofactors control HDAC and CBP accessibility at Hox-regulated promoters during zebrafish embryogenesis[END_REF]) (See 4.3). This adds a complexity to the interpretation of Meis phenotypes since they can be either the consequence of Pbx deregulation or of Meis interactions with Hox and Pbx directing target transcriptional regulation by trimeric complex formation.

Meis/Prep cofactors in vertebrates also show overlapping expression and redundancy. Meis1

is essential for murine and zebrafish hematopoiesis [START_REF] Azcoitia | The homeodomain protein Meis1 is essential for definitive hematopoiesis and vascular patterning in the mouse embryo[END_REF]. Meis1 null mutants are lethal and exhibit hematopoietic and angiogenic defects with hypoplasia of some organs, reminiscent of Pbx1 mutations [START_REF] Hisa | Hematopoietic, angiogenic and eye defects in Meis1 mutant animals[END_REF]. Meis1 serves an essential role in neural progenitor/stem cell development [START_REF] Barber | Dynamic expression of MEIS1 homeoprotein in E14.5 forebrain and differentiated forebrain-derived neural stem cells[END_REF] and thymic epithelial cell postnatal progenitor maintenance [START_REF] Hirayama | Meis1 is required for the maintenance of postnatal thymic epithelial cells[END_REF]. Meis2 constitutive inactivation also results in embryonic lethality whereas its conditional mutants in NCCs display defects cranial and cardiac neural crest derivatives [START_REF] Machon | Meis2 is essential for cranial and cardiac neural crest development[END_REF]. Besides these roles, Meis2 is involved in limb outgrowth, [START_REF] Capdevila | Control of vertebrate limb outgrowth by the proximal factor Meis2 and distal antagonism of BMPs by Gremlin[END_REF] olfactory neurogenesis, [START_REF] Agoston | Meis2 is a Pax6 co-factor in neurogenesis and dopaminergic periglomerular fate specification in the adult olfactory bulb[END_REF] and heart tube formation [START_REF] Paige | A temporal chromatin signature in human embryonic stem cells identifies regulators of cardiac development[END_REF]. Meis3 is required for neural crest entry to the gut during zebrafish enteric nervous system development [START_REF] Uribe | Meis3 is required for neural crest invasion of the gut during zebrafish enteric nervous system development[END_REF].

Meis members as Hox genes are likely to be regulated by RA signaling. A recent study in human ES cells of ISL1, a key TF for cardiomyocyte differentiation, has shown that Meis2 expression is immediately induced upon RA treatment and that the slightly delayed and moderate transcriptional repression of ISL1 by RA is Meis2 mediated [START_REF] Quaranta | Revised roles of ISL1 in a hES cell-based model of human heart chamber specification[END_REF].

Although an interaction between Hox, Meis, and Pbx have been proposed to regulate cardiovascular development, it remains to elucidate the precise mechanisms by which they directly control target gene expression [START_REF] Lescroart | Hox and Tale transcription factors in heart development and disease[END_REF]. Recent Meis studies focus on their interactions with Hox and their implication in cancer [START_REF] Johng | HOXB13 interaction with MEIS1 modifies proliferation and gene expression in prostate cancer[END_REF].

Hox and RA functional links

Vertebrate body axis formation and extension of the mouse, zebrafish, chick, and Xenopus embryos occur by progressive cell differentiation controlled by opposing signaling gradients of RA versus Wnts and FGFs [START_REF] Deschamps | Embryonic timing, axial stem cells, chromatin dynamics, and the Hox clock[END_REF]Nolte et al., 2019).

Interactions between these signaling pathways govern regulatory networks during body axis Cross-species regulatory studies have found conserved RAREs positions shared between the amphioxus Hox cluster and vertebrates that account for Hox ordered expression patterns in neural tissue. Hence, nested domains of Hox axial expression as well as the differential response to RA signaling might be an evolutionarily conserved feature of Hox clusters [START_REF] Manzanares | Conservation and elaboration of Hox gene regulation during evolution of the vertebrate head[END_REF][START_REF] Wada | Conserved RARE localization in amphioxus Hox clusters and implications for Hox code evolution in the vertebrate neural crest[END_REF].

RA is known to directly induce Hox gene expression. Hoxa1 and Hoxb1 are activated early during mouse embryogenesis (Hoxa1 is expressed slightly before than Hoxb1) and are responsive to exogenous RA treatment in vivo [START_REF] Dupe | In vivo functional analysis of the Hoxa-1 3' retinoic acid response element (3'RARE)[END_REF][START_REF] Studer | Genetic interactions between Hoxa1 and Hoxb1 reveal new roles in regulation of early hindbrain patterning[END_REF]. 

RA-responsive Hox and TALE regulation

In all vertebrates, the posterior-most region of the developing brain, the hindbrain, is segmented into seven rhombomeric cell fate identities (r1-r7) along the AP axis. Each rhombomere has a distinct segmental identity according to its position essential for specification of neural and glial subtypes as well as defining migration patterns of the cranial neural crest cells. Hox PGs 1-4 regional expression in this tissue [START_REF] Parker | Segmental arithmetic: summing up the Hox gene regulatory network for hindbrain development in chordates[END_REF] depends on endogenous dynamic changes in concentration (or time of exposure) of RA produced by the flanking somites [START_REF] Maves | Dynamic and sequential patterning of the zebrafish posterior hindbrain by retinoic acid[END_REF]. Timing and location of RA enzymes shape the RA gradient territories directing cross-regulation between RA and Hox genes within the developing hindbrain [START_REF] Serpente | Direct crossregulation between retinoic acid receptor {beta} and Hox genes during hindbrain segmentation[END_REF]. Although rhombomere Hox expression patterns can evoke homeotic roles dependent on segmental regionalization along the AP axis, Hox loss of function induces partial transformations in rhombomere identities due to Hox PGs functional redundancy. Hence, Hox and TALE are rather part of the conserved genetic networks that govern morphological events during hindbrain development [START_REF] Frank | Hindbrain induction and patterning during early vertebrate development[END_REF].

Hox and TALE play key roles in hindbrain initial induction and specification. During hindbrain development in zebrafish and Xenopus, Meis/Pbx genes are activated early in the presumptive neural plate and regulate Hox PG1-4 gene activation. Meis/Pbx, loss of function results in the absence of the entire hindbrain region accompanied by a loss of hindbrain markers gene expression including Hox PG1-4 genes, and by an expansion of anterior forebrain structures [START_REF] Popperl | lazarus is a novel pbx gene that globally mediates hox gene function in zebrafish[END_REF][START_REF] Waskiewicz | Eliminating zebrafish pbx proteins reveals a hindbrain ground state[END_REF]. Meis3 expression at late gastrula stages is localized in the presumptive hindbrain. Mei3 is sufficient for hindbrain induction and its overexpression results in ectopic hindbrain formation [START_REF] Dibner | XMeis3 protein activity is required for proper hindbrain patterning in Xenopus laevis embryos[END_REF].

At later stages, Meis3 expression is restricted to the r2-r4 region where it synergizes with Hox and Pbx to enhance the expression of hindbrain markers [START_REF] Vlachakis | Meis3 synergizes with Pbx4 and Hoxb1b in promoting hindbrain fates in the zebrafish[END_REF]. Pbx proteins are also essential for hindbrain regionalization. In Xenopus, Pbx1 knockdown disrupts hindbrain formation [START_REF] Maeda | Xpbx1b and Xmeis1b play a collaborative role in hindbrain and neural crest gene expression in Xenopus embryos[END_REF]. While in zebrafish Pbx total loss of function results in the transformation of the hindbrain into a unique r1 identity territory [START_REF] Waskiewicz | Eliminating zebrafish pbx proteins reveals a hindbrain ground state[END_REF]. Pbx proteins directly interact with Meis during r2-r6 cell fate regulation [START_REF] Vlachakis | Meis3 synergizes with Pbx4 and Hoxb1b in promoting hindbrain fates in the zebrafish[END_REF][START_REF] Waskiewicz | Eliminating zebrafish pbx proteins reveals a hindbrain ground state[END_REF]. Hox PG1 members are crucial for correct hindbrain induction and segmentation. Early PG1 protein expression is required for proper sequential expression of later, more posteriorly expressed Hox PG2-4 genes [START_REF] Dibner | The Meis3 protein and retinoid signaling interact to pattern the Xenopus hindbrain[END_REF]McNulty et al., 2005). In Xenopus embryos, triple knockdown of all the PG1, hoxa1, hoxb1, and hoxd1 triggers a complete loss of r2-6 where the entire hindbrain resembles a Hox non-expressing r1 region. This phenotype is synergistically stronger than that of each PG1 member loss of function and can be rescued by overexpression of Hoxd1 protein alone, suggesting functional redundancy within these TFs (McNulty et al., 2005).

Mutant Hox PG2 mice exhibit disrupted r3/r4 region with poor border formation between r2/r3. Whereas Hox PG3 mutants display disrupted r5/6 identities and show hoxb1 (r4specific) ectopic expression in r5/6 [START_REF] Gaufo | Hox3 genes coordinate mechanisms of genetic suppression and activation in the generation of branchial and somatic motoneurons[END_REF]. By contrast Hox PG4 mutants display normal phenotypes [START_REF] Horan | Compound mutants for the paralogous hoxa-4, hoxb-4, and hoxd-4 genes show more complete homeotic transformations and a dose-dependent increase in the number of vertebrae transformed[END_REF].

Microarray analysis in prospective r3-5 regions aiming to determine Hoxa1 targets identified around 300 target-genes. These studies suggest a wider genetic cascade downstream of Hox controlling hindbrain development than previously thought [START_REF] Makki | Identification of novel Hoxa1 downstream targets regulating hindbrain, neural crest and inner ear development[END_REF]. Krox20, a TF essential for rhombomeric identity and cell fate is expressed within these regions in rhombomeres 3 and 5. In chick, mice, and zebrafish, krox20 promoter/enhancer sites have functional r3-specific Hoxb1/Meis/Pbx binding sites. These do not appear to be direct Meis3-targets in Xenopus [START_REF] Stedman | A functional interaction between Irx and Meis patterns the anterior hindbrain and activates krox20 expression in rhombomere 3[END_REF]Wassef et al., 2008). Dual-negative regulatory interactions between hox and krox20 lead to the establishment of well-defined rhombomeric identities. Initially, Krox20 activation occurs via Hoxb1 binding to its enhancer, later hoxb1 restricted expression in r4 represses krox20 in this segment, in turn, krox20

together with vhnf1 repress hoxb1 in the neighboring segments, thus limiting its expression to r4 [START_REF] Aragon | vHnf1 regulates specification of caudal rhombomere identity in the chick hindbrain[END_REF].

During hindbrain development, Hox, Meis, and Pbx proteins interact at different levels with RA signaling while restricting Hox expression patterns to specific rhombomeres and strengthening Hox gene segmental expression through cross-regulatory, pararegulatory, and autoregulatory loops [START_REF] Moens | Hox cofactors in vertebrate development[END_REF]. Initially, RAREs mediate transcriptional regulation of hindbrain patterning genes such as hoxa1, hoxb1, hoxb4, and vhnf1 [START_REF] Ahn | Long-range regulation by shared retinoic acid response elements modulates dynamic expression of posterior Hoxb genes in CNS development[END_REF][START_REF] Pouilhe | Direct regulation of vHnf1 by retinoic acid signaling and MAF-related factors in the neural tube[END_REF] 1.

2. 

Hox-TALE dependent transcriptional regulation

Hox and TALE can regulate gene expression at different levels. The study of Hox-TALE dependent regulation was initially focused on understanding their ability to recognize and bind specific target gene enhancers. However, recent genome-wide studies have revealed other regulatory functions besides recognition and activation of specific cis-regulatory modules. Hox and TALE are involved in several steps of gene expression such as modification of the chromatin landscape and accessibility, assembly and activation of promoter transcription complexes, and mRNA processing [START_REF] Carnesecchi | Hox transcription factors: an overview of multi-step regulators of gene expression[END_REF].

Complexes involving HOX, PBX, and MEIS proteins have been reported to modulate Hox complex transcriptional activity via close promoters/enhancers (Ferretti et al., 2000).

Vertebrate enhancer elements of Hox targets consist of immediately adjacent Pbx and Hox half-sites close to Prep/Meis monomers sites [START_REF] Ladam | TALE factors use two distinct functional modes to control an essential zebrafish gene expression program[END_REF]. They require binding of Hox/Pbx or Hox/Pbx/Meis for their transcriptional activity [START_REF] Moens | Hox cofactors in vertebrate development[END_REF]. The first characterized Hox-dependent enhancer is the mouse Hoxb1 autoregulatory element (b1-ARE). This element is responsive to Hoxb1, a1, and b2 by transactivation [START_REF] Pöpperl | Segmental expression of Hoxb-1 is controlled by a highly conserved autoregulatory loop dependent upon exd/pbx[END_REF]. Hoxb2 r4 enhancer mediates Hoxb1 cross-regulation in vivo and exhibits similar motif organization. Meis or Pbx-Hox binding site mutations in this element abrogate enhancer directed expression of a reporter transgene in the hindbrain (Ferretti et al., 2000;[START_REF] Jacobs | Trimeric association of Hox and TALE homeodomain proteins mediates Hoxb2 hindbrain enhancer activity[END_REF]. Meis sites requirement in vivo varies depending on enhancer context. In some cases, mutated Meis sites do not affect expression patterns, yet this does not preclude the site from influencing relative gene expression levels [START_REF] Ferretti | Hoxb1 enhancer and control of rhombomere 4 expression: complex interplay between PREP1-PBX1-HOXB1 binding sites[END_REF][START_REF] Tumpel | Expression of Hoxa2 in rhombomere 4 is regulated by a conserved cross-regulatory mechanism dependent upon Hoxb1[END_REF].

Interactions between Hox and TALE cofactors as well as other inputs can modulate either the activation or repression of targets genes. One of the mechanisms by which Hox TFs regulate chromatin active and repressive states involves histone modifier complexes [START_REF] Carnesecchi | Hox transcription factors: an overview of multi-step regulators of gene expression[END_REF]. These complexes can either deposit or remove from histones "marks" of acetylation, methylation, ubiquitylation, and phosphorylation. Histone modifiers orchestrate gene expression by promoting permissive (via histone acetylation, H3K4 methylation, chromatin remodeling) or repressive (mainly via H3K27me3) chromatin environments [START_REF] Kouzarides | Chromatin modifications and their function[END_REF]. In vitro, Pbx/Exd cooperates with several Hox proteins to bind a paired consensus recognition site on DNA with high specificity (Chang et al., 1995). Pbx proteins can bind other factors including HDACs (Histone deacetylase) and HATs (Histone acetyltransferase). Depending on the target, Hox-Exd or Hox-Pbx complexes can act as transcriptional activators or as transcriptional repressors. This is determined by the recruitment of other factors into the complex related to the specific regulatory sequence involved and/or extracellular signals [START_REF] Saleh | Cell signaling switches HOX-PBX complexes from repressors to activators of transcription mediated by histone deacetylases and histone acetyltransferases[END_REF].

In zebrafish, Hoxb1, Pbx and Meis bind promoter regions that are highly acetylated on histone H4. Upon Meis inhibition, gene expression is downregulated and the H4 acetylation levels reduced. Consistently, recruitment of CBP/p300 acetyltransferase (a major transcriptional co-regulator) to Hox-regulated promoters at the expense of HDACs displacement is Meis dependent [START_REF] Choe | Meis cofactors control HDAC and CBP accessibility at Hox-regulated promoters during zebrafish embryogenesis[END_REF]. Further, Pbx/Meis binding to the zebrafish hoxb1a promoter is not sufficient to activate its transcription. Recruitment of Hoxb1b to the hoxb1a promoter triggers the release of poised RNA-PolII and allows the start of transcription. [START_REF] Choe | TALE factors poise promoters for activation by Hox proteins[END_REF] suggest that TALE cofactors during early embryogenesis poise promoters for activation; Hox proteins association is then required for efficient transcription [START_REF] Choe | TALE factors poise promoters for activation by Hox proteins[END_REF]. Furthermore, Hox TFs can act as potential molecular regulators of poising via either regulation of the Pol II state or/and orchestrating the chromatin landscape. Interaction between Hox TFs and chromatin modifiers have been reported in the promoter of Runx2 (osteoblast-differentiation master gene) where HoxA10 is correlated with H3K4me3 deposition and p300 act as acetyltransferase of Hoxa10 target genes [START_REF] Hassan | HOXA10 controls osteoblastogenesis by directly activating bone regulatory and phenotypic genes[END_REF]. In sum, evidences are pointing at interplay between Hox factors, CBP and HDAC regulating gene expression via the dynamic deposition or removal of histone acetylation.

Hox chromatin remodeler activity relies on defined protein-interactions that change the chromatin landscape to promote cell-type-specific transcriptional outputs. High throughput techniques for nucleosome occupancy detection such as FAIRE-seq and ATAC-seq simplify the study of TF remodeler properties. Comparing nucleosome positioning with Hox binding profiles suggested that some Hox TFs might induce DNA accessibility through the recruitment of nucleosome remodeler [START_REF] Beh | Roles of cofactors and chromatin accessibility in Hox protein target specificity[END_REF]. Moreover, it has been suggested that chromatin conformation remodeling by Hox TFs occurs via the deposition of histone variants that affect chromatin-chromatin interactions and influence enhancer-promoter communication [START_REF] Agelopoulos | Developmental regulation of chromatin conformation by Hox proteins in Drosophila[END_REF]. Further, the interplay between Hox TFs and CTCF (known repressor of gene expression and regulator of boundary regions between active and heterochromatin chromosomal domains) seem to affect the regulation of not only enhancerpromoter interactions but also chromosomal interactions [START_REF] Beccari | A role for HOX13 proteins in the regulatory switch between TADs at the HoxD locus[END_REF][START_REF] Jerkovic | Genome-Wide Binding of Posterior HOXA/D Transcription Factors Reveals Subgrouping and Association with CTCF[END_REF]. Besides Hox functions, during transcriptional initiation, data are suggesting a new level of gene regulation by Hox factors roles acting on subsequent steps of mRNA processing and mRNA export [START_REF] Shestakova | Identification of proteins associated with transcription factors HOXA9 and E2A-PBX1 by tandem affinity purification[END_REF].

Cofactor binding is known to affect Hox-DNA binding specificity [START_REF] Ryoo | The control of trunk Hox specificity and activity by Extradenticle[END_REF].

However, this effect differs between Hox proteins. Some Hox proteins exhibit an increased DNA-binding affinity when coupled to Pbx whereas for others the interaction appears to have minimal effect [START_REF] Laronde-Leblanc | Structure of HoxA9 and Pbx1 bound to DNA: Hox hexapeptide and DNA recognition anterior to posterior[END_REF]. The mechanism by which cofactors confer Hox proteins binding site discrimination (regardless of the strikingly similar binding specificities of Hox HDs) is called latent specificity (Merabet and Mann, 2016). Some studies presume that Hox TFs ability to specifically read the structure of a DNA binding site is given by the conformational change in the Hox protein that results from stabilizing the structure of the N-terminal arm of the Hox HD [START_REF] Joshi | Functional specificity of a Hox protein mediated by the recognition of minor groove structure[END_REF]. Work on sequence requirements for DNA binding by Hox and TALE complexes indicate that they are difficult to predict [START_REF] Dard | Human HOX Proteins Use Diverse and Context-Dependent Motifs to Interact with TALE Class Cofactors[END_REF]. In vitro SELEX (systematic evolution of ligands by exponential enrichment)-seq experiments have shown that Hox complex formation with TALE cofactors is important for binding site preferences [START_REF] Slattery | Cofactor binding evokes latent differences in DNA binding specificity between Hox proteins[END_REF]. Although Hox and TALE complexes bind with the highest affinity to consensus sequences, they are likely to occur on non-consensus lowaffinity binding sites as well [START_REF] Slattery | Cofactor binding evokes latent differences in DNA binding specificity between Hox proteins[END_REF]. Chip-seq analyses in mouse embryos at E11.5 of TALE proteins revealed that bonafide target binding sequences uncovered similarities with SELEX predicted sites. In this context, Pbx DNA-binding motifs appear to be conserved throughout evolution and vary according to the binding partners [START_REF] Penkov | Analysis of the DNA-binding profile and function of TALE homeoproteins reveals their specialization and specific interactions with Hox genes/proteins[END_REF]. The work of Crocker et al., further supports the idea that differential affinities to Hox binding sites explain target-specific activation by Hox TFs along the anterior to posterior axis of the Drosophila embryo. The team attempted to optimize low-affinity Ubx/Exd/Hth binding sites controlling shavenbaby enhancer activities, by converting them into high-affinity consensus sites. Interestingly, this led to a loss of specificity with ectopic activation of these enhancers by more anterior Hox TFs [START_REF] Crocker | Low affinity binding site clusters confer hox specificity and regulatory robustness[END_REF]. In the mouse embryo Hoxa2 assists Meis2 to interact with partial consensus sites for target gene regulation in the second branchial arch (IIBA). Hoxa2 presence in the IIBA does not change qualitatively, but does quantitatively change MEIS DNA binding on potentially lower-affinity sites across the genome to switch its transcriptional program [START_REF] Amin | Hoxa2 selectively enhances Meis binding to change a branchial arch ground state[END_REF]. These evidences change the initial view of the co-selective cooperative binding. It addresses a different approach to Hox specificity where higher diversity of Hox binding sites, and the resulting sub-optimization with which Hox-TALE complexes bound to these sites, is essential for cell-specific gene expression [START_REF] Carnesecchi | Hox transcription factors: an overview of multi-step regulators of gene expression[END_REF]. In addition to affinity, spacing and orientation of TFs binding sites are important to achieve not only the appropriate levels of gene expression but also tissue specificity [START_REF] Farley | Suboptimization of developmental enhancers[END_REF]. Moreover, the sub-optimization of cis-regulatory elements is important for nuclear TF organization within the nucleus that in turn affects modulation and regulation of gene expression [START_REF] Hnisz | A Phase Separation Model for Transcriptional Control[END_REF].

Genomic analyses in murine ES cells of Hoxa1 binding properties have shown a very frequent co-occupancy of PBX and Meis on Hoxa1 bound regions, as well as auto -and cis-regulatory interactions between Hoxa1 and TALE genes in ES cells [START_REF] De Kumar | HOXA1 and TALE proteins display cross-regulatory interactions and form a combinatorial binding code on HOXA1 targets[END_REF]. Interactions between HOX proteins and TALE cofactors vary according to the DNA-binding site or cell context. Analysis of complex formation with human HOX proteins revealed that all except PGs 1 and 2 members could interact with PBX1 and MEIS1 in the absence of the HX motif. TALE binding occurs through specific evolutionarily conserved sites in a cell-specific manner. For instance, HOXA7 interactions are involved in the proliferative activity of breast cancer cells [START_REF] Dard | The human HOXA9 protein uses paralog-specific residues of the homeodomain to interact with TALE-class cofactors[END_REF][START_REF] Dard | Human HOX Proteins Use Diverse and Context-Dependent Motifs to Interact with TALE Class Cofactors[END_REF].

Hox and TALE involvement in kidney development

Hox and TALE in pronephros development

In Xenopus, there is no direct evidence of hox and TALE roles in pronephros development.

Nevertheless, there is data about their expression patterns in the marginal zone at the origin of the KF. In der Rieden et al., showed that meis3 is involved in the regulation of expression of these Hox genes in mesoderm during gastrulation. Ectopic expression of Meis3 during gastrulation is capable of expanding the expression patterns of hoxd1, hoxb4, hoxc6 in the marginal zone. Whereas Meis3 depletion leads to a reduction in expression of hoxd1, hoxb4, and hoxc6 in mesoderm and ectoderm during gastrulation. Hoxd1 and Meis3 synergize in early gastrula mesoderm to autoregulate hoxd1 mesodermal expression during early gastrulation (In der Rieden et al., 2011).

Hox restricted expression patterns along the AP axis chick embryos suggest an important role in specifying kidney by controlling nephrogenic cord patterning. Activin from the dorsal neural tube is necessary but insufficient for KF induction in IM cells. RA signaling may act through an indirect mechanism conferring IM cells competence to respond to activin-like signals. This is thought to define the anterior border of KF since RA potentially regulates lhx1 via Hoxb4 induction (whose ectopic expression is capable of inducing KF gene expression in non-kidney IM) [START_REF] Preger-Ben Noon | Interplay between activin and Hox genes determines the formation of the kidney morphogenetic field[END_REF]. See Figure 28. Hox involvement in kidney development. Furthermore, Hoxa6 expressed posteriorly to nephric duct precursors, specifically repress duct formation when misexpressed in duct-forming regions of the IM [START_REF] Attia | Analysis of nephric duct specification in the avian embryo[END_REF]. These results imply that KF induction is related to IM patterning along the AP axis by Hox genes. However, detailed analyses of Hox expression patterns in the IM of chick embryos revealed independent Hox expression patterns that do not follow temporal and spatial collinearity. Hoxb4 is the only expressed at the onset of pronephros progenitor cells (gastrulation) keeping an appropriated spatial-temporal expression until the migration of these cells to their final destination in the IM [START_REF] Barak | Comparative spatiotemporal analysis of Hox gene expression in early stages of intermediate mesoderm formation[END_REF]. 

Role of Hox and TALE during meso and metanephric kidney development

Evidence shows that there is widespread overlapping Hox gene expression during murine kidney development. More than 25 Hox genes are expressed in the mammalian kidney including the Wolffian duct, ureteric bud epithelium, condensing mesenchyme, and differentiated epithelial structures that are derived from the condensed mesenchyme. Only the vector driving internal ribosome entry site 2 (IRES2)-ZsGreen1 expression was electroporated into the prospective IM region of PS3 chick embryos. Control (A) or Hoxb4 expression (C) vector expression visualized in the anterior IM (arrow; red line marks the sixth somite border). (B,D) ISH show IM anterior expansion of lhx1 (Lim1) expression only in embryos electroporated with the Hoxb4 expression vector (arrowhead in D), (E) Cross-section indicating expansion is specific to the IM of the experimental side (arrow). NT, neural tube; s, somite. Scale bars: 100 µm.

Nephric duct repression by HoxA6 miss-expression (right). pMes-GFP (A-E) or pMes-HoxA6-GFP (F-J) vector electoroporation analyzed by wholemount in situ hybridization for lhx1 (lim1) or by GFP immunofluorescence (indicative of electroporation). HoxA6electroporated embryos exhibit a smaller nephric duct (compare C with H) lower frequency of GFP-positive cells (I,J), and weaker lhx1 expression than controls (compare B with G). Arrows indicate somite 10. d, nephric duct; lp, lateral plate; nt, neural tube; som, somite. most extreme 3′ and 5′ Hox PG members (PG1 and PG13) are not expressed in this tissue (Patterson and Potter, 2004). Recent studies using single-cell RNA-seq (scRNA-Seq) suggest that Hox gene expression patterns in the developing kidney are more driven by the Hox cluster than the PG, thus showing little evidence for paralog Hox codes (Magella et al., 2018b).

Considering targeted Hox mutations to identify renal defects represents major issues due to the redundant functions of both paralogous and contiguous Hox genes (Drake et al., 2018).

During kidney development there is a strong overlapping expression of Hox9, Hox10, and Hox11 paralog genes. Consistent with functional redundancy, they exhibit strong protein sequence homology, namely in their homeodomains (Patterson and Potter, 2004). Yet, metanephric kidney developmental defects are observed upon simultaneous mutations of these closely related PGs [START_REF] Davis | Axial homeosis and appendicular skeleton defects in mice with a targeted disruption of hoxd-11[END_REF][START_REF] Davis | Absence of radius and ulna in mice lacking hoxa-11 and hoxd-11[END_REF]Drake et al., 2018;Magella et al., 2018b;[START_REF] Patterson | Hoxa11 and Hoxd11 regulate branching morphogenesis of the ureteric bud in the developing kidney[END_REF]Patterson and Potter, 2004;[START_REF] Small | Homeotic transformations and limb defects in Hox A11 mutant mice[END_REF]Wellik et al., 2002;Yallowitz et al., 2011).

Single mutants for Hoxa11 and Hoxd11 do not display any kidney phenotype; however double mutant mice exhibit renal hypoplasia and deregulation of Wnt7b, Wnt11, Bf2, Pax2, Wt1, and Gdnf [START_REF] Patterson | Hoxa11 and Hoxd11 regulate branching morphogenesis of the ureteric bud in the developing kidney[END_REF]). Yet, in these mutants, it was not possible to distinguish between altered gene expression patterns as a direct consequence of Hox loss of function and genes affected by the secondary effects of aberrant morphologies. Further characterization of Hox PG11 loss of function done by Wellik et al., showed that removal of all six functional alleles of the Hox11 PG results in a complete loss of UB formation. Gdnf (required for ureteric bud outgrowth and invasion) and Six2 (important for nephrogenic progenitor renewal present (Yallowitz et al., 2011) expression are specifically affected in these Hoxa11/Hoxc11/Hoxd11 triple mutants that fail to develop metanephric kidneys (Wellik et al., 2002). HoxPG11 members are not expressed in the mesonephros. Ectopic expression of Hoxd11 in the mesonephric mesenchyme (devoid of distal metanephric segments' markers) is sufficient to activate cell-autonomous ectopic expression of Six2 along with other metanephric specific markers (Mugford et al., 2008a). The proposed mechanism by which HoxPG11 regulate Six2 is through an enhancer element activated by complex binding of Pax2, Eya1, and Hox11 (Gong et al., 2007). Such activation is conferred by N-terminal and C-terminal to the HD but not by the identity of the HD itself [START_REF] Yallowitz | Nonhomeodomain regions of Hox proteins mediate activation versus repression of Six2 via a single enhancer site in vivo[END_REF].

Besides Hox PG11 other Hox genes influence in various ways of kidney development. Overexpression of Hoxb8 and Hoxb7 leads to kidney hypoplasia and renal duplication, respectively, [START_REF] Argao | Malformations of the heart, kidney, palate, and skeleton in alpha-MHC-Hoxb-7 transgenic mice[END_REF][START_REF] Charite | Ectopic expression of Hoxb-8 causes duplication of the ZPA in the forelimb and homeotic transformation of axial structures[END_REF] while the ectopic expression of Hoxd13 induces renal agenesis [START_REF] Kmita | Mechanisms of Hox gene colinearity: transposition of the anterior Hoxb1 gene into the posterior HoxD complex[END_REF]. HoxPG10 genes although expressed in the early, condensed, MM play a unique function in kidney organogenesis independent from HoxPG11.

Hox10 paralogs are also expressed at later stages in cortical stromal cells (there are three The resulting phenotypes in agreement with Magella's observations included renal hypoplasia, dysplasia, and bilateral agenesis as well as severely cystic kidneys.

Heterozygous/homozygous mutants showed dramatically reduced asymmetric branching and cap mesenchyme defects. This team also observed intermixing of cell type morphologies and lineage infidelity evidenced by unexpected expression patterns of segment-specific markers (Drake et al., 2018).

TALE TFs Pbx1, Pbx3, and Meis1 are expressed in the metanephric kidney. Pbx1 regulates mesenchymal-epithelial interactions during nephrogenesis and has functions in ureteric branching and patterning. Pbx1 mutants display tubular defects not related to abnormalities in the mesenchymal specification but, rather, to the deregulation of mesenchymal differentiation [START_REF] Schnabel | Pbx1 regulates nephrogenesis and ureteric branching in the developing kidney[END_REF]. Meis1 on the other hand, is considered a specific marker of the stromal lineage in stromal cells. Single-cell analyses of kidney development show robust expression of this gene in stromal cells together with Gdnf (Magella et al., 2018a).

Evidence from chick embryos suggests a "Hox code" mechanism patterning the IM controlling pronephric kidney development. However, when analyzing multiple Hox PG loss of function phenotypes in most posterior/later kidney structures e.g. meso-metanephros, there is no sign of homeotic transformations towards a most anterior kidney fate, but rather kidney developmental defects related to deregulation of cell type morphologies. Hence, the role of Hox and TALE in kidney development should not be mistaken with Hox functions in AP axis patterning.

Hox genes in Xenopus

Hox collinearity is a phenomenon thought to be essential for body plan embryogenesis. It implies that the temporal and spatial order of expression along the AP axis matches the 3' to 5' genomic arrangement of Hox clusters. There is even a form of collinearity (occurring during limb development) named "quantitative collinearity" correlating the amplitude of hox gene expression with hox genes 3' to 5' order in the chromosomal order, yet, it appears not to be important for axial patterning. In Xenopus spatial-temporal Hox collinearity remains a matter of debate.

Durston et al., claims that Hox temporal collinearity is important at developmental stages by

which the body plan of the AP axis is laid down (gastrula-neurula-tailbud) and before the detailed structure of the body is determined [START_REF] Durston | Vertebrate hox temporal collinearity: does it exist and what is it's function?[END_REF]. Based on Hox expression patterns using in situ hybridization, this team suggests that during the first phase of hox gene expression in NOM (non-organizer mesoderm) or presomitic mesoderm [START_REF] Wacker | Timed interactions between the Hox expressing non-organiser mesoderm and the Spemann organiser generate positional information during vertebrate gastrulation[END_REF] the spatial expression of Hox is generated by temporal collinearity. Moreover, experimental evidence suggests that temporal collinearity mechanisms at early stages of embryogenesis are dependent on Hox functioning [START_REF] Durston | Vertebrate hox temporal collinearity: does it exist and what is it's function?[END_REF]. Hox PG1 loss of function abrogates the induction of later expressed more 5ʹ posterior hox genes as well as all hox1 paralogues (McNulty et al., 2005). Similarly, Hoxc6 knockdown downregulates the expression of all later expressed more 5ʹ posterior Hox genes and upregulates anteriorly expressed hoxc4 and hoxc5 (Zhu et al., 2017c). Conversely, single hox gene expression in the mesoderm is necessary and sufficient to induce its own expression in overlying neurectoderm [START_REF] Bardine | Vertical signalling involves transmission of Hox information from gastrula mesoderm to neurectoderm[END_REF]. Durston's work supports the idea that Hox collinearity involves 2 types of interactions, posterior prevalence (PP) where 5' posterior hox genes dominate more 3' anterior hox genes, and Posterior induction (PI) meaning anterior hox genes induce the expression of posterior ones [START_REF] Durston | Vertebrate hox temporal collinearity: does it exist and what is it's function?[END_REF] (Zhu et al., 2017b).

On the other hand, recent analyses of hox gene expression dynamics in Xenopus embryos by high-temporal resolution RNA-seq do not support Hox temporal collinearity. Kondo and collaborators do not consider the evidence for temporal collinearity strong enough to explain hox spatial expression along the AP axis. They criticize the ambiguity of the terms gene activation and gene expression used in previous publications. To them, a gene is expressed when "transcripts accumulate to a significant amount that is detectable" and activated when "gene promoters are activated and new transcripts are produced". In their studies, they tested temporal collinearity by analyzing de novo transcription and assessing if gene activation occurs in a properly timed manner [START_REF] Kondo | De novo transcription of multiple Hox cluster genes takes place simultaneously in early Xenopus tropicalis embryos[END_REF][START_REF] Kondo | Comprehensive analyses of hox gene expression in Xenopus laevis embryos and adult tissues[END_REF]. They first identified hox genes in the Xenopus laevis genome and found a total of eight Hox clusters, consisting of homologous pairs of HoxA, B, C, and D clusters that they named HoxA.L, HoxA.S, HoxB.L, HoxB.S, HoxC.L, HoxC.S, HoxD.L, and HoxD.S respectively. By contrast X. tropicalis have four clusters and 38 hox genes. The increase in the number of Hox clusters in X. laevis as well as hox genes is due to the allotetraploidization. Their data suggest that there is no correlation between the order of genes within a cluster and the order of developmental expression in the whole embryo [START_REF] Kondo | Comprehensive analyses of hox gene expression in Xenopus laevis embryos and adult tissues[END_REF]. Based on highresolution expression profiles obtained by RNA-seq of X. tropicalis developmental stages they observed a tendency where most anterior gene hoxa1 and hoxa2 (PGs 1 and 2) are expressed early, and posterior hox genes of hoxa11 and hoxa13 (PGs 11 and 13) are expressed late, yet the order does not match central genes in the cluster (PGs 3,4,5,6,7,[START_REF] Abu-Abed | The retinoic acid-metabolizing enzyme, CYP26A1, is essential for normal hindbrain patterning, vertebral identity, and development of posterior structures[END_REF] and 10). Also, quantitation of de novo transcripts from the four clusters showed that genes belonging to the same PG do not always initiate transcription at the same time and that the order of expressed genes does not follow the order of PGs [START_REF] Kondo | De novo transcription of multiple Hox cluster genes takes place simultaneously in early Xenopus tropicalis embryos[END_REF].

Regardless of the view on collinearity it is important to consider Hox expression levels in the embryo. During the mesodermal phase of expression Hox expression levels are low (>10,000-100,000 transcripts per embryo). At earlier stages, the expression domains are up to the order of 1000 cells (in the ~100,000 cell embryo) [START_REF] Durston | Vertebrate hox temporal collinearity: does it exist and what is it's function?[END_REF] meaning that each expressing cell will contain~10-100 transcripts. All in all, differences between stages can lead to either over or underestimation of Hox expression levels.

Pax TFs and kidney development

Paired-box containing genes (Pax) were first identified as Drosophila pair-rule segmentation genes. Pax genes play major roles during embryonic development such as precursors' differentiation, proliferation, self-renewal, apoptosis, and migration [START_REF] Lang | PAX genes: roles in development, pathophysiology, and cancer[END_REF][START_REF] Paixao-Cortes | Origins and evolvability of the PAX family[END_REF]. In addition to adult tissue functions like stem cell maintenance and tissue regeneration [START_REF] Li | PAX Genes in Cancer; Friends or Foes?[END_REF]. Pax8 and Pax2 are critical for the development and function of the kidney [START_REF] Bouchard | Nephric lineage specification by Pax2 and Pax8[END_REF]. In humans, they represent potential therapeutic targets in kidney disease and cancer [START_REF] Grimley | Are Pax proteins potential therapeutic targets in kidney disease and cancer?[END_REF]. PAX2 mutations are associated with renal coloboma syndrome; a condition characterized by renal hyperplasia, reflux, and optic nerve colobomas [START_REF] Bower | Update of PAX2 mutations in renal coloboma syndrome and establishment of a locus-specific database[END_REF][START_REF] Sanyanusin | Mutation of the PAX2 gene in a family with optic nerve colobomas, renal anomalies and vesicoureteral reflux[END_REF].

Pax2 expression is up-regulated not only in renal embryonic cancers like Wilms' tumor [START_REF] Dressler | Pax-2 is a DNA-binding protein expressed in embryonic kidney and Wilms tumor[END_REF], but also in hyperproliferative dysplastic renal syndrome [START_REF] Winyard | The PAX2 tanscription factor is expressed in cystic and hyperproliferative dysplastic epithelia in human kidney malformations[END_REF]. Moreover, the vast majority of renal cell carcinomas (RCCs) have high levels of PAX2 and PAX8 expression, and this expression is associated with metastasis [START_REF] Daniel | Pax-2 expression in adult renal tumors[END_REF]. Hence, the mechanisms governing Pax2/8 regulation in renal precursors are of great interest to developmental biologists and to regenerative medicine. Below a brief description of Pax TFs, some of their roles in development focusing on the kidney, and evidence about Pax regulation specifically in the Xenopus pronephros.

General overview of Pax TFs

Protein structure and functional domains

Pax proteins belong to Pax gene family which encodes TFs containing a highly conserved and specific DNA binding domain named paired domain (PD) [START_REF] Xu | Crystal structure of a paired domain-DNA complex at 2.5 A resolution reveals structural basis for Pax developmental mutations[END_REF]. PD is about 130 amino acid long located close to the N-terminal end conferring Pax proteins sequence-specific binding to its target DNA [START_REF] Czerny | DNA sequence recognition by Pax proteins: bipartite structure of the paired domain and its binding site[END_REF][START_REF] Mansouri | Pax genes and their roles in cell differentiation and development[END_REF]. PD contains two distinct subdomains PAI on the N-terminal (responsible for DNA contacts) and RED on the C-terminal, connected by a linker region with no protein-protein contact [START_REF] Chi | Getting your Pax straight: Pax proteins in development and disease[END_REF]. Pax proteins are subclassified according to the presence of an additional DNA-binding HD and/or the (H/Y)S(I/V)(N/S)G(I/L)LG octapeptide region between the PD and the HD [START_REF] Chi | Getting your Pax straight: Pax proteins in development and disease[END_REF]. Pax2/5/8 have a partial DNA binding HD, whereas some members, namely Pax3, Pax4, Pax6, and Pax7 have a complete HD [START_REF] Goode | The PAX258 gene subfamily: a comparative perspective. Developmental dynamics : an official publication of the American Association of Anatomists[END_REF]. Together, the paired and HDs provide DNA binding specificity to Pax proteins [START_REF] Blake | Pax genes: regulators of lineage specification and progenitor cell maintenance[END_REF].

According to sequences homologies of PDs, Pax genes can be classified into four PGs: Group I comprising Pax1/Pax9, Group II comprising Pax2/5/8, Group III comprising Pax3/Pax7, and Group IV comprising Pax4/6 [START_REF] Eberhard | The partial homeodomain of the transcription factor Pax-5 (BSAP) is an interaction motif for the retinoblastoma and TATA-binding proteins[END_REF]. Recently, Pax10 (former Pax6.2 described in several species like the elephant shark, Callorhinchus milii, the lizard Anolis carolinensis, the frog, Xenopus tropicalis, the coelacanth Latimeria chalumnae) has been assigned to Group IV [START_REF] Eberhard | The partial homeodomain of the transcription factor Pax-5 (BSAP) is an interaction motif for the retinoblastoma and TATA-binding proteins[END_REF][START_REF] Feiner | Evolution of the vertebrate Pax4/6 class of genes with focus on its novel member, the Pax10 gene[END_REF][START_REF] Paixao-Cortes | Origins and evolvability of the PAX family[END_REF][START_REF] Ravi | Sequencing of Pax6 loci from the elephant shark reveals a family of Pax6 genes in vertebrate genomes, forged by ancient duplications and divergences[END_REF].

The PAX HD recognizes palindromes of TAAT(N)2-3ATTA, that cooperates with PD to target a larger range of genes [START_REF] Jun | Cooperative interactions between paired domain and homeodomain[END_REF][START_REF] Wilson | Cooperative dimerization of paired class homeo domains on DNA[END_REF]. Pax protein binding to DNA can confer high tissue and locus specificity for histone epigenetic remodeling complexes that regulate both activation and repression of gene expression namely methylation complexes [START_REF] Grimley | Are Pax proteins potential therapeutic targets in kidney disease and cancer?[END_REF]. Pax2 binding to DNA can induce the recruitment of PTIP and MLL3/4 complexes to the chromatin [START_REF] Cai | Phosphorylation of Pax2 by the c-Jun N-terminal kinase and enhanced Pax2-dependent transcription activation[END_REF][START_REF] Patel | The BRCT-domain containing protein PTIP links PAX2 to a histone H3, lysine 4 methyltransferase complex[END_REF]. Deletion of PTIP in kidney organ cultures abrogates the de novo activation of Pax2 target genes [START_REF] Ranghini | Evidence for intermediate mesoderm and kidney progenitor cell specification by Pax2 and PTIP dependent mechanisms[END_REF]. Pax2/5/8 also form complexes with the co-repressor proteins of the Groucho/Tle family. Grg4 in turn recruits epigenetic repressive complexes consisting of the histone arginine methyltransferase PRMT5 and the Polycomb group proteins Ezh2 and Suz12, and result in histone modifications that lead to gene silencing [START_REF] Eberhard | Transcriptional repression by Pax5 (BSAP) through interaction with corepressors of the Groucho family[END_REF][START_REF] Patel | Epigenetic mechanisms of Groucho/Grg/TLE mediated transcriptional repression[END_REF]. Through these specific interactions, Pax TFs regulate gene expression while providing locus specificity for both activating and repressive epigenetic complexes [START_REF] Grimley | Are Pax proteins potential therapeutic targets in kidney disease and cancer?[END_REF].

Pax-mediated regulation can occur via regulatory elements. Pax8 can bind in vitro a cisregulatory element of the thyroperoxidase (TPO) gene and stimulate through this site enhancer activity in co-transfection experiments in COS-7 cells [START_REF] Esposito | PAX 8 activates the enhancer of the human thyroperoxidase gene[END_REF]. Pax8

and the thyroid transcription factor 1 (TTF-1) cooperatively bind the TPO enhancer and promoter. The synergistic activity between these two TFs determines not only the enhancer/promoter crosstalk controlling TPO gene transcription but also regulates thyroglobulin gene expression [START_REF] Miccadei | The synergistic activity of thyroid transcription factor 1 and Pax 8 relies on the promoter/enhancer interplay[END_REF]. In vivo examples include HOX/PAX responsive elements such as Myf5 H1 enhancer promoting rib formation through Pax3 and Hox binding [START_REF] Guerreiro | Role of a polymorphism in a Hox/Pax-responsive enhancer in the evolution of the vertebrate spine[END_REF][START_REF] Vinagre | Evidence for a myotomal Hox/Myf cascade governing nonautonomous control of rib specification within global vertebral domains[END_REF], and the Hox/Eya/Pax complex regulating Six2 and Gdnf expression in the metanephric mesenchyme (Gong et al., 2007).

Moreover, Meis2 and Pax6 can form heteromeric complexes and bind Dcx enhancer element during the subventricular zone (SVZ) neurogenesis [START_REF] Agoston | Meis2 is a Pax6 co-factor in neurogenesis and dopaminergic periglomerular fate specification in the adult olfactory bulb[END_REF]. PAX chromatin interactions have been studied in alveolar rhabdomyosarcoma (myogenic cancer) cells.

PAX3-FOXO1 drive myogenic and oncogenic transcription of these cells by depositing active histone marks exclusively at enhancers, in cooperation with myogenic TFs, and by recruiting chromatin reader bromodomain-containing protein 4 (BRD4) that mediate the enhancer-promoter loops within topological domain boundaries [START_REF] Gryder | PAX3-FOXO1 Establishes Myogenic Super Enhancers and Confers BET Bromodomain Vulnerability[END_REF]. 

B.

recruit additional repressor complexes such as the arginine methyltransferase PRMT5 and the polycomb repressor 2 (Bottom). H3K27 and H4R3 methyl marks placement silence gene expression and may promote chromatin compaction. Adapted after [START_REF] Grimley | Are Pax proteins potential therapeutic targets in kidney disease and cancer?[END_REF].

Pax developmental roles

Pax proteins play essential roles during organogenesis and in adult tissues. Pax mutant mice serve as models for human genetic disease. For instance, Undulated, Splotch, and Small eye mutants (corresponding to Pax1, Pax3, and Pax6 mutations respectively) display abnormal development of the vertebral skeleton, thymus, central and peripheral nervous system, limb muscles, nose, and eye [START_REF] Blake | Pax genes: regulators of lineage specification and progenitor cell maintenance[END_REF]. Several Pax mutations result in semidominant phenotypes comprising a broad spectrum of developmental abnormalities, a phenomenon referred to as haploinsufficiency. In various cases, Pax expression territories are highly dosage sensitive, to the point where either heterozygous or homozygous mutations or Pax overexpression can generate similar phenotypes [START_REF] Schedl | Influence of PAX6 gene dosage on development: overexpression causes severe eye abnormalities[END_REF].

Pax2/Pax5/Pax8 are involved in the regulatory networks driving midbrain-hindbrain boundary (MHB, also known as isthmus). This region is located at the interface of the midbrain and hindbrain [START_REF] Dworkin | Novel mechanisms that pattern and shape the midbrainhindbrain boundary[END_REF]. At the gastrula stage, mouse embryos express in a complementary manner Otx2 (orthodenticle homolog 2) and Gbx2 (gastrulation brain homeobox 2) in the neural plate. Thereupon, Pax2 and Wnt1 display overlapping expression patterns in the developing central nervous system [START_REF] Dworkin | Novel mechanisms that pattern and shape the midbrainhindbrain boundary[END_REF]. Pax2 expression crosses the Otx2/Gbx2 border and is present in the presumptive mesencephalic and metencephalic territories of the gastrulating mouse embryo [START_REF] Rowitch | Pax-2 expression in the murine neural plate precedes and encompasses the expression domains of Wnt-1 and En-1[END_REF].

Pax8 is activated in response to the transient activity of Pou5f1 [START_REF] Reim | Spiel-ohne-grenzen/pou2 mediates regional competence to respond to Fgf8 during zebrafish early neural development[END_REF] 2004;[START_REF] Mullur | Thyroid hormone regulation of metabolism[END_REF][START_REF] Nilsson | Development of the thyroid gland[END_REF]. Simultaneous expression of these TFs constitutes the molecular signature of thyroid follicular cells. Pax8-/-mice display thyroid hypoplasia, impairment in the development of the reproductive system [START_REF] Mansouri | Follicular cells of the thyroid gland require Pax8 gene function[END_REF][START_REF] Wistuba | Male congenital hypothyroid Pax8-/-mice are infertile despite adequate treatment with thyroid hormone[END_REF]. Thyroid precursors maintenance and survival occur via inhibition of apoptotic mechanisms mediated by Pax8. As demonstrated in Pax8-/-mutant mice expressing lower levels than WT embryos of anti-apoptotic genes such as Bcl2 [START_REF] Nilsson | Development of the thyroid gland[END_REF]. Moreover, Pax8 null mice have downregulation in the thyroid primordium of other thyroid TFs namely Hhex and Foxe1 genes, which underlines its importance as a regulator of thyroid TFs expression during thyroid organogenesis [START_REF] Parlato | An integrated regulatory network controlling survival and migration in thyroid organogenesis[END_REF][START_REF] Di Magliano | Pax8 has a key role in thyroid cell differentiation[END_REF]. In Xenopus and zebrafish pax2 instead of pax8 is expressed in the thyroid. In Xenopus, Pax2 is responsive to FGF signaling. Furthermore, upon exogenous RA treatment pax2 expression is lost in the thyroid and lung markers' expression is induced in the presumptive thyroid tissue [START_REF] Wang | Retinoic acid is a key regulatory switch determining the difference between lung and thyroid fates in Xenopus laevis[END_REF].

Given the high-sequence conservation within the PD, besides the partially overlapping expression pattern of paralogous Pax genes, functional redundancy between Pax members has been considered. It has been demonstrated that Pax5 can substitute Pax2 diencephalon and cerebellum development [START_REF] Pfeffer | Characterization of three novel members of the zebrafish Pax2/5/8 family: dependency of Pax5 and Pax8 expression on the Pax2.1 (noi) function[END_REF] while Pax2 and Pax8 exhibit redundant functions during kidney development [START_REF] Bouchard | Nephric lineage specification by Pax2 and Pax8[END_REF]. See 5.2.

Pax2 and 8 during vertebrate kidney development

Pax2/5/8 in fish, amphibians, and mammals exhibit relatively conserved expression patterns in the nervous system as well as diverse tissues and organs. Pax2 and Pax8 are expressed in the developing metanephric kidney where they are necessary and sufficient for nephric lineage induction. In mouse embryos, they are considered as "master regulators" of kidney development of all three embryonic kidneys-pronephros, mesonephros, and metanephroswhich fail to form upon their depletion [START_REF] Bouchard | Nephric lineage specification by Pax2 and Pax8[END_REF]. expression at the otic vesicle and developing pronephros. Pax2 expression is detected in the otic vesicle, epibranchial placod, MHB and developing pronephros (unpublished). Adapted after (Buisson et al., 2015) [START_REF] Bhat | A gene network that coordinates preplacodal competence and neural crest specification in zebrafish[END_REF][START_REF] Bouchard | Nephric lineage specification by Pax2 and Pax8[END_REF][START_REF] Majumdar | Zebrafish no isthmus reveals a role for pax2.1 in tubule differentiation and patterning events in the pronephric primordia[END_REF] Zebrafish has two pax2 genes: pax2.1 and pax2.2. pax2.1 (or noi) resembles the mammalian Pax2 gene since its expression patterns include the MHB region, specific interneurons of the hindbrain and spinal cord, the optic stalk, the otic system, as well as the pronephros and nephric ducts [START_REF] Krauss | Expression of the zebrafish paired box gene pax[zf-b] during early neurogenesis[END_REF][START_REF] Poleev | Distinct functional properties of three human paired-box-protein, PAX8, isoforms generated by alternative splicing in thyroid, kidney and Wilms' tumors[END_REF]. While Pax2.2 is absent in the nephric system. pax8 overlaps with pax2.1 yet its transcription is initiated earlier during gastrulation in the presumptive OP and pronephric anlage. Thus, Pax8, as in mammals, is the earliest developmental marker of renal precursors [START_REF] Pfeffer | Characterization of three novel members of the zebrafish Pax2/5/8 family: dependency of Pax5 and Pax8 expression on the Pax2.1 (noi) function[END_REF].

In Xenopus, pax8 expression precedes pax2 in the IM [START_REF] Heller | Xenopus Pax-2/5/8 orthologues: novel insights into Pax gene evolution and identification of Pax-8 as the earliest marker for otic and pronephric cell lineages[END_REF]. Pax8 is essential for KF specification (Carroll and Vize, 1999). From neurulation onwards, pax8 pronephric expression is maintained until the late tailbud stage when distal tubule expression progressively declines. However, proximal tubule expression levels at stages 36-37 remain high, when the pronephric tubule becomes functional. As soon as late gastrula stage 12.5. pax8 transcripts can be detected by in situ hybridization in the KF. Unlike pax8, low levels of pax2 mRNAs have been detected by semi-quantitative RT-PCR in dissected KF explants at the early neurula stage 13 [START_REF] Haldin | The lmx1b gene is pivotal in glomus development in Xenopus laevis[END_REF]. pax2 strong expression in Xenopus starts at the early tailbud stage, present as a broad teardrop-shaped pattern in the proximal and the intermediate/distal anlage. By late tailbud stages stage, pax2 is expressed in nephrostomes and the intermediate and distal tubule [START_REF] Brandli | Towards a molecular anatomy of the Xenopus pronephric kidney[END_REF]Buisson et al., 2015;Carroll and Vize, 1999).

Furthermore, Pax2 and Pax8 gene were reported as expressed in the developing kidney of different organisms, including the chick [START_REF] Mauch | Signals from trunk paraxial mesoderm induce pronephros formation in chick intermediate mesoderm[END_REF] and amphioxus (in this species an ancestral pax2/5/8 gene is detected (Vize et al., 2003b).

Phenotype of Pax2 and Pax8 gain and loss-of-function

Pax2 mutant mice lack a urogenital tract and fail to form metanephros due to degeneration of the nephric duct during mesonephros development [START_REF] Bouchard | Functional equivalence of the transcription factors Pax2 and Pax5 in mouse development[END_REF]. Deletion of one allele of Pax2 results in renal hypoplasia characterized by reduced nephron number [START_REF] Porteous | Primary renal hypoplasia in humans and mice with PAX2 mutations: evidence of increased apoptosis in fetal kidneys of Pax2(1Neu) +/-mutant mice[END_REF]. MM is sensitive to Pax dosage since a milder reduction of Pax2 allows metanephros formation but results in hypoplastic kidneys. Pax8 does not affect the development of the urogenital system in mice, yet these embryos die postnatally due to a defect in thyroid gland development [START_REF] Mansouri | Follicular cells of the thyroid gland require Pax8 gene function[END_REF]. By contrast, Pax2 and Pax8 double mutant embryos show hypoplastic kidneys more severe than Pax2 mutants. These compound Pax2/Pax8 mutant embryos display a perturbed architecture with reduced and irregular arrangement of nephric tubules and glomeruli, as they fail to form all three embryonic kidneys (pro-, meso-, and metanephros), as well as the ureter, and genital tracts [START_REF] Bouchard | Nephric lineage specification by Pax2 and Pax8[END_REF]. This data demonstrates that Pax2 and Pax8 have redundant functions during nephric lineage specification. Since the severity of the renal defects is related to the number of Pax2/8 alleles, both genes cooperate in a dosage-dependent manner. Further molecular analyses of Pax2+/-Pax8+/-mutants reveal a strong reduction in the expression levels of Lhx1 in metanephric progenitors accompanied by an increase in apoptosis.

Moreover, branching defects in these kidneys are associated with a downregulation of Wnt11 gene expression (target of Ret signaling) while the expression levels of Ret and GDNF remain normal [START_REF] Narlis | Pax2 and pax8 regulate branching morphogenesis and nephron differentiation in the developing kidney[END_REF].

Pax2 and Pax8 genetically interact during Zebrafish pronephros development. Pax2.1 "no isthmus" or noi mutants lack pronephric duct and only contains few partially developed duct cells [START_REF] Brand | Mutations in zebrafish genes affecting the formation of the boundary between midbrain and hindbrain[END_REF]. pax2.1 plays a role in the boundary between glomerular and tubule progenitors by restricting the spatial domain of wt1 to the podocyte precursors [START_REF] Majumdar | Zebrafish no isthmus reveals a role for pax2.1 in tubule differentiation and patterning events in the pronephric primordia[END_REF]. (See Figure 32. Pax2 and/or Pax8 kidney mutants and morphants). In Pax2.1 mutant the pronephric precursors express early markers such as lhx1 but proximal tubule differentiation is inhibited, instead these cells favor a glomus fate. Furthermore, in noi embryos pax8 expression is initiated early in the precursor cells of the pronephric anlage, but it is not maintained by 20-somites stage in the pronephros and nephric ducts. It appears that Pax2.1 protein is required for the maintenance of pax8 expression and that the absence of pronephric tubules in the noi phenotype at later stages is due to tubule differentiation defects at earlier stages [START_REF] Pfeffer | Characterization of three novel members of the zebrafish Pax2/5/8 family: dependency of Pax5 and Pax8 expression on the Pax2.1 (noi) function[END_REF]. Nevertheless, the interaction between these pax8 and pax2 genes in zebrafish differs from that of the mouse embryo. In mouse, Pax2 and Pax8 early tailbud stage for pronephric anlage morphogenesis and expression of associated pronephric genes such as lhx1, hnf1b, pax2, hey1 and mecom. Pax8 knockdown affects the expression of hnf1b at neurula stage, leads to an increase in of blood/endothelial genes expression domain in the anterior part of the dorsolateral plate, and causes proliferation defects in renal precursors that can be rescued by activation of the Wnt/β-catenin pathway. In contrast, Pax2 is required once the pronephric anlage is established, for proximal tubule formation and distal tubule differentiation (Buisson et al., 2015). In the Pax2.1 mutant (bottom panel), wt1 expression is de-repressed and extends to the presumptive pronephric tubule and to the anterior pd. Adapted after [START_REF] Majumdar | Zebrafish no isthmus reveals a role for pax2.1 in tubule differentiation and patterning events in the pronephric primordia[END_REF]. (Buisson et al., 2015). [START_REF] Bouchard | Nephric lineage specification by Pax2 and Pax8[END_REF] Two pax8 mutants identified in a Xenopus tropicalis forward genetic screen named ruby and grinch display edema around the heart by stages 38-39 that steadily worsens and leads to death by stages 46-48. Ruby mutant phenotype is caused by a pax8 mutation that generates a truncated protein affecting the early pronephric patterning [START_REF] Del Viso | Exon capture and bulk segregant analysis: rapid discovery of causative mutations using high-throughput sequencing[END_REF]. Subsequently, a 410 bp late enhancer (at -2.8 kb) via auto-and cross-regulation by Pax2/5/8 proteins maintains Pax2 transcription at the MHB. Thus, several enhancers direct the activation and maintenance of Pax2 expression at the MHB [START_REF] Pfeffer | The activation and maintenance of Pax2 expression at the mid-hindbrain boundary is controlled by separate enhancers[END_REF].

Pax regulation in vertebrate development

Pax6 gene is expressed in multiple tissues such as the developing central nervous system, the optic cup, the lens, the neuronal layer of the retina, and the endocrine pancreas [START_REF] Tremblay | Pax: genes for mice and men[END_REF]. Regulatory elements are known to control Pax6 tissue-specific expression. In quail, Pax6 (PaxQNR), neuroretina-specific expression depends on the activity of an enhancer located 7.5 kbp downstream from the P0 promoter. This PaxQNR enhancer activity occurs in a developmental stage-dependent manner and requires DNA-protein interactions between nuclear proteins present in neuroretina cells and enhancer regions structurally and functionally conserved with the mouse Pax6 gene [START_REF] Plaza | Identification and characterization of a neuroretina-specific enhancer element in the quail Pax-6 (Pax-QNR) gene[END_REF][START_REF] Plaza | High conservation of cis-regulatory elements between quail and human for the Pax-6 gene[END_REF].

Pruitt and collaborators studied the regulation of Pax3 neural expression through Hox-TALE responsive enhancers (Pruitt et al., 2004) [START_REF] Heller | Xenopus Pax-2/5/8 orthologues: novel insights into Pax gene evolution and identification of Pax-8 as the earliest marker for otic and pronephric cell lineages[END_REF].

Pax8 regulation in Xenopus pronephros

Ochi et al showed that silencer innovation diversified expression of the vertebrate pax2 and pax8 paralogues. This team identified four conserved non-coding sequences (CNSs), CNS1-CNS4, as candidates for pax8 enhancers. The approach involved genomic comparisons of a 160kb segment encompassing the human PAX8 gene with the orthologous intervals in mouse, frog (X. tropicalis), and Pufferfish (Takifugu rubripes) genomes using the MultiPipMaker alignment tool (Ochi et al., 2012). To examine whether these CNSs have enhancer activity, they performed transgenic reporter analyses for a non-mosaic founder assay of X. laevis (Kroll and Amaya, 1996) and check activation in the developing tailbud embryos. Each X. tropicalis pax8-CNS was cloned into a green fluorescent protein (GFP) reporter plasmid carrying a β-actin or β-globin basal promoter [START_REF] Ogino | Convergence of a head-field selector Otx2 and Notch signaling: a mechanism for lens specification[END_REF]. Each construct was used to generate transgenic embryos. Reporter constructs carrying each CNS1, 2, 3 or 4 can drive reproducible expression not only in the pronephros but also in the eye, pharyngeal arches, MHB, and the hindbrain. Single reporter construct assembling all pax8-CNSs recapitulates the same pax2-like pattern of expression, which indicates pax2 dependence on pax8 enhancer activity. CNS1 an element of about 250bp within the upstream pax8 genomic region is highly conserved within vertebrates and has a paralogous sequence in the 5'-flanking regions of pax2. This sequence duplication is thought to account for pax2 and pax8 overlapping expression in the otic vesicle and the pronephros during development. Either pax8-or pax2-CNS1 is sufficient to recapitulate a pax8 expression in the pronephros when coupled with a 344-bp region (-214 to + 130) of the pax8 promoter. CNS1 pleiotropic expression driven by a basal (β-actin or β-globin) promoter strikingly contrasts the tissue-specific pronephric expression given by a silencer element present in the pax8 proximal promoter. Moreover, when placing the pax2 promoter flanking the pax8-CNS1 or pax2-CNS1, GFP expression is detected in a pax2-like expression pattern in the pronephros, pharyngeal arches, MHB, and hindbrain. The pax2/5/8 promoter from amphioxus gives similar reporter expressions. Based on these, the authors suggest a partially conserved cis-regulation between pax2 and pax8. The tissue-specific silencer element of the pax8 promoter containing putative binding motifs of transcriptional repressors represents an evolutionary innovation that limits pax8 CNS1 enhancer function to the Xenopus pronephros (Ochi et al., 2012).

1.

2. Silencer innovation then occurs in the proximal promoter of pax8 (black box 'S'), to allow selective suppression of BC enhancer activity in the B domain (right panel, orange line). (Ochi et al., 2012) Signaling pathways involved in renal precursors specification that might participate in pax8 KF gene expression are mentioned in 2.2.3.4. In addition, a previous study from our laboratory has sought to investigate the role of TRPP2-dependent Ca2+ signaling in dorsolateral mesoderm during Xenopus pronephros specification (Futel et al., 2015). Besides RA, FGF and BMP, 𝐶𝑎 !! signaling appears to be part of the inputs contributing to pax8 expression in the KF. 𝐶𝑎 !! signaling is required for pronephric tubule differentiation. TRPP2

(also known as polycystin-2 and encoded by the pkd2 gene), is a TRP non-selective cation channel known for its permeability to Ca2+ [START_REF] Kottgen | TRPP2 and autosomal dominant polycystic kidney disease[END_REF]. Pkd2 mutant mice are embryonic lethal, display severe cardio-vascular defects and cystic formation in their developing nephrons and pancreatic duct [START_REF] Wu | Cardiac defects and renal failure in mice with targeted mutations in Pkd2[END_REF]. In zebrafish, pkd2 morphants develop pronephric cysts [START_REF] Sun | A genetic screen in zebrafish identifies cilia genes as a principal cause of cystic kidney[END_REF]. In Xenopus, the phenotype is characterized by severe edema and dilated pronephric tubules [START_REF] Tran | The RNA-binding protein bicaudal C regulates polycystin 2 in the kidney by antagonizing miR-17 activity[END_REF]. TRPP2 interactions with golgin A2, protein kinase-D1, and disheveled-2 might contribute to this phenotype [START_REF] Futel | Characterization of potential TRPP2 regulating proteins in early Xenopus embryos[END_REF]. At earlier stages in the KF, TRPP2 expression coincides with the maximum increase of 𝐶𝑎 !! [START_REF] Leclerc | An increase in intracellular Ca2+ is involved in pronephric tubule differentiation in the amphibian Xenopus laevis[END_REF]. Knockdown of Pkd2 results in severe inhibition of pax8 at stage 18 in the KF, but not of other KF genes (lhx1, osr1 and osr2) as well as inhibition of 𝐶𝑎 !! signals in this tissue. RA disruption does not affect the expression of pkd2 in renal precursors but rather affects the incorporation of TRPP2 channels into the plasma membrane. Thus, TRPP2-dependent 𝐶𝑎 !! signaling together with RA signaling appears to contribute to the regulation of pax8 expression in the KF.

Overall, it may be said that Pax8 regulation is likely dependent on enhancer elements and on several inputs. Yet, the precise mechanisms controlling pax8 expression during Xenopus pronephros development remain elusive.

Aims of the study

The aim of my thesis is grounded to previous studies from the lab that have shown that disruption of RA signaling at late gastrula stage results in a loss of pax8 and lhx1 expression in the KF (Cartry et al., 2006). Still, how RA is controlling gene expression in the KF is only We are providing a set of gain and loss of function results supporting the idea of an involvement of hox in the control of KF gene expression namely that of pax8. Prior to functional analyses descriptive statistical analyses of available Xenopus single cell transcriptomic data (Briggs et al., 2018) were performed and compared to RA-responsive gene previously found by transcriptomic profiling of Xenopus lateral marginal zone explants (at the origin of the KF). In order to analyze the potential role of these candidate Hox and TALE cofactors in the control of KF gene expression we analyzed: 1) the outcomes of targeting a Hox PG during ex vivo pronephric induction 2) the consequences pax8 KF gene expression upon meis3 TALE cofactor depletion in the pronephric lineage 3) the effects of hox and TALE overexpression in micro-dissected explants.

Objective 2. Analyze the potential direct regulation of pax8 by Hox and TALE cofactors during pronephric development.

The second objective largely relies on data previously published by Ochi et al 2012 (Ochi et al., 2012). This team identified a pax8 regulatory sequence driving reporter expression in the developing pronephros (pax8-CNS1) that contains putative hox/pbx and meis/TGIF motives.

This second objective is therefore essentially focused on the requirement pax8-CNS1 enhancer for functional activity in transfection experiments and in vivo. We first tested the responsiveness to Hox and TALE of pax8-CNS1 by transactivation assays in vitro using a human embryonic kidney cell line. Since the enhancer showed responsiveness we proceeded to characterize the evolutionary conserved Hox and TALE binding motives present in pax8-CNS1. To do so, we performed mutagenesis of the sites followed by transactivation assays.

Given that certain binding sites appeared to be important for pax8-CNS1 functional activity, we attempted to confirm Hox and TALE complex binding to these sites by electrophoretic mobility shift assays (EMSAs). Finally, we focused on pax8-CNS1 requirement in the embryo. This part of my work is performed in close collaboration with H. Ogino's team. Our preliminary data suggest the requirement of pax8-CNS1 for pax8 KF gene expression in vivo.

These ongoing results come from CRISPR-Cas9 deletions of this enhancer element in wild type X. tropicalis embryos. So far it seems that pax8 requires a more intricate regulation involving an additional enhancer elements. 

Results

ARTICLE

Introduction

The nephron is the basic unit of vertebrate kidneys. Although renal function can be very different in aquatic animals living in freshwater, where homeostasis requires excretion of large quantities of water, and in terrestrial animals where it is important to avoid loss of water, the general organization of the nephron is remarkably conserved (Desgrange and Cereghini, 2015). In fishes and amphibia, the pronephros is the functional kidney at larval stages. The Xenopus tadpole bears a pair of pronephroi located on each side that are made of one single giant nephron (Wessely and Tran, 2011). Interestingly, the different cell types constituting the Xenopus pronephros are very similar to those of the metanephric nephron of mammals. This has been evidenced by the conserved expression of orthologs of genes of the solute-carrier and claudin gene families for tubular cell types (Raciti et al., 2008), as well as several others expressed in podocytes such as podocin and nephrin (White et al., 2010). Understanding the molecular mechanisms controlling specification of the different cell types of the Xenopus pronephros is of great value for the study of vertebrate kidney development (Lienkamp, 2016).

Renal precursors at the origin of the pronephros in Xenopus are grouped in a specific region of dorsolateral mesoderm arising at the onset of neurulation. This region called the kidney field is defined by the overlapping expression of pax8 and lhx1 genes (Carroll and Vize, 1999). Renal precursors also express osr1 and osr2 genes (Tena et al., 2007). These four different genes encode TFs, all of which are required for pronephric development (Buisson et al., 2015;Cirio et al., 2011;Tena et al., 2007). We have shown that pax8 plays a critical role in the specification of tubular cell types. Pax8 depletion causes an inhibition of the formation of the pronephric tubule anlage at the early tailbud stage, resulting in the total absence of the tubule in the tadpole. At neurula stages, expression of lhx1 and osr2 in the kidney field is not affected, but hnf1b expression is inhibited. Pax8 depletion is also causing cell proliferation defects in the kidney field in a canonical-wnt-dependent manner, potentially through the control of components of the wnt signaling pathway such as dvl1 or sfrp3 (Buisson et al., 2015).

Mechanisms controlling the emergence of the kidney field are only partially understood.

Wnt11b can induce pronephric structures in unspecified lateral mesoderm explants and could act as a potential inducer (Tetelin and Jones, 2010). However, retinoic acid (RA) signaling appears to be required. Its disruption causes a loss of pax8 and lhx1 expression in the kidney field, resulting in the inhibition of pronephric markers of tubule and glomus at tailbud stages, and, eventually the absence of pronephros in the tadpole (Cartry et al., 2006). Control of pax8 and lhx1 expression in the kidney field by RA is poorly understood. Some clues indicate that control of pax8 and lhx1 involves different mechanisms. For example, the up-regulation of lhx1 in response to exogenous RA is very fast both in embryos (Cartry et al., 2006) and animal caps treated with activin and RA (Drews et al., 2011), while pax8 response occurs only later. Lhx1 response to RA treatment also occurs in the absence of protein synthesis;

supporting the idea that lhx1 might be a direct target of RA-mediated transcriptional activation in the kidney field (Cartry et al., 2006;Drews et al., 2011). Pax8 expression in the kidney field involves TRPP2-dependent calcium signaling, which requires RA potentially through the control of TRPP2 trafficking to the plasma membrane (Futel et al., 2015).

However, this mechanism is likely to act in a permissive rather than in an instructive way, suggesting that more RA-dependent inputs control the expression of pax8 in the kidney field.

Regulation of pax8 expression in the Xenopus embryo is taking place through a set of evolutionarily conserved enhancers associated with a silencer located in the pax8 proximal promoter sequence. This silencer suppresses enhancer activity outside the pax8 expression domain (Ochi et al., 2012). How these regulatory elements are potentially used to control pax8 expression in the kidney field yet remains poorly understood.

Since hox genes are known to act downstream of RA signaling in several instances during vertebrate development (Nolte et al., 2019), and many of them are expressed at specific sites during mouse kidney development (Patterson and Potter, 2004), we have investigated their potential role in the regulation of renal genes of the kidney field. Single-cell transcriptomics (SCT) data reveal a complex situation with prominent expression in renal precursors of twelve hox genes belonging to paralogous groups 1-6. Transcriptomic analysis of RA-target genes in lateral mesoderm at gastrula and early neurula stages coupled to RT-qPCR validation further identifies eight hox genes as RA targets, seven of which are prominently expressed in renal precursors according to SCT data. Evidence for a role of Hox in the kidney field was obtained in vivo and ex vivo using gain and loss of function approaches. Challenging Hox homeodomain cofactor Meis3 by targeted depletion resulted in the inhibition of pax8 in the kidney field. Ex vivo experiments further support the idea of the role of Hox in the control of pax8 expression, but not of lhx1. Hoxb4 can activate pax8 but not lhx1 in isolated ectodermal explants (animal caps) when it is combined with Hox cofactors Meis3 and Pbx1. Conversely, we observe that induction of pax8 by activin and RA in the animal cap is dependent on Hox paralogous group 1 (PG1) induction by RA, while induction of lhx1 remains unaffected.

Finally, we tested the hypothesis of direct input of Hox on pax8 by analyzing transactivation by Hox of one previously characterized pax8 enhancer, Pax8-CNS1, and identified two Pbx-Hox binding sites involved in transactivation. Using transgenesis experiments with fosmids containing 36.5kb of the X. tropicalis pax8 gene as reporter assays, we show that the deletion of Pax8-CNS1 is not sufficient to inhibit reporter expression in the kidney field, but when combined with deletion of a second enhancer, Pax8-CNS2, reporter expression is abolished.

Results

Complexity of hox expression in renal precursors revealed by single-cell transcriptomics data

Although there is already whole-mount ISH data indicating hox expression in kidney field area for some hox genes such as hoxa1, d1, b3 or b4 [START_REF] Godsave | Expression patterns of Hoxb genes in the Xenopus embryo suggest roles in anteroposterior specification of the hindbrain and in dorsoventral patterning of the mesoderm[END_REF]In der Rieden et al., 2011;McNulty et al., 2005;[START_REF] Peres | Interaction between X-Delta-2 and Hox genes regulates segmentation and patterning of the anteroposterior axis[END_REF], hox expression in renal precursors is only very poorly documented. We have therefore interrogated X. tropicalis SCT data (Briggs et al., 2018), to obtain a more comprehensive view of the diversity of hox expression in Xenopus renal precursors during neurulation (NFst14-20) and early tailbud stage (NFst22). Renal precursors' data were selected at NFst18, 20 and 22 using "pronephric mesenchyme" annotation on SPRING plots (tinyurl.com/scXen2018) (Briggs et al., 2018). They comprised a total number of 151, 242 and 738 cells, respectively. Renal precursors' data at NFst14 and 16

was obtained from cells manually selected on SPRING plots (see Materials and methods), and comprised a total number of 67 and 149 cells, respectively. Prominent expression of pax8 and lhx1 in selected cells confirmed the renal identity of downloaded data (supplementary Fig. 1A).

Analysis of hox gene expression revealed that 4 hox paralogous groups, hox PG3, 4, 5 and 6 are prominently expressed in renal precursors at neurula and early tail bud stages. They are detected in more than 20% of the cells (Fig. 2A). Their expression remains stable from NFst14 to NFst22. In contrast, hox PG1 appears to be expressed at a higher rate at early neurula stage (>30 % of cells), while their expression drops at later stages (10% of cells or less). Hox PG2 and PG7 are also detected but at a lower rate (10% of cells or less). Among these seven paralogous groups, 12 hox genes are detected at least at one stage in 10% of cells, or more.

They include hoxa1 and d1, hoxa2, hoxa3, b3 and c3, hoxb4 and c4, hoxa5 and c5, and hoxb6 and c6 (supplementary Fig. 2). Analysis of pbx and meis gene families encoding Three Amino Acid Loop Extension (TALE) homeodomain Hox cofactors (Merabet and Mann, 2016) reveals the prominent expression of pbx1, pbx2 and meis3 in renal precursors (Fig. 2B).

Analysis of RA targets in lateral marginal zone tissue identifies several hox and their TALE cofactor meis3.

Active RA signaling is thought to be required for pronephric development during gastrulation and early neurulation, since treatment with a RAR inhibitor has only limited effects on pronephric development when it is applied after completion of gastrulation (Cartry et al., 2006). During gastrulation, cells that will give rise to renal precursors of the kidney field are localized in the lateral marginal zone (LMZ). In order to identify RA targets potentially involved in renal precursors specification, we have performed a transcriptomic analysis of genes whose expression is modified upon RA disruption in LMZ explants isolated at early gastrula stage (NFst10) (Le Bouffant et al., 2012). These explants taken from embryos previously injected with a mixture of Cyp26a1 and GFP mRNA, or from control sibling embryos injected with GFP mRNA alone were cultured for 1hr (NFst10.25), 3hrs (NFst11), or until early neurula stage (NFst14) (see material and methods). Microarray analysis of three independent experiments was carried out on GeneChip™ Xenopus laevis Genome 2.0 Array (Affymetrix) (Fig. 2A).

Overview of the data generated using heatmaps reveals some variability between the samples.

Although data corresponding to every analyzed stage segregates properly, the three biological replicates for a defined stage appeared to differ from each other (Fig. 2B). Lists of probe sets with fold changes > 1.5 and p-values > 0.05 (paired t-test) were generated at every stage analyzed (supplementary tables 1-6). However, determination of adjusted p-values using false discovery rate approach never allowed selection of probe sets with a p-adjusted value < 0.05, indicating a important number of false positive that precluded identification of targets based only on statistical criteria (supplementary tables 1-6). We therefore selected from the early neurula stage list (supplementary table 5) a set of candidate RA positive targets to be validated using RT-qPCR, focusing on hox genes. Eleven genes appeared to be significantly decreased in LMZ samples from Cyp26-injected embryos (Fig. 2C and supplementary Fig. 3).

Among them, 5 different hox genes, hoxa1, a3, b3, b4, and c5 are identified as RA targets, along with the TALE homeodomain Hox cofactor meis3. All these genes are expressed in renal precursors according to SCT data. Comparison of pax8 expression on left and right sides of injected embryos shows an inhibition of pax8 expression in the kidney fled on the left side (Fig. 3B,C). Pax8 expression is not significantly affected in embryos similarly injected with 1.25 pmole of a control morpholino (Fig. 3B,C). These observations show that Meis3 is required for pax8 expression in the kidney field, and further suggest that Hox are playing a role in the control of pax8 expression in renal precursors at neurula stage.

Depletion of the

Animal cap experiments suggest an involvement of hox in the control of pax8 but not of lhx1 expression

Gain of function experiments

In order to further investigate the potential function of Hox in the control of kidney field gene expression, we have analyzed whether ectopic expression of one Hox expressed in the kidney field can cause up-regulation of pax8 and lhx1 using isolated blastula animal caps as an ex vivo assay. We selected Hoxb4 and tested its effect when combined to the cofactors Pbx1 and Meis3 that are also expressed in renal precursors. Messenger RNA mixtures (200pg of each mRNA) were injected at the animal pole of every blastomere at the 4-cell stage. Animal caps dissected when embryo reached the mid-blastula stage. Isolated caps were further cultured until sibling controls reached neurula stage NFst18-19 and processed for RT-qPCR analysis (Fig. 4A).

The results show that Hoxb4 combined with Pbx1 and Meis3 causes a significant upregulation of pax8 expression, while expression of Pbx1 and Meis3 alone has little effect (Fig. 4B). Interestingly, Hoxb4 combined with Pbx1 and Meis3 does not cause lhx1 upregulation, indicating that pax8 activation does not result from a general induction of kidney field genes. Since RA synthesis in mesoderm has been shown to be dependent on aldh1a2

control by Hoxa1 and Pbx1 (Vitobello et al., 2011), we have further analyzed whether pax8 up-regulation is accompanied by aldh1a2 up-regulation. This is not the case, indicating that pax8-upregulation does not occur indirectly as a result of RA synthesis (Fig. 4D,E).

Loss of function experiments

It is possible to induce pronephric development in blastula animal caps when they are incubated in the presence of RA and activin at blastula stage (Chan et al., 1999;Moriya et al., 1993). Hoxa1 and b1 are known direct RA targets and are among the most rapidly responsive genes to RA in ES cells (Nolte et al., 2019). We therefore expected hoxPG1 genes to be rapidly activated in response to exogenous RA in animal caps. Hox PG1 genes were indeed strongly up-regulated in animal caps cultured until early neurula stage (NFst14) after treatment with RA and activin (Fig. 5A,B). Although some other hox are likely to be also activated in response to exogenous RA, we hypothesized that this hox PG1 response to exogenous RA represents an important part of the hox response to RA in animal caps at NFst14. We therefore tested whether challenging hox PG1 function can interfere with activation of kidney field genes pax8 and lhx1 at this stage (Drews et al., 2011).

Hox PG1 depletion was performed by injection of a mixture of previously characterized translation-blocking morpholinos targeting Hoxa1, b1 and d1 (McNulty et al., 2005)(2.5 pmole total) in the two blastomeres of 2-cell stage embryos. Animal caps were dissected at late blastula stage, incubated in the presence of RA and activin, and further cultured until early neurula stage (NFst14) for RT-qPCR analysis (Fig. 5C). Comparison of pax8 expression in animal caps from embryos injected with a control morpholino (2.5 pmole), or with Hox PG1 morpholinos, shows a clear inhibition of pax8 expression after Hox PG1 depletion (Fig. 5D). In contrast, lhx1 expression does not appear to be significantly affected by Hox PG1 depletion (Fig. 5E).

Gain and loss of function experiments performed in animal cap assays both support the idea of a role of Hox in the regulation of pax8 at neurula stage. They further indicate that this is not a general feature for kidney field genes, since lhx1 is neither induced by Hoxb4 combined with cofactors Pbx1 and Meis3, nor inhibited by Hox PG1 depletion after pronephric induction by RA and activin.

Hox gain of function experiments in a mesodermal context

Gains of function experiments described above were carried out in non-induced ectodermal caps. We further tested whether the same combination of TFs can induce kidney field gene expression in a mesodermal context. Ventral marginal zone (VMZ) explants dissected at early gastrula stage can form ventral mesodermal tissues, but never differentiate into pronephric tissue. We therefore analyzed the effect elicited by expression of Hoxb4 combined with Pbx1 and Meis3 in the isolated VMZ. Messenger RNA mixtures were injected equatorially into the two ventral blastomeres at the 4-cell stage (200pg of each mRNA), and VMZs were dissected at early gastrula stage (NFst10). Isolated VMZ were further cultured until sibling controls reached neurula stage NFst18-19, and were processed for RT-qPCR analysis (Fig. 6A).

Pax8 expression was readily induced in VMZ explants expressing Hoxb4 combined with Pbx1 and Meis3. This effect was not observed when VMZ were expressing Hoxb4 alone, or only combined to one of the cofactor, showing that both Pbx1 and Meis3 are required in this process. In contrast to experiments performed in animal caps, lhx1 activation was also observed in the VMZ context. Since inhibition of BMP signaling can also induce pronephric development in isolated VMZ by mimicking dorsalization by signals from Spemann organizer [START_REF] Dosch | Bmp-4 acts as a morphogen in dorsoventral mesoderm patterning in Xenopus[END_REF], we controlled the absence of dorsalization by evaluating myod expression (Fig6D). Myod is not up-regulated in response to hox and cofactors showing that they did not cause VMZ dorsalization. Meanwhile, some of the observed effects may result from activation of RA signaling. VMZ normally expresses high levels of RA-catabolizing enzyme Cyp26 encoded by cyp26a1, and do not express aldh1a2 (Chen et al., 2001). Aldh1a2 expression was indeed induced in VMZ explants expressing Hoxb4 and the cofactors Pbx1 and Meis3 (Fig6E), while cyp26a1 expression readily dropped down (Fig. 6F). These effects were not observed when Hoxb4 alone or combined to only one of the cofactors was expressed in the VMZ.

These results suggest that activation of RA can induce activation of kidney field gene expression in VMZ. It is possible that Hox combined with cofactors both act on pax8 as observed in animal caps, and on aldh1a2, which in return activates RA signaling that can cause lhx1 activation. This strong effect was never observed when cells were co-transfected with Hoxb4, Meis3 or Pbx1 expression constructs alone, or combinations of Pbx1 and Meis3, Hoxb4 and Meis3, or Hoxb4 and Pbx1 (Fig. 7B), suggesting that the three TFs are cooperating.

Transactivation of

In order to identify which putative binding sites are involved during transactivation, reporter construct bearing different combinations of mutations of any of the three Pbx-Hox motives, or of the Meis-TGIF motif (Fig. 7A), were tested in transactivation assays. Neither single mutations of Pbx-Hox motives nor mutation of the Meis/TGIF motif appeared to affect reporter activation (Fig. 7C). The putative Meis/TGIF motif present in Pax8-CNS1 is therefore not required for transactivation, since similar mutations of Meis binding sites have been previously shown to interferes with Meis2 interaction (Wassef et al., 2008). This suggests that either Meis3 is interacting with another site of Pax8-CNS1, or that Meis3 does not need to bind to DNA to exert its effect. The absence of effect of single mutations of any of the Pbx-Hox binding motives may rather suggest redundancy. We further tested combinations of PBX-Hox sites mutations. Combining mutations of Pbx-Hox motif 1 and 3 resulted in a strong inhibition of reporter activation (Fig. 7D) (4 independent experiments, p<0.05 Kruskal-Wallis test), showing that these two sites are required for transactivation. In contrast, combining mutation of Pbx-Hox motif 2 with Pbx-Hox motives 1 or 3 does not have any significant effect on reporter activation, suggesting that this motif is not functional.

Furthermore, Electrophoretic Mobility Shift Assay (Supplementary Fig. 4) show that the minor endogenous complex binding of CV1 nuclear extracts to the Pbx-Hox motif 1 of pax8-CNS1 co-migrates with the complex given by a well-defined hoxb4-pbx1 binding site [START_REF] Pöpperl | Segmental expression of Hoxb-1 is controlled by a highly conserved autoregulatory loop dependent upon exd/pbx[END_REF]. These complexes increase in CV1 nuclear extracts overexpressing Xenopus Hoxb4 and Pbx1 and are cross-competed with an unlabeled oligo containing the Pbx-Hox motif 1. These observations suggest that different Pbx and Hox proteins expressed in CV1 extracts are able to bind a Pbx-Hox motif present in pax8-CNS1. Together these results

support the idea of a potential direct regulation of pax8 by Hox.

Pax8-CNS1 cooperates with Pax8-CNS2 to control pax8 expression in the embryo

As outlined above, Pax8-CNS1 can drive reporter expression in the developing pronephros.

However, it is unclear if it is required for pronephric expression of pax8 in the embryo. To test this, we used a reporter assay using a fosmid encompassing 36.5 kb of the X. tropicalis pax8 gene sequence with a GFP cassette inserted in the second exon. Transgenesis experiments in X. laevis embryos with this fosmid have shown that GFP expression recapitulates endogenous pax8 expression (Ochi et al., 2012). The 36.5kb sequence includes three conserved pax8 enhancers, Pax8-CNS1, Pax8-CNS2 and Pax8-CNS3 (Fig. 8).

Transgenesis experiments were performed with this wild-type fosmid, and with fosmids lacking Pax8-CNS1, or lacking both Pax8-CNS1 and Pax8-CNS2. Reporter expression was monitored by ISH at late neurula stage, and with GFP fluorescence at late tailbud stage.

Representative examples are shown in Fig. 8. They show that deletion of Pax8-CNS1 decreases but is not sufficient to totally abrogate reporter expression in the embryo. However, expression in the kidney field at neurula stage is not homogenous as in with a wild-type fosmid, and fluorescence appears weaker at tailbud stage. When both Pax8-CNS1 and Pax8-CNS2 are deleted, reporter expression is totally abolished (Fig. 8).

Discussion

Using gain and loss of function approaches, we provide several lines of evidence showing that Hox are able to play an important role downstream of RA in the control of pax8 expression in renal precursors of the pronephros. Specifically, we observed that targeted depletion of the SCT data reveals a complex situation with 12 different hox genes prominently expressed in pronephric precursors of the kidney field. Among them, 7 appear to be downstream targets of RA, since their expression drops down upon RA disruption in LMZ explants. Complexity of hox gene expression in pronephric precursors is in line with the even higher complexity of hox gene expression observed during mouse metanephric kidney development (Patterson and Potter, 2004). Hox genes often display a high degree of overlapping expression and functional redundancy that have made functional analyses very challenging. For example, knockout of the four hox PG9 genes does not lead to kidney defect [START_REF] Xu | Axial Hox9 activity establishes the posterior field in the developing forelimb[END_REF], although these genes are all expressed in the developing kidney, including renal vesicle, branching tubule, proximal, intermediate and distal segments of S-shaped bodies (Patterson and Potter, 2004).

Triple knockout of hox PG10 genes only affects cortical cell differentiation and integration (Yallowitz et al., 2011). Important functions of hox genes have been yet identified in the developing mouse kidney. Triple knockout of hox PG11 genes results in kidney agenesis (Wellik et al., 2002). Hox11 proteins have been shown to form a complex with Eya1 and Pax2 proteins to regulate expression of six2 and gdnf genes (Gong et al., 2007). Deletions of multiple loci in the hoxd cluster also revealed a role in the control of apoptosis with formation of cystic kidneys [START_REF] Di-Poi | Distinct roles and regulations for HoxD genes in metanephric kidney development[END_REF]. Hox genes are also probably playing important functions in the acquisition of nephron cell type identities. For example, cells expressing proximal tubule markers differentiate in the vicinity of cells expressing distal tubule markers in Hoxc9,10,11-/-Hoxd9,10,11-/-mutants. The mechanisms involved are poorly understood, but appear to be distinct from those governing acquisition of tubule segment identity (Drake et al., 2018). Functional studies carried out during mouse kidney development have not revealed a role of hox genes in the control of either Pax2 or Pax8 expression. It is unclear, however, whether a role for Hox in the regulation of pax8 is restricted to pronephric precursors, or if a similar function of hox genes could be uncovered by analyzing other combinations of hox gene knockouts during mouse kidney development.

We observed that expression of Hoxb4 combined with Pbx1 and Meis3 did not significantly induced aldh1a2 expression in the ectodermal context of animal caps, while the same combination of factors readily induced aldh2a1 in the mesodermal context of the VMZ. Pax8

was up-regulated in both cases, but the mechanisms involved might not be identical.

Expression of aldh1a2 in paraxial and lateral mesoderm of Xenopus embryos is affected by morpholino depletion of Hoxa1 and Pbx1. Direct regulation of mouse Aldh1a2 was further shown to involve the interaction of Hoxa1-Pbx1/2-Meis2 complex with a regulatory element that is required to maintain normal Aldh1a2 expression levels in mouse embryos (Vitobello et al., 2011). It is likely that Hoxb4 can mimick Hoxa1 when overexpressed in VMZ, due to Hox functional redundancy. We further observed that both cofactors Pbx1 and Meis3 were required, pointing to the possibility of a direct regulation of aldh1a2 by Hox in Xenopus similar to that demonstrated in the mouse. This raises the question of the existence of a mechanism maintaining high levels of RA in pronephric precursors of the kidney field through the same feed forward mechanism. ISH expression studies have shown that aldh1a2 expression includes the kidney field at neurula stage (Chen et al., 2001). SCT data analysis further confirms that high expression levels of aldh1a2 expression are observed in renal precursors, especially during neurula stages (supplementary Fig. 1B). Regulation of pax8 expression in the kidney field might therefore include two distinct Hox-dependent mechanisms working in parallel. One mechanism may involve a direct control through Pax8-CNS1, as supported by our transactivation experiments. A second mechanism may involve an indirect control by Hox through the maintenance of RA signaling, which in turn would regulate other inputs on pax8. Lhx1, which is up-regulated as aldh1a2 in VMZ expressing Hoxba4 and cofactors, might be a good candidate for such a mechanism. Lhx1 is up-regulated in the embryo and in animal caps as an immediate-early response to exogenous RA, suggesting that it can be a direct target of RA (Cartry et al., 2006;Drews et al., 2011).

Depletion of Lhx1 results in a reduction of the pax8 expression domain of the kidney field, while expression of constitutively active forms of Lhx1 expands this domain (Cirio et al., 2011), suggesting that Lhx1 may also act upstream of pax8 in renal precursors.

It is clear that the control of pax8 expression in the kidney field likely involves several different inputs. How these different inputs are integrated remains largely elusive. Reporter assays show that deletion of Pax8-CNS1 is not sufficient to abolish reporter expression in transgenic embryos. However when combined with deletion of Pax8-CNS2, reporter expression in the kidney field is no more detectable. This raises the question of the mechanisms controlling pax8 expression at the level of this second enhancer. We cannot rule out the possibility that Hox may also control pax8 expression at the level of Pax8-CNS2. One conserved putative Pbx-Hox binding motif and one putative Meis binding motif are indeed present in Pax8-CNS2 (supplementary Fig. 5). However, other inputs are also probably cooperating with Hox. We have previously shown that TRPP2-dependent intracellular calcium signaling is required for pax8 expression in the kidney field. Both intracellular calcium signaling and expression of the TRPP2 channel at the plasma membrane were inhibited upon RA disruption (Futel et al., 2015). It is not known whether this increase in cytoplasmic calcium transients also results in an intranuclear calcium increase that could directly influence pax8 transcriptional control. For example, calcium-dependent release of Pax8 repression by DREAM-kcnip3 proteins has been reported in rat thyroid cells (D'andrea et al., 2005). However DREAM-kcnip3 repression would be expected to occur close to the transcription start site (D'andrea et al., 2005) and not at the level of an enhancer like Pax8-CNS2. Cytosolic calcium can also influence pax8 expression more indirectly through more complex calmoduline-kinase-dependent phorphorylation processes as those described in cardiomyocytes [START_REF] Dewenter | Calcium Signaling and Transcriptional Regulation in Cardiomyocytes[END_REF]. As outlined above another candidate input might be Lhx1. It would be informative to test if the constitutively active Ldb1-Lhx1 protein (Cirio et al., 2011;[START_REF] Kodjabachian | A study of Xlim1 function in the Spemann-Mangold organizer[END_REF] can transactivate either Pax8-CNS1 or Pax8-CNS2, as well as the binding of Lhx1 to these sequence by ChIP-PCR experiments [START_REF] Sudou | Dynamic in vivo binding of transcription factors to cis-regulatory modules of cer and gsc in the stepwise formation of the Spemann-Mangold organizer[END_REF].

Materials and methods

Exploration of single-cell transcriptomics data

Xenopus tropicalis SCT data (Briggs et al., 2018) have been explored through the interactive interface at tinyurl.com/scXen2018. Renal precursors data were selected from interactive SPRING plots [START_REF] Weinreb | SPRING: a kinetic interface for visualizing high dimensional single-cell expression data[END_REF] corresponding to SCT data of embryos at early neurula (NFst14) to early tailbud (NFst22) stages. Selection of renal precursors at NFst18, NFst20 and NFst22 was simply performed according to "pronephric mesenchyme" annotation of corresponding interactive SPRING plots. Selection of renal precursors at early neurula stages NFst14 and NFst16 was carried out using manual selection tools of the interface after highlighting pax8 expression on SPRING plots. Two clusters of pax8-expressing cells are present, respectively corresponding to renal precursors and otic placode's cells. Pax8expressing cells and their immediate neighbors were selected from the cluster corresponding to renal cells, as checked by the expression of lhx1 in the selection using the "enriched genes" tool of the interface. SCT data from selected cells were downloaded from the interactive interface. Lines corresponding to the analyzed genes were selected and placed into an Excel table for determination of the number of cells where transcript detection is ≥ 1 UMI (unique molecular index) to generate histogram plots.

Embryos, microinjection and microdissections

Xenopus embryos have been obtained as previously described by human chorionic gonadotropin stimulation of females and in vitro fertilization (Futel et al., 2015). They were cultured in modified Barth's Solution (MBS) and staged according to (Nieuwkoop and Faber, 1975). All animal experiments were carried out according to approved guidelines validated by the Ethics Committee on Animal Experiments "Charles Darwin" (C2EA-05) with the "Autorisation de projet" number 02164.02.

Microinjection of morpholinos and mRNA was performed as described in 0.1x MBS containing 3% Ficoll (Colas et al., 2008). Synthesis of capped mRNA was done as previously described [START_REF] Umbhauer | Signaling specificities of fibroblast growth factor receptors in early Xenopus embryo[END_REF]. Dissections of animal caps at blastula stage and marginal zone explants at gastrula stage were carried out in 1xMBS in agar-coated dishes using platinum wires and loops. Culture of explants was carried out in 1xMBS. For both LMZ and VMZ explant dissection, care was taken to exclude blastocoel wall in order to avoid contamination by ectodermal tissue, as previously described (Le Bouffant et al., 2012).

Induction of pronephros in animal caps was performed according to (Moriya et al., 1993).

Batches of 20 animal caps were dissected at late blastula stage (NFst9). They were placed in 250 µl drops of 1xMBS containing 10ng/ml human activin A (Sigma A4941) and 10 !! M alltrans retinoic acid (Sigma R2625) for 3h at 20°C and were then carefully washed in 1XMBS.

They were further cultured in 1xMBS at 14°C until sibling controls reached early neurula stage (NFst14). 

Constructs

Microarray analysis

Embryos were microinjected equatorially at the 4-cell stage in the four blastomeres with 10 nl each of a mixture of Cyp26a1 mRNA (25pg/nl) and GFP mRNA (50pg/nl), or with GFP mRNA alone (50pg/nl). LMZ explants were dissected immediately after appearance of the dorsal blastoporal lip and where kept at 14°C during one hour for healing. At this stage siblings were at NFst10.25. Explants were further cultured for 3h at 20°C (siblings at NFst11) and then placed overnight at 14°C until siblings reached early neurula stage (NFst14).

Batches of 15 explants were frozen at each stage in 300 µl RLT solution (Quiagen) for further RNA extraction with Quiagen RNeasy columns. Experiments were validated for microarray analysis after RT-qPCR control of the equal proportion of endoderm (sox17ß) and mesoderm (eomes) in control and cyp26a1 gastrula stage samples, as well as absence of neural tissue (sox2) and inhibition of pronephric markers (pax8, lhx1) in neurula stage samples. Expression profiling was performed on GeneChip™ Xenopus laevis Genome 2.0 Array (Affymetrix) at the Curie Institute Affymetrix platform. Probe set analysis was conducted in R (R, 2019) using the "affy" package [START_REF] Gautier | affy--analysis of Affymetrix GeneChip data at the probe level[END_REF].

Real time quantitative PCR and whole mounted in situ hybridization

Real time quantitative PCR (RT-qPCR) has been performed as previously reported (Le Bouffant et al., 2012). The Comparative Ct method was used to determine the relative quantities of mRNA, using ornithine decarboxylase (odc) or ß-actin mRNA as endogenous reporter. Every RNA sample was analyzed in duplicate. Data point represents the mean ± SEM of at least three independent experiments. Data were analyzed using R Commander (R software) by paired Student's t-test. Primers used for RT-qPCR are given in supplementary table 7. Whole mounted in situ hybridization has been carried out as previously described (Colas et al., 2008) with riboprobes for pax8 (Carroll and Vize, 1999) and GFP (Ochi et al., 2012).

Transactivation experiments in HEK 293 cells

HEK293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum. They were plated into 12-well plates at a density of 2.5 x 105 cells/well. After 24 hours transfection, mixtures containing Opti-MEM® Reduced Serum Media (ThermoFisher), 500ng of each reporter vector (pax8CNS1-luc, pax8CNS1mut-lucMeis, pax8CNS1mut-lucHP1, pax8CNS1mut-lucHP2 or pax8CNS1mut-lucHP3), 5 ng of pCMV-renilla luciferase normalization vector and the transactivation vector mix (pCS2-hoxb4 and/or pCS2-meis3 and/or pCS2-pbx1 and pCS2+ empty vector-300ng total) were prepared. Subsequently, cells were transfected with these mixtures using 2.4µL of X-tremeGENE HP DNA Transfection Reagent (Roche) according to the manufacturer's protocol. Transfected cells were washed twice in PBS, followed by the addition of 200µl 1X passive lysis buffer (Promega, Madison, WI, USA). All values are shown as the mean+S.E.M.

All determinations were repeated at least three times. Statistical significance was determined using Kruskal-Wallis non-parametrical test for comparison of two groups and One-Way ANOVA for comparison of more than two groups.

Electrophoretic mobility shift essay

EMSAs were performed as described elsewhere (Ferretti et al., 2000) using nuclear extracts from transfected CV1 cells. Biotin-labelled oligonucleotides probes contain either consensus pbx/hox sites (Chang et al., 1995;Pruitt et al., 2004) or the putative HOX-TALE binding sites within the Pax8-CNS1 conserved regions. The experiment was performed using LightShift Chemiluminescent EMSA KIT with modifications suitable and corresponding to Hox-Pbx interactions with Pax8-CNS1 response element (Thermo Scientific, Walthman, MA, USA).

Binding reactions were set up according to supplementary table 8. The binding reaction was incubated on ice for 20 min. As attempt of supershift experiments, 2µg of anti-myc mouse monoclonal IgG antibody 9E10 was added to the reaction mixture and incubated an additional 5 min at room temperature. Finally, 5µ l of 5x loading buffer with bromophenol blue was added as indicator to each 20 µl binding reaction. Protein-DNA complexes were loaded on a pre-run native polyacrylamide gel 6% at 80V in 0.25x TBE running buffer. At the end of the run, the protein DNA complexes were subjected to transfer to a positively charged nylon membrane using a standard tank electrophoretic transfer apparatus for mini gels. Transfer was set at 380mA (~100V) for 60 minutes using 0.25X TBE cooled to ~10ºC with a circulating water bath. Once the transfer was completed, the membrane was cross-linked using a UVlight cross-linking instrument equipped with 254 nm bulbs at 120 mJ/cm2 (45-60 second exposure using the auto crosslink function). Biotin-labeled DNA was detected using streptavidin-horseradish conjugate and the chemiluminescent substrate contained in LightShift Chemiluminescent EMSA Kit.

Transgenic reporter assay

Transgenic Xenopus embryos were generated as previously described (Ochi et al., 2012) by sperm nuclear transplantation method with oocyte extracts [START_REF] Hirsch | Xenopus tropicalis transgenic lines and their use in the study of embryonic induction[END_REF]Kroll and Amaya, 1996).

Legends to figures

Figure 1 

Complementary results

Since we know that pax8-CNS1 is responsive to hox and TALE, we are currently focused on its requirement in the embryo. CNS1 and CNS2 seem to be required at early neurula stage for ear-and pronephros-specific expression of pax8-fosmid (Article Figure 8). Although Ochi showed that CNS1 is critical for appropriate activation in transgenic Xenopus embryos, CNS1 targeted deletion is insufficient to abrogate expression both at neurula and tailbud stages. Yet, removal of CNS1 and CNS2 results in a loss of GFP in transgenic embryos since neurula stage.

The classic approach to assess enhancer activity involves analyzing transgenic constructs carrying a reporter gene driven by a minimal promoter and linked to the enhancer element (Kvon, 2015). However, it has not been established if the activity profile of the enhancer actually recapitulates enhancer functions. Mutating enhancer regions in their natural genomic context by efficient techniques like CRISPR-CAS9 allows the direct analysis of enhancer functions (Cong et al., 2013).

Epigenome reference maps during Xenopus tropicalis development were analyzed to check for the presence of histone modification and epigenetic enhancer signatures in pax8-CNS1 and pax8-CNS2 elements (See Complementary figure 1). Furthermore, as an attempt to study the enhancer function in vivo, Crispr-Cas9 deletions of pax8 CNS1 and CNS2 were performed in X. tropicalis embryos by our team. Embryos were injected with the Cas9 protein; together with a mix of 3±4 guide RNAs that targeted CNS1 and CNS2 and/or putative binding sites for Hox and TALE, located within this region. Consistently with transgenic approaches (Article figure 8), our preliminary results indicate that F0 mutant embryos show a significantly reduced pax8 expression in the kidney field and otic vesicle at neurula stage (See Complementary figure 2). Yet this data is preliminary and needs to be further studied.

A.

B.

Complementary In this work, we analyzed available Xenopus tropicalis single cell RNA-seq data (Briggs et al., 2018) to examine Hox genes expression patterns in renal precursors at stages 14, 16, 18, 20, and 22. Hox PGs exhibit broad expression patterns in the developing pronephros. In the developing mammalian metanephric kidney, almost all Hox genes except the most terminal ones (PG1 and P13) are expressed (Patterson and Potter, 2004). Moreover, in the murine kidney single Hox clusters show more similar expression patterns than genes of a single PG (Magella et al., 2018b). By contrast in Xenopus Hox PG1 members are present at neurula stage during KF specification and then their expression drops at later stages. Hox PG3-6 from different clusters are prominently expressed in renal precursors at neurula and early tailbud stages, whereas the most posterior ones PG8-13 are barely detected. Furthermore, the most prominent expression in renal precursors at the analyzed stages was that of TALE members:

pbx1, pbx2 and meis3. These results do not give evidence for a clear segment-specific Hox gene expression codes driving differentiation along pronephros development. Therefore, it is unlikely that Hox functions in Xenopus renal precursors follow the well-known Hox code roles driving segment identity determination. We want to analyze firstly in vivo in Xenopus tropicalis embryos if the expression patterns match those found by SCT. Besides, RT-qPCR analyses will be conducted in KF explants to confirm the presence of Hox and TALE members shown by SCT in renal precursors.

Identifying RA-regulated genes is essential to understand how RA signaling exerts its effects during KF specification. Our strategy involved the isolation of presumptive KF tissue combined with microarray analysis to identify potential RA target genes. We could not identify a common group of differentially regulated genes since the false discovery rate confidence interval correspond to non-significant p-values. The difficulty to identify RAregulated genes might be reflective of the sample variability [START_REF] Savory | Identification of novel retinoic acid target genes[END_REF].

Nevertheless, analysis of RA-responsive genes by RTqPCR revealed several known targets like hoxa1, [START_REF] Marshall | Retinoids and Hox genes[END_REF] and several genes that had not been previously reported to be RA-dependent (See Supplementary figure 3). To further analyze the gene networks regulated by RA in vivo and categorize them based on their predicted functions by Gene ontology enrichment analyses would require high-throughput data. ATAC-seq is a good way to identify functional genomic regions in Xenopus renal precursors. This approach coupled to ChIP-seq using a suitable ChIP grade anti-RAR antibody and antibodies for major histone modifications would generate a list of potential functional elements showing chromatin accessibility that follow RAR binding patterns.

Although in the Xenopus hindbrain it has been shown that RA signaling per se does not mediate meis3 transcriptional activation [START_REF] Dibner | The Meis3 protein and retinoid signaling interact to pattern the Xenopus hindbrain[END_REF], our transcriptome profiling suggests that TALE member meis3 might be a target of RA in LMZ explants. We observed that Meis3 knockdown in the KF results in an inhibition of pax8 expression. However, we are aware that the interpretation of Meis phenotypes should be done carefully taking into account the following: 1) Meis3 is involved in the regulation of Hox gene expression in Xenopus mesodermal tissue during gastrulation (In der Rieden et al., 2011). 2) Meis can promote Hoxpbx interactions [START_REF] Hudry | Hox proteins display a common and ancestral ability to diversify their interaction mode with the PBC class cofactors[END_REF]. 3) Pbx-Meis interactions regulate pbx nuclear localization, [START_REF] Mercader | Ectopic Meis1 expression in the mouse limb bud alters P-D patterning in a Pbx1independent manner[END_REF][START_REF] Rieckhof | Nuclear Translocation of Extradenticle Requires homothorax, which Encodes an Extradenticle-Related Homeodomain Protein[END_REF]. 4) RA responsive Hox have been also identified as Meis3 direct targets in Xenopus [START_REF] Dibner | The Meis3 protein and retinoid signaling interact to pattern the Xenopus hindbrain[END_REF]. Before drawing any Using gain and loss of function approaches we provide evidence indicating that Hox can play an important role in the control of pax8 expression in renal precursors of the Xenopus pronephros. Challenging Hox function during induction of pronephros by activin and RA treatment in animal caps results in the inhibition of pax8 expression but not of lhx1. This differential regulation might be explained by the fact that lhx1 is a known direct target of RA, (Cartry et al., 2006;[START_REF] Hunter | LIM-homeodomain genes in mammalian development and human disease[END_REF] whereas pax8 probably requires multiple inputs. Conversely, hox gain of function in ectodermal animal caps induces pax8 but not lhx1.

This process seems to be RA-independent since aldh1a2 is not up regulated upon overexpression of Hoxb4, Meis3, and Pbx1 in these explants. In VMZ explants Hoxb4, Meis3, and Pbx1 ectopic expression results in up regulation of pax8, lhx1, and RA signaling.

It is possible that in the mesodermal context pax8 induction is Hox-TALE dependent whereas the induced RA signaling directly activates lhx1. Meis3 gain of function in the VMZ can be achieved by overexpression of VP16-Meis3 fusion protein, known to act as a transcriptional activator [START_REF] Dibner | XMeis3 protein activity is required for proper hindbrain patterning in Xenopus laevis embryos[END_REF][START_REF] Dibner | The Meis3 protein and retinoid signaling interact to pattern the Xenopus hindbrain[END_REF].

Several inputs are required to control pax8 expression in the KF. TRPP2-dependent intracellular calcium signaling is required for pax8 expression in the KF (Futel et al., 2015).

Lhx1 and Fry (a TF expressed in the Xenopus KF) can synergistically affect aldh2 expression in renal precursors and indirectly induce pax8 KF expression through miRNA-cluster repression [START_REF] Espiritu | The Lhx1-Ldb1 complex interacts with Furry to regulate microRNA expression during pronephric kidney development[END_REF]. In the case of a pax8 regulation given by regulatory elements, we consider testing if the constitutively active ldb1-lhx1 protein (Cirio et al., 2011;[START_REF] Espiritu | The Lhx1-Ldb1 complex interacts with Furry to regulate microRNA expression during pronephric kidney development[END_REF] can transactivate the described pax8 enhancers CNS1 and CNS2.

All in all, Hox and TALE should be considered as one important input downstream of RA contributing to pax8 expression in the Xenopus pronephros.

Pax8 regulation by CNS1 through Hox and TALE binding sites

Several Hox and TALE dependent enhancers have been reported in different models. They usually contain a Meis binding site TGACAG located at a short distance from immediately adjacent Pbx and Hox half-sites, often displayed as TGATNNAT [START_REF] Ferretti | Hoxb1 enhancer and control of rhombomere 4 expression: complex interplay between PREP1-PBX1-HOXB1 binding sites[END_REF][START_REF] Ladam | TALE factors use two distinct functional modes to control an essential zebrafish gene expression program[END_REF][START_REF] Pöpperl | Segmental expression of Hoxb-1 is controlled by a highly conserved autoregulatory loop dependent upon exd/pbx[END_REF]. Cooperative binding through various dimers or trimer of Meis/Pbx/Hox proteins directly regulates gene induction and specification of the developing hindbrain. Mutations in Pbx/Hox binding elements of the Hoxb1 enhancer prevent reporter expression in transgenic mice [START_REF] Ferretti | Hoxb1 enhancer and control of rhombomere 4 expression: complex interplay between PREP1-PBX1-HOXB1 binding sites[END_REF][START_REF] Pöpperl | Segmental expression of Hoxb-1 is controlled by a highly conserved autoregulatory loop dependent upon exd/pbx[END_REF]. Whereas, mutations in the contiguous Meis sites of the hoxb2 enhancer not always affect the overall expression pattern, however, Meis sites can influence the levels of expression (Ferretti et al., 2000;[START_REF] Tümpel | Chapter 8 Hox Genes and Segmentation of the Vertebrate Hindbrain[END_REF]. In vivo requirements of Meis and Pbx/Hox binding sites are variable and context-dependent. One way to explain this is the fact that Meis can influence Hox activity by acting as a component of DNA-bound Hox complexes or by regulating Pbx nuclear localization in a DNA-binding independent manner [START_REF] Berthelsen | The subcellular localization of PBX1 and EXD proteins depends on nuclear import and export signals and is modulated by association with PREP1 and HTH[END_REF]. Also, Hox-TALE complex binding can occur either by the formation of trimeric complexes (Hox, Pbx, Meis) cooperatively binding to the enhancer or by heterodimer complexes competitions for either Pbx/Hox or Meis/Pbx binding [START_REF] Jacobs | Trimeric association of Hox and TALE homeodomain proteins mediates Hoxb2 hindbrain enhancer activity[END_REF]. To have more information about complex biding we consider performing transactivation assays using WT and truncated forms of Meis, or Hox without the HX to check if their DNA binding interaction with Pbx is necessary for their action. These observations agree with Pbx/Hox binding to the Site B element from the pax3 promoter (Pruitt et al., 2004). Site B carries a consensus-binding site for Pbx and Hox family members from paralogous groups 1-5 (TGATTGAT) (Chang et al., 1995;[START_REF] Shen | AbdB-like Hox proteins stabilize DNA binding by the Meis1 homeodomain proteins[END_REF]) that forms complexes with nuclear extracts of RA treated P19 EC cells, which are known to express many different Pbx and Hox proteins [START_REF] Pruitt | Primitive streak mesoderm-like cell lines expressing Pax-3 and Hox gene autoinducing activities[END_REF].

Hox PGs differences in complex-binding affinities might also account for the fact that HP1 and HP3 mutated sequences do not abolish completely, yet significantly reduce, luciferase activity during transactivation assays. Consistently, in the Site B element from the pax3 promoter, substituting a C at either position 2 or 6 severely reduces sequence-specific binding. Stressing the importance of (TGAT) sequence requirement for Pbx binding (Chang et al., 1995).

Enhancer mediated regulation can be given by Hox PG specific and cooperative binding with motives [START_REF] Beachy | Cooperative binding of an Ultrabithorax homeodomain protein to nearby and distant DNA sites[END_REF].

EMSAs can be applied to distinguish different complex binding conformations, this is particularly important in the case of Hox proteins since they often bind DNA as homomeric or heteromeric multimers. However, there are several challenges commonly encountered in assessing Hox-DNA interactions. First is evaluating Hox-DNA binding affinity, which is not only given by the HD but also by sequences outside of it that alter binding to natural DNA targets. The second is identifying potential genomic binding sites. It is known that Hox-DNA regulatory mechanisms rely on cooperative binding and TALE cofactor interactions. Hox-TALE DNA binding in vivo is usually overlooked since most binding studies exclusively utilize the optimal DNA sequences and proteins without certainty that the interaction occurs natively. Besides, there are low-affinity Hox interactions that are context-specific and highly dynamic, difficult to assess by gel retardations assays, which favor static protein-DNA contacts. Moreover, it has been demonstrated that low affinity sites (sub optimized Hox-TALE sites) determines tissue specific transcription [START_REF] Crocker | Low affinity binding site clusters confer hox specificity and regulatory robustness[END_REF].

Large-scale high throughput experimental methods have been used to identify Hox and TALE TF binding sites in vitro [START_REF] Mann | Hox specificity unique roles for cofactors and collaborators[END_REF][START_REF] Merabet | Toward a new twist in Hox and TALE DNA-binding specificity[END_REF]Merabet and Mann, 2016). Genomic modules of TF binding sites (TFBS) residing within tissue-specific regulatory elements are thought to be involved in gene regulatory programs specific to that tissue [START_REF] Loots | Interrogating transcriptional regulatory sequences in Tol2-mediated Xenopus transgenics[END_REF]. In silico predictions indicate that Hox and TALE TFBS are present in similar combinations in pax8-CNS1 and pax8-CNS2. From a computational perspective, these pattern search approaches are capable of extracting characteristic inputs of a set of cofunctional enhancers. However, in practice validating sets of tissue-specific regulatory elements is quite challenging.

Finally, assessing relevant in vivo functional contributions of Hox and TALE can be difficult given the lack of clear defined direct target genes, particularly those that demonstrate differential regulation by distinct Hox paralogs. This is the case of Hoxa2 that can repress Six2 in the branchial arch and facial mesenchyme while Hox11 proteins activate Six2 expression in the murine metanephric kidney using the same enhancer site in vivo [START_REF] Yallowitz | Nonhomeodomain regions of Hox proteins mediate activation versus repression of Six2 via a single enhancer site in vivo[END_REF]. Pax8-CNS1 differential Hox responsiveness might account for pax8-restricted expression to the otic-vesicle and the pronephros, and its absence in other tissues such as the thyroid where pax2 is rather expressed.

Pax8 regulation by CNSs as enhancer elements

Ochi identified CNS1 as conserved pax8 enhancer element sufficient to recapitulate the pax8 expression pattern at tailbud stage in the pronephros when coupled with a silencer region of the pax8 promoter (Ochi et al., 2012). We sought to test whether this enhancer element is also necessary in vivo for pax8 expression in the pronephros at neurula stage. Preliminary results of transgenic Xenopus embryos suggest that pax8 CNS1 and CNS2 are required for ear-and pronephros-specific expression of pax8-fosmid at early neurula stage (See Article Figure 8).

Although Ochi showed that CNS1 is critical for appropriate activation in transgenic Xenopus embryos, CNS1 targeted deletion is insufficient to abrogate expression both at neurula and tailbud stages. However, removal of CNS1 and CNS2 results in a loss of GFP in transgenic embryos since neurula stage. Consistently, preliminary results upon Crispr-Cas9 deletions of pax8 CNS1 and CNS2 in X. tropicalis show a significantly reduced pax8 expression in the KF and otic placode at neurula stage F0 embryos (See complementary figure 2).

Multiple enhancers with different activity profiles can regulate a single gene, thus providing diversity and specificity to its expression [START_REF] Perry | Multiple enhancers ensure precision of gap gene-expression patterns in the Drosophila embryo[END_REF]. Functional redundancy among enhancer elements confers phenotypic robustness to loss-of-function mutations in individual enhancers [START_REF] Osterwalder | Enhancer redundancy provides phenotypic robustness in mammalian development[END_REF]. In the case of Xenopus, pax8 appears to have a robust regulatory system involving several enhancers with overlapping activities (CNS1-4) and a silencer innovation in its promoter region (Ochi et al., 2012). The classic approach to assess enhancer activity involves analyzing transgenic constructs carrying a reporter gene driven by a minimal promoter and linked to the enhancer element (Kvon, 2015). However, it has not been established if the activity profile of the enhancer actually recapitulates enhancer functions. Mutating enhancer regions in their natural genomic context by efficient techniques like CRISPR-CAS9 allows the direct analysis of enhancer functions (Cong et al., 2013).

Redundant transcriptional enhancers are thought to prevent severe consequences resulting from genetic or environmental challenges [START_REF] Frankel | Phenotypic robustness conferred by apparently redundant transcriptional enhancers[END_REF] 8).

The approach used to identify CNSs as enhancers involved sequence homology between vertebrate species. A strong way to validate the identifications of novel transcriptional cisacting elements is by performing chromatin accessibility analysis [START_REF] Torbey | Cooperation, cis-interactions, versatility and evolutionary plasticity of multiple cis-acting elements underlie krox20 hindbrain regulation[END_REF].

Assessing major accessibility peaks by ATAC-seq within the pax8 locus and its vicinity can be contemplated. This could be useful to identify additional putative enhancer elements (e.g. Pax8 regulatory landscape complexity is worth deciphering. So far, several regulatory elements seem to cooperate for its expression in the developing pronephros. We have some hints that these enhancer functions are Hox and TALE-dependent. Yet, their ability to act as initiators or the requirement of other inputs has not been determined. Moreover, pax8 autoregulatory activity for its maintenance in the developing pronephros remains elusive.

Finally, further studies of transcriptional mechanisms for CNSs may provide novel insights into the pronephric lineage specification given by pax8 regulation. Analyses in human kidney tissues can also be considered to show the conservation of such regulation.

Concluding remarks

The results obtained in the present study provide new insights to more extensive fields such as kidney tissue engineering and congenital renal abnormalities. Transdifferentiation or direct reprogramming aims to manipulate the identity of a target cell by forcing TF expression.

Determining the proper combination of TFs is crucial to recreate gene regulatory networks that stably induce and maintain the desired cell type while skipping the recapitulation of successive embryonic developmental stages [START_REF] Kaminski | Engineering kidney cells: reprogramming and directed differentiation to renal tissues[END_REF]. Pax8 together with Emx2, Hnf1b, and Hnf4a (TFs whose kidney expression is evolutionarily conserved between mice and Xenopus), participates in the conversion of fibroblasts into induced renal tubular epithelial cells (iRECs) [START_REF] Kaminski | Direct reprogramming of fibroblasts into renal tubular epithelial cells by defined transcription factors[END_REF]. iRECs display tubular epithelia-like transcriptomic profiles and ultrastructural properties resembling polarized epithelial cells including albumin uptake by small protein endocytosis similar to proximal tubule cells. These reprogrammed cells also contribute to tubular formation in kidney organoids. Since iRECs tubular segment identity depends on the composition of the reprogramming cocktail, additional TF and culture conditions are worth testing coupled with the specificity of the resulting renal cell type [START_REF] Kaminski | Engineering kidney cells: reprogramming and directed differentiation to renal tissues[END_REF]. Considering this, modulating Pax8 as well as other TFs such Hox and TALE members, or even nephron-segment specific factors during development may be at the basis of treatment to ensure proper renal precursor specification.

Mutations in PAX2 lead to CAKUT (Congenital anomalies of the kidney and urinary tract).

CAKUT-like malformations include cystic dysplastic kidneys (Lienkamp, 2016). CAKUT genes often orchestrate renal cell fate decisions. Considering the conserved regulatory sequences in Pax2 and 8 enhancer regions (Ochi et al., 2012), genome editing provides a useful tool to determine the regulation of their highly restricted expression in the embryonic kidney of these known disease causing genes. Moreover, understanding renal repair processes after injury is crucial for therapeutical solutions during severe damage conditions, such as those seen in patients with acute kidney injury (AKI) or chronic kidney disease (CKD) leading to obstructive injury and/or irreversible destruction of nephric tissue integrity. The

Xenopus pronephros provides a suitable model to study kidney regeneration. In contrast to the mammalian nephrons whose regenerative capacity is restricted to repairing nephric epithelial cells after injury, X. laevis and zebrafish regenerate fully coiled and functional nephric tubule architecture after nephrectomy (pronephric tubule excision) [START_REF] Caine | Regeneration of functional pronephric proximal tubules after partial nephrectomy in Xenopus laevis. Developmental dynamics : an official publication of the[END_REF][START_REF] Suzuki | Arid3a regulates nephric tubule regeneration via evolutionarily conserved regeneration signal-response enhancers[END_REF] 
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  Pax8 and Lhx1 act synergistically to specify Xenopus renal progenitors. Reinoic acid (RA) plays a critical role during commitment of intermediate mesoderm to a renal fate. During my PhD I provided several lines of evidence that Hox genes and TALE members PBX MEIS play an important role as RA signaling responsive genes in the control of pax8 expression in renal precursors. Hox and TALE expression using SCT transcriptomics data and transcriptomic profiling lead to the identification of 12 hox genes expressed in pronephric precursors; five of them are RA targets. Hox and TALE gain of function in animal caps induce pax8 expression, whereas Hox loss of function during ex vivo pronephric induction pronephros by activin and RA treatment results in the inhibition of pax8 expression. Interestingly, lhx1 is neither induced in gain of function experiments, nor inhibited by challenging Hox function in animal caps treated by activin and RA, suggesting that Hox act rather as an input on pax8 in renal precursors. In vivo Meis3 depletion in the pronephric lineage inhibits pax8 expression in the kidney field. Furthermore, Gain of function experiments in VMZ explants reveal a more complex situation where pax8 induction might be due to Hox ectopic expression and by indirect activation of RA signaling. Moreover, I analyzed a previously characterized pax8 enhancer sequence, pax8-CNS1 by transactivation assays and observed that Pax8-CNS1 is transactivated in HEK293 cells by co-transfection with Xenopus Hoxb4, Meis3 and Pbx1. I also identified, by mutagenesis, two Pbx-Hox binding sites in Pax8-CNS1 critical for pax8-CNS1 responsiveness to Hox and TALE. Finally, deletion of Pax8-CNS1 in a 36.5kb pax8 gene encompassing 2 enhancer elements (CNS1 and CNS2) recapitulating pax8 expression in transgenic embryos is not sufficient to abolish reporter expression in the developing pronephros. However, double deletion of Pax8-CNS1 and Pax8-CNS2, results in a complete inhibition of reporter's expression pointing to these two regulatory sequences as critical elements of pax8 induction in the developing pronephros and further suggesting a complex regulatory network controls pax8 pronephric expression.
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 6 Renal corpuscle or glomerulus).The external wall of the capsule is denominated the parietal epithelium, while the inner wall the visceral or glomerular epithelium. The term Bowman's capsule refers to the outer wall of a glomerulus, whereas the space between both walls corresponds to the urinary space and is known as the Bowman's space. The tuft of capillaries of the renal corpuscle is held together by mesangial cells and covered as a whole by an extracellular wall named glomerular basement membrane (GBM) followed by a layer of unique epithelial cells, the podocytes. The podocytes are polarized epithelial cells, at the basal domain they possess foot processes embedded in the GBM that interdigitate with each other leaving filtration slits, which are in turn bridged by an extracellular structure the so-called slit diaphragm. The molecular composition of the mammalian renal corpuscle reflects either constitutive podocytes' markers (WT1, PODOCALYXIN, KIRREL, and KREISLER), molecules involved in the anchoring of the podocytes to the GBM (DEXTROGLYCAN and ALFA3BETA1-INTEGRIN), or the anchoring to the slit diaphragm (NEPHRIN, PODOCIN, and ZO1)[START_REF] Aranalde | Fisiología renal[END_REF] Kriz and Kaissling, 2013a).
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 6 Figure 6. Renal corpuscle or glomerulus

  . The proximal tubule is subdivided into three segments, PS1, PS2 and PST/S3. PS1 forms the first half of the convoluted portion showing a large basolateral plasma membrane surface, that decreases along with microvilli in the second half or PS2. The S3 portion has the smallest basolateral membrane surface and the size of its microvilli varies according to the species. Proximal tubule segments show Na-KATPase activity, receptor-mediated endocytosis (evidenced by the expression of multireceptors such as CUBULIN, MEGALIN, and AMNIONLESS), transcellular water reabsorption (AQP1 mediated), glucose reabsorption (given by SGLT1 &

  Four regions with different morphology are identified within the Henle's loop: a) the thin descending limbs of short loops (SDTL) b) the upper part c) the lower part of descending thin limbs of long loops (LDTLup and LDTLlp), and d) the ascending thin limbs (ATL). STDL is composed of flat cells lying of a thin basement membrane that neither interdigitate nor possess large microvilli along the borders. Tight junctions are frequently encountered. LDTLup presents shallow tight junctions and heterogenous degree of cell interdigitation that varies in complexity according to the species. This region is highly permeable to water due to the abundance of the constitutive water channel AQP1. LDTLlp shows a simpler epithelium; decreased water permeability, plus urea transporters such as UT-A. Descending limbs are characterized mainly by the presence of sodium dependent phosphate transporters like SLC20A1. The ATL is composed of flat heavily interdigitating cells joined by shallow tight
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 7 Structure and physiology of distal tubule segments and collecting duct). This segment completes the loop by returning through the medulla and the medullar ray to the renal corpuscle (cortical region)
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 8 Figure 8. Xenopus pronephros nephrogenesis A. Xenopus pronephros stages of nephrogenesis B. Pronephric anlage formation. The Xenopus pronephric anlage segregates from the intermediate mesoderm l.p., lateral plate. NF Stage 26 left and NF stage 35 right Modified from(Desgrange and Cereghini, 2015;[START_REF] Vize | Model Systems for the Study of Kidney Development: Use of the Pronephros in the Analysis of Organ Induction and Patterning[END_REF] 
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 10 Figure 10. Mammalian nephrogenesis (mouse model) IM: Intermediate Mesoderm; pro-: pronephros; meso-:mesonephros; meta-: metanephros; UB: Ureteric Bud; MM: Metanephric Mesenchyme; CM: Cap Mesenchyme; PA: Pretubular Agregate; RV: Renal Vesicle; CSB: Comma-Shaped-Body; SSB: S-Shaped-Body. IM, CM, and PA are shown in red, while renal epithelial tubular structures are in light blue.Adapted from(Desgrange and Cereghini, 2015) 
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 11 Figure 11. Mesodermal patterning in Xenopus Spemman's and Mangold's Organizer (blue) is localized at the dorsal mesoendoderm it expresses BMP (purple) and Wnt (red) antagonists. At the ventral portion of the gastrulating embryo (orange) the ventral center where ventralizing signals like BMP4 and Wnt8 are expressed. Other transcription factors (black) and extracellular proteins (grey) are also represented. Adapted after (De Robertis and Kuroda, 2004).
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 12 Figure 12. pax8 and lhx1 in the Xenopus Kidney Field pax8 and lhx1 expression in the presumptive pronephros revealed by whole-mount in situ hybridization of Xenopus embryos at early neurula stage (1) and tailbud stages (2). They exhibit two distinct patterns of pronephric expression converge until they are indistinguishable by stage 25.A, stage14, pax8. B, stage 14, lhx1 C, stage 20, pax8. D, stage 20, lhx1. E, stage 24, pax8. F, stage 23, lhx1.
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 13 Figure 13. Osr1 and Osr2 in the Xenopus KF 1. Expression patterns of osr genes. Transverse vibratome sections represented by a dashed line and shown on the right. (A) Early gastrula stage (stg). osr1 is expressed in the involuting mesoderm and endoderm. (B, C) At neurula stage osr1 mRNA is detected in the pronephric territory. (D) At tailbud osr1 is expressed in the ducts (arrowhead in inset) and in the rectal diverticulum (arrow). (E-G) Expression of osr2 is similar, but stronger. In the presumptive pronephros, osr2 is detected earlier than osr1 and earlier than the other KF markers. (H) At tailbud, osr2 is expressed in the tubules (arrow) and in a broad domain adjacent to the ducts (arrowhead in inset). 2. Xenopus Osr morphant embryos have severely impaired kidneys. (A-H) Lateral views of stage 25 Xenopus tropicalis embryos injected with 20 ng of morpholino (MO) targeting Osr1 (A-D) or 20 ng of MO targeting Osr2 (E-H) and 300 pg of LacZ mRNA to determine the injected side. Purple staining shows the expression of lhx1 (A, B, E, F) or pax8 (C, D, G, H), and brown staining the somitic muscles, labeled with the monoclonal antibody 12/101. The MO injected embryos show a reduced expression of the KF genes on the injected sides (arrows in panels B, D, F and H; compare with the control sides shown in panels A, C, E and G).Adapted after(Tena et al., 2007) 
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 14 Figure 14. RA signaling and renal precursor specification A. Double staining whole-mount in situ hybridization of aldh1a2 (red) and cyp26a1 (blue) 1. Posterior view gastrula stage. 2. Dorsal view neurula stage. B. Ectopic Cyp26a1 affects early expression of pax8 and lhx1. Embryos injected with Cyp26a1 and B-Galactosidase mRNA on the left blastomeres at 4-cell stage. Combined lhx1/pax8 (purple staining) and b-galactosidase (blue. staining) whole-mount in situ hybridization.(1, 2) lhx1 (3,4) pax8. Fated expression in presumptive pronephric area. C. Schematics of animal caps dissection at the late blastula and activin and RA treatment promoting pronephros differentiation. D. Animal caps were cut at the late blastula stage 9 and incubated for 1.5 or 3 hours in RA (10-4M) and activin A (10 ng/ml). The mRNA levels were analyzed by quantitative RT-PCR for 5, 7 and 13 hours of induction treatment. Standard deviations from four independent animal cap pools (N = 30) are given and alterations are indicated by an upward arrow, if all four induction values were higher than one for a given probe. Adapted after(Chen et al., 2001)(Drews et al., 2011) (Cartry et al., 2006) 

Figure

  Figure 15. Regionalization of the renal primordiumNephron segmentation in:A. Xenopus B. Zebrafish C. Mouse Adapted after(Desgrange and Cereghini, 2015) 
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 16 Figure 16. Elongation of the renal tubule A. Cell movements within the developing proximal pronephros captured by time-lapsed confocal microscopy. Proximal tubule cells were tracked while moving in a ventral direction membrane-GFP and nuclear-RFP labeled cells cells clearly identifiable as part of the pronephros are represented by white dots. (Bottom) Depicted cell trajectories (red, green, blue, yellow Scale bar: 100 µm. B. Distal tubule cell migration in a proximal direction. 1. Photo-convertible fluorophore expressed in the Xenopus embryo is induced at stage 34 (left). 2. and 3. By stage 39, cells that changed from green to red fluorescence extend in the proximal direction (right). The
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 18 Figure 18. RA/RAR and GDNF/c-ret signaling in the developing metanephros A. Ureteric bud (UB) invasion requires sustained expression of Gdnf (red) in the metanephric mesenchyme to activate through ret (blue) in the UB further budding and branching of the epithelial T-shaped structures. B. Schematics showing Ret regulation in ureteric bud cells by paracrine RA signaling. Stromal cells surrounding the condensed mesenchyme segregate RA and induce ret expression in UB cells by activating RA receptor signaling. Stromal-ureteric bud RA/RAR and GDNF/c-ret signaling pathway interaction is required for the formation of the renal collecting duct system.Adapted after[START_REF] Rosselot | Non-cell-autonomous retinoid signaling is crucial for renal development[END_REF] [START_REF] Costantini | GDNF/Ret signaling and the development of the kidney[END_REF] 

Figure 19 .

 19 Figure 19. RA signaling and zebrafish pronephros A. Pronephric kidney field prior to segmentation B. RA controls pronephros segmentation and cell fate along the proximal-distal axis by influencing the spatial patterns of TF expression domains.Adapted after[START_REF] Marra | Iroquois transcription factor irx2a is required for multiciliated and transporter cell fate decisions during zebrafish pronephros development[END_REF][START_REF] Marra | Epithelial cell fate in the nephron tubule is mediated by the ETS transcription factors etv5a and etv4 during zebrafish kidney development[END_REF] 
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 20 Figure 20. RA signaling targets in Xenopus pronephros developmentLhx1 is a direct target of RA signaling before neurulation. RA induces lhx1 KF gene expression in absence of protein synthesis (A) while pax8 is not that affected upon RA treatment (B). lhx1 and pax8 expression at the late gastrula stage depends on RA signaling but not after neurulation (C). Other direct targets of RA signaling in the Xenopus pronephros include Pteg (D-E).
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 21 Homologous Hox clusters . Hox clusters are classified into 13 groups of paralogous genes (Hox1 to Hox13) anterior (paralogs 1 and 2), central (paralogs 3-

Figure 21 .

 21 Figure 21. Homologous Hox clustersA. Drosophila melanogaster embryo that has been colored in the schematic to indicate the approximate domains of transcription expression for all Hox genes except proboscipedia (pb).The segments are labeled (Md, mandibular; Mx, maxillary; Lb, labial; T1-T3, thoracic segments; A1-A9, abdominal segments). The panel on the right shows a mouse (Mus musculus) embryo, at embryonic day 12.5, with approximate Hox expression domains depicted on the head-tail axis of the embryo. The positions of hindbrain rhombomeres R1, R4 and R7 are labeled. In both diagrams the colors that denote the expression patterns of the Hox transcripts are color-coded to the genes in the Hox cluster diagrams shown in B. B. Hox homologies between clusters. The protostome-deuterostome last common ancestor may have had more than the 7 genes shown here. Hox-derived genes in Drosophila, which no longer function as true Hox genes, are labeled in grey text. Hox3 continues to function as a Hox gene in most protostomes and deuterostomes. Arrows indicate directions of transcription (presumed for ancestor). ANT-C, antennapedia complex; BX-C, bithorax complex. Below classification of Paralog group genes. Adapted after[START_REF] Pearson | Modulating Hox gene functions during animal body patterning[END_REF] [START_REF] Gaunt | Hox cluster genes and collinearities throughout the tree of animal life[END_REF] 

Figure 22 .

 22 Figure 22. Hox proteins and TALE cofactors interactions through functional domainsA. Comparison of the homeodomain, YPWM, and linker sequences of a subset of Scr orthologs. Residue numbering is relative to the first homeodomain residue, which is +1. Residues highlighted in cyan distinguish Scr and its orthologs from other Hox paralogs. His-12 and Arg3 are highlighted in magenta. DNA contacting residues that are shared by all Hox paralogs are highlighted in green. Dm, Drosophila melanogaster; Ap, Apis melifera; Hs, Homo sapiens; Mm, Mus musculus; Dr, Danio rerio. B. Schematics of Scr (red) and Exd (cyan) homeodomains binding to opposite faces of the DNA. C. Schematic representation Hox-TALE interactions htrough domains and motifs. Hox proteins can use a generic YPWM (W-containing) motif and/or a specific PBC interaction motif
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 23 Figure23. Hox-TALE DNA binding). Some Hox functions require a high degree of specificity, considering the number of copies of these motifs in the genome and the dozens of Hox genes present in vertebrates it is clear that DNA binding is not sufficient for Hox regulation. One answer to this paradox is cooperative DNA binding with TALE cofactors such as Extradenticle (Exd), Pbx, Homothorax (Hth), and Meis that increase Hox-DNA-binding specificities[START_REF] Mann | Hox specificity unique roles for cofactors and collaborators[END_REF]. Biochemical, mutagenesis, and structural studies have shown that Hox interactions with PBC proteins (Exd and Pbx) bound to the Hox-TALE consensus nnGAYnnAYnnn motif. Although the documented binding sites fit this consensus, Hox-TALE interactions are also likely to occur on non-consensus, low-affinity binding sites as well. Hox proteins use an outstanding degree of molecular and structural plasticity when interacting with their TALE partners. Hox-TALE binding to cis-regulatory regions of target genes can occur in different degrees of paralog-specificities and DNA binding affinities.(Merabet and Mann, 2016). Hox target gene regulation is further discussed in Hox-TALE dependent transcriptional regulation.
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 23 Figure 23. Hox-TALE DNA binding

  from lateral plate mesoderm. Accordingly, during the first phase of limb development, the enhancers present in the telomeric topological domain (T-DOM) activate transcription during the organization of proximal limb structures such as the arm and forearm. Hox members located at the center of the cluster like Hoxd8 are responsive during this initial phase. The subsequent phase involves the emergence of digits, during these phase genes located at the extremity such as Hoxd12 and Hoxd13 are controlled by the opposite regulatory landscape (C-DOM). By contrast, genes located in between like Hoxd11, Hoxd10, and Hoxd9 respond to both regulatory domains. This complex regulatory system provides a framework for understanding Hox gene regulation during patterning and final morphology of the limb segments[START_REF] Andrey | SnapShot: Hox gene regulation[END_REF].
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 24 Figure 24. Hox homeotic and morphogenetic functions

  cluster mutant phenotypes with the partial transformation of second pharyngeal arch cartilages to structures resembling first arch cartilages. Pbx1 mutant mice exhibit anemia which phenocopies the targeted disruption of Hox genes causing a decrease of common myeloid progenitor (CMP) cells in the fetal liver (DiMartino et al., 2001). Similarly, thymic phenotypes observed in

  formation[START_REF] Deschamps | Embryonic timing, axial stem cells, chromatin dynamics, and the Hox clock[END_REF][START_REF] Deschamps | Developmental regulation of the Hox genes during axial morphogenesis in the mouse[END_REF][START_REF] Del Corral | Opposing FGF and retinoid pathways control ventral neural pattern, neuronal differentiation, and segmentation during body axis extension[END_REF][START_REF] Del Corral | Opposing FGF and retinoid pathways: a signalling switch that controls differentiation and patterning onset in the extending vertebrate body axis[END_REF]. Several cell culture and in vivo studies demonstrate that the collinearity property of Hox TFs is related to their response to RA signaling as well as FGF and Wnts pathways[START_REF] Deschamps | Embryonic timing, axial stem cells, chromatin dynamics, and the Hox clock[END_REF][START_REF] Deschamps | Developmental regulation of the Hox genes during axial morphogenesis in the mouse[END_REF][START_REF] Del Corral | Opposing FGF and retinoid pathways control ventral neural pattern, neuronal differentiation, and segmentation during body axis extension[END_REF][START_REF] Del Corral | Opposing FGF and retinoid pathways: a signalling switch that controls differentiation and patterning onset in the extending vertebrate body axis[END_REF]). 3' end Hox genes are more responsive to RA than 5' end genes. Conversely, 5' are more responsive to FGFs and Wnts than 3'-end genes. Hox cluster collinear responses to these signaling pathways gradients have also been demonstrated in cultured cells and are believed to reflect the mechanisms underlying axial patterning establishment during mammalian embryogenesis.

  Embryonic stem (ES) cells upon RA treatment show a rapid gene response of Hoxb1 and Hoxa1, along with RAR-β and Cyp26a1. RA direct regulation of PG1 occurs via RAREs located in flanking regions of both of Hoxb1 and Hoxa1. Genomic approaches performed in ES cells suggest that in the absence of RA Hoxa1 is actively repressed. This is evidenced by the presence of RARs, RXRs, and N-Cor occupying the 3' RARE of Hoxa1 and by paused Pol II polymerase on its promoter when the ligand is absent. By contrast, in the presence of RA, the RARs and RXRs are recruited to the 3' RARE of Hoxb1 which is not occupied by a paused polymerase. In this way, while Hoxa1 gene activation by RA relies on de-repression and rapid elongation, Hoxb1 transcription in response to RA involves de novo synthesis. This accounts for temporal differences in the activation of PG1 members. Rapid gene activation of RA targets genes might be explained by the presence of bivalent histone marks for repression and activation as well as paused Pol II in their promoter regions[START_REF] De Kumar | Analysis of dynamic changes in retinoid-induced transcription and epigenetic profiles of murine Hox clusters in ES cells[END_REF][START_REF] Lin | Dynamic transcriptional events in embryonic stem cells mediated by the super elongation complex (SEC)[END_REF].

Figure 25 .

 25 Figure 25. RA signaling and Hox gene regulation in the hindbrain

Figure 26 .

 26 Figure 26. RA signaling and Hox feed-forward mechanism in the Xenopus and mouse hindbrain

Figure 28 .

 28 Figure 28. Hox involvement in kidney development

  C. (1) Hox11-Eya1-Pax2 binding site within the Six2 promoter is critical for in vivo metanephric expression. E11.5 transgenic mice embryos carrying a 980-bp Six2-LacZ reporter (top panel showing Hox site in red and Pax2 site in blue). (Left) wild-type Six2-LacZ constructs exhibit staining in the nephrogenic mesenchyme (arrow) and the branchial arches (asterisk). (Right) Transgenic mice carrying a construct with the Pax2 and Hox sites mutated lack nephrogenic staining (arrow; 26 of 26 embryos), yet, retain staining in the branchial arches (asterisk; 19 of 26 embryos) (2) Nuclear extracts from HEK-293 cells transfected with Hoxa11, Eya1, and Pax2 (HEP) binding to an 89-bp probe (wt) containing the putative Pax2 and Hox binding sites of the Six2 promoter on a non-denaturing acrylamide gel (arrow in lane 3), no shifted band see in untransfected extracts (Unt; lane 2). 50X excess competitor (lane 4), and bands using antibodies to Hoxa11 or a HA tage in the Pax2 protein (arrows in lanes 5 and 6, respectively). Transfected extract does not show shifted band when Hox binding sites mutated (lane 7). (3) Transactivation assays in MDCK cells. Luciferase activities of vectors carrying either the 3.0-kb wild-type Six2 expression construct (Six2) or putative Pax2 binding site mutated (Six2/Pax2mut), or the Hox binding site mutated (Six2/HoxΔ), or with both the putative Pax2 and Hox sites mutated (Six2/Pax2mut-HoxΔ) were compared. All plates were co-transfected with or without Hoxa11, Pax2, and Eya1 protein expression vectors.(4) Mechanism of Hox11 function in the metanephric kidney. Hox11 proteins form a transcriptional complex with Pax2 and Eya1 and directly activate the expression of Six2 and Gdnf during early mammalian metanephric development Adapted after(Gong et al., 2007;[START_REF] Wellik | Hox genes and kidney development[END_REF]) (In der Rieden et al., 2011).

Hox10

  paralogs in mammals, Hoxa10, Hoxc10, and Hoxd10). HoxPG10 triple mutant mice exhibit hypoplastic morphologically underdeveloped kidneys that fail to detach completely from the body wall and the reproductive tract. Cortical stromal cells of Hox10 mutant kidneys fail to properly differentiate and integrate into the kidney(Yallowitz et al., 2011).Furthermore, some genes from the HoxD cluster differentially control the regulation of MM-UB interactions and maintenance of structural integrity of tubular epithelia. Effects of deleting genomic intervals comprising Hoxd4-Hoxd9 members affect the balance between proliferation and apoptosis during kidney morphogenesis. Moreover, deletions of Hoxd genes 4-11 lead to glomerular anomalies evidenced by reduced capillary branching. Besides, anterior and posterior HoxD cluster deletions display polycystic kidney phenotype. Hoxd9 and Hoxd8 (and perhaps an intergenic region between Hoxd4 and Hoxd8 of the HoxD cluster named 'region i') appear to be involved in the regulation of tubular epithelia in postnatal kidneys. Regarding the expression of Hoxd genes in the MM and the UB, evidence suggests that enhancer sequences located either within the most telomeric part or further outside in 3' of the HoxD cluster control the expression of Hoxd genes in these tissues[START_REF] Di-Poï | Distinct Roles and Regulations for Hoxd Genes in Metanephric Kidney Development[END_REF].Recent studies byMagella et al, 2018 examine kidney development in mice with frameshift mutations of multiple Abd-B type Hox genes(Hox 9,10, and 11). Hoxa9,10,11/Hoxd9,10,11 mutants show early depletion of nephron progenitors, pelvis formation abnormalities, and striking lineage infidelity evidenced by the presence of partially collecting duct identities (DBA or KRT8) located within proximal tubules (LTA or HNF4A). These mutant kidneys display normal early differentiation process, followed by a frequent failure to maintain appropriate differentiation states(Magella et al., 2018b). Drake et al., 2018 also examined renal development defects in Multi-Hox mutant mice obtained by a recombineering method that allows simultaneous frameshift mutation of multiple flanking genes(Hox 9, 10, and 11).

Figure 29 .

 29 Figure 29. Hox in Xenopus collinearity
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 30 Figure 30. Pax proteins and Pax target gene regulation

  . Pax2 triggers Pax5 and Pax8 expression during somitogenesis. These three paralogues direct a complex gene circuit, inducing and stabilizing the expression of key determinants of the MHB integrity such as the secreted molecule Fgf8 and En1/2 TFs. Fgf8, Wnt1, En1/2, Pax2/5/8 interdependent expression domains are necessary for positive feedback loop during midhindbrain maintenance (Dworkin and Jane, 2013). This is evidenced in loss-and gain-offunction experiments in mouse, chick and zebrafish embryos. Pax2 or Pax5 ectopic expression promotes midbrain marker expression at the expense of diencephalic expression in chick and mouse embryos. Whereas zebrafish and mouse Pax2/5/8 mutants exhibit a posterior shift of the anterior midbrain markers at the expense of MHB gene expression, that results in caudal expansion of diencephalic and anterior midbrain and a reduction of the cerebellum and haematopoietically-expressed homeobox protein Hhex (HHEX) (De Felice and Di Lauro,

Pax2

  and Pax8 genes are co-expressed in the murine pronephric anlage[START_REF] Bouchard | Nephric lineage specification by Pax2 and Pax8[END_REF]. Pax8 is the earliest identified marker of mouse pronephros development 6-7-somite stage in the intermediate mesoderm corresponding to the nephric duct primordium. Pax2 expression is initiated at the 8-9-somite in the same region. As evidenced by double staining of 10-somite embryos (See Figure31. Pax2 and Pax8 in the developing kidney), Pax2 is detected in cells undergoing MET at the tip of the UB. Thereafter, Pax2 is detected in epithelial cells derived from the induced mesenchyme, the comma-and S-shaped bodies.Pax2 expression decreases as these cells differentiate into glomerular and proximal nephric tubule fates. Similarly, Pax8 metanephric expression comprises the renal vesicles, the comma-and S-shaped bodies, and differentiated structures such as the collecting duct. Yet, Pax8 is not present before the renal vesicle stage like Pax2 in the condensing mesenchyme[START_REF] Narlis | Pax2 and pax8 regulate branching morphogenesis and nephron differentiation in the developing kidney[END_REF].

Figure 31 .

 31 Figure 31. Pax2 and Pax8 in the developing kidney

  genes are regulated independently of each other during early kidney development, demonstrated by the maintenance of Pax8 expression during mesonephros formation of Pax2 mutant mice. A study from our laboratory assessed Pax2 and Pax8 roles during Xenopus pronephros development. Buisson et al. showed that either Pax2 or Pax8 morphants exhibit severe edema at the tadpole stage, a consequence of kidney dysfunction. However, results obtained by gain and loss-of-function approaches highlighted a differential requirement of these two TFs for pronephros formation. As opposed to mammals, in Xenopus Pax8 but not Pax2 is required at

Figure 32 .

 32 Figure 32. Pax2 and/or Pax8 kidney mutants and morphants

  Pfeffer et al. reported Pax2 gene regulation in the mouse MHB through three specific enhancers. Pax2 upstream sequences conserved in human, mouse, and pufferfish were used as a guide to identify enhancer regions. Three functional MHB-specific enhancers were identified by classical transgenesis. Deletion of these enhancers in a Pax2 BAC transgene revealed that a 120bp early enhancer (at -3.7 kb) under the control of POU HD proteins activates Pax2 in the prospective mid-hindbrain region of late mouse gastrula embryos.

  . Pax3 is required for dorsal-ventral and mediallateral patterning during vertebrate embryogenesis. Four DNA elements within the -1.6kbp region of the pax3 promoter are sufficient for its expression within the hindbrain and the neural tube. These elements exhibit sequence-specific interactions with proteins present in RA-induced nuclear extracts from P19 EC cells (in vitro Pax3 induction). Moreover, interactions between two of the DNA sequence elements (Site I and Site II) with the neuralspecific Pou-domain class III TFs Brn1 and Brn2 was identified by EMSA and DNA affinity chromatography. Pou TFs are not sufficient to transactivate expression from the Pax3 promoter and require Hox as a synergistic input to significantly increase luciferase activity. The two other elements (Sites A and B) containing Hox-TALE binding sites were further characterized with specific complex binding super-shifted by antibodies specific to Pbx and Meis family members. Pax8 regulation in murine differentiated thyroid cells is dependent on DNA binding of the calcium-binding protein DREAM (Downstream regulatory element antagonistic modulator, also known as calsenilin, KCHIP3 or KCNIP3) to downstream responsive elements (DREs) impairs cell cycle and affects thyroid cell proliferation. The release of repression depends on intracellular 𝐶𝑎 !! levels. Therefore, DREAM is a mediator of the 𝐶𝑎 !! -signaling pathway and it is involved in the regulation of Pax8 thyroid expression (D'andrea et al., 2005).

Figure 33 .

 33 Figure 33. Pax2 and Pax8 regulatory elements

  poorly understood and is likely to involve several distinct mechanisms. RA might directly regulate lhx1 since this gene shows an immediate early response to exogenous RA. Lhx1 upregulation also occurs very rapidly in response to exogenous RA, while pax8 shows a muchdelayed response, indicating that mechanisms involved in the control of both genes downstream of RA might be different. Transcriptomic profiling previously performed in the lab indicates that hoxa1, b1, d1, b4, c5 and TALE gene meis3 are RA signaling targets in dorso-lateral mesoderm at the origin of the KF, raising the question of their involvement in the control of KF gene expression. Although RA-induced hox expression has been previously described in other systems,(Nolte et al., 2019) Hox-TALE involvement in the regulation of KF gene expression as well as the interplay between these TFs and RA signaling in pronephric precursors remains elusive. The main question that we want to address is: Do Xenopus RA-responsive Hox TFs and TALE cofactors play a role in pronephros development particularly during KF establishment? With this project we intend to evaluate the role of Hox TFs and TALE cofactors particularly in the control of pax8 expression during early pronephros development. Our specific objectives are: Objective 1. Provide information about a potential role of hox and TALE cofactors in the control of KF gene expression.

  Hox cofactor Meis3 results in an inhibition of pax8 expression in the kidney field Directly challenging Hox function in renal precursors to evaluate their function in the kidney field is expected to be difficult because of the functional redundancy existing between the different Hox expressed in these cells. In order to provide a first insight about the potential role of Hox in the kidney field, we have therefore analyzed the effects produced by depletion of the Hox cofactor Meis3 on the expression of pax8 at late neurula stage. A translationblocking morpholino (In der Rieden et al., 2011) was microinjected in the left V2 blastomere at the 8-cell stage to target ventro-lateral mesoderm (1.25 pmole) at the origin of the kidney field on the left side of the embryo (Fig.3A). Embryos were cultured until late neurula stage (NFst18-19) and pax8 expression was analyzed by whole mounted in situ hybridization (ISH).

  Pax8-CNS1 by Xenopus Hoxb4, Meis3 and Pbx1 suggest a direct regulation of pax8 by HoxPax8 regulation in the late pronephric anlage at tailbud stage involves conserved enhancers and a silencer located in the proximal promoter region of the gene that restricts pax8 expression to the pronephros. One of these conserved enhancers, Pax8-CNS1, can drive reporter expression in the pronephric anlage in transgenics. When it is associated with the silencer region, expression is restricted to the pronephros(Ochi et al., 2012). Pax8-CNS1 contains three conserved putative Pbx-Hox binding motives and one putative Meis/TGIF motif(Ochi et al., 2012) (Fig.7A), raising the question of a regulation of this enhancer by Hox. In a first attempt to address this question, we have tested whether various combinations of Xenopus Hoxb4, Pbx1 and Meis3 can transactivate Pax8-CNS1 in HEK293 cells.HEK293 cells were transfected with a reporter construct containing Pax8-CNS1 sequence upstream of a minimal promoter followed by the luciferase coding sequence. HEK293 cells were either transfected with the reporter construct alone, or were co-tranfected with the reporter construct and vectors allowing expression of the various combinations of TFs tested (see Materials and methods). Combination of Hoxb4, Pbx1 and Meis3 elicited a reporter activation 10 fold higher than the basal activation observed in cells transfected with the reporter construct alone (Fig7B) (4 independent experiments, p<0.01 Kruskal-Wallis test).

  TALE homeodomain Hox cofactor Meis3 in the kidney field results in an inhibition of pax8 expression. Pax8 expression can also be induced in response to Hoxb4 combined with cofactors Meis3 and Pbx1 in ectodermal animal caps. Conversely, challenging Hox function during induction of pronephros by activin and RA treatment in animal caps results in the inhibition of pax8 expression. Transactivation experiments of the pax8 enhancer Pax8-CNS1 further support the view that a direct control of pax8 by Hox might be involved in the regulation of pax8 expression. Deletion of Pax8-CNS1 alone or combined to Pax8-CNS2 in reporter assays yet shows that Pax8-CNS1 alone cannot account for pax8 expression in renal precursors, suggesting that other inputs are cooperating with Hox during regulation of pax8 in renal precursors of the kidney field.

X

  . laevis Hoxb4S and Pbx1L coding sequences were cloned in pCRII vector (InVitrogen) by RT-PCR amplification from NFst28 cDNA. X. laevis meis3S coding sequence was PCRamplified from a clone kindly provided by Dr AH Monsoro. Hoxb4S, Pbx1L and Meis3S coding sequences were inserted into pCS2+ or pCS2MT vectors for RNA synthesis or expression in HEK293 cells. Use of p-ßSRN3-GFP[START_REF] Zernickagoetz | An indelible lineage marker for Xenopus using a mutated green fluorescent protein[END_REF] and pCS2XCyp26[START_REF] Hollemann | Regionalized metabolic activity establishes boundaries of retinoic acid signalling[END_REF] plasmids has been previously described(Le Bouffant et al., 2012). For transactivation assays, X. tropicalis Pax8-CNS1 sequence was removed from the 1pax8-pax8(-2038)-GFP construct(Ochi et al., 2012) with bamH1 and inserted upstream of the basal promoter of pGL4.23[luc2]miniP (PROMEGA) to generate pax8CNS1-luc.Mutations variants in pax8CNS1-luc were obtained with the QuikChange® II XL Site-Directed Mutagenesis Kit (Agilent Technologies) using primers listed in Supplementary Table7. Antisense morpholino used have been previously characterized (In derRieden et al., 2011; McNulty et al., 

Figure 3 :

 3 Figure 3: Targeted Meis3 depletion results in the inhibition of pax8 expression in the kidney field. A. Morpholinos are injected in the V2 blastomere at the 8-cell stage to target the kidney field on the left side of the embryo. Injected embryos are cultured until late neurula stage for whole-mount in situ hybridization analysis of pax8 expression. B. Representative injected embryos are shown. White arrowheads indicate kidney field expression of pax8 and black arrowhead expression in the otic placode. Pax8 expression is inhibited in the kidney field on the left side of embryos injected with Momeis3 morpholino, while a control morpholino (Cmo) has no effect. Morpholinos have been co-injected with a fluorescent tracer (RLDx) showing region were targeted depletion occurs. C. Cumulated data from three independent experiments.

Figure 4 :

 4 Figure 4: Combined expression of Hoxb4, Meis3 and Pbx1 results in pax8 up-regulation in animal cap assays, but not of lhx1. A. Mixtures of mRNA encoding Xenopus Hoxb4; Meis3 and Pbx1 are injected into the four blastomeres of 4-cell stage embryos close to the animal pole. Animal caps are dissected at mid-blastula stage. They are cultured until siblings reached late neurula stage and processed for RT-qPCR analysis. B-E. RT-qPCR analyses. Expression of the analyzed genes is shown as relative expression to odc, and compared to gene expression in sibling embryos. B. Expression of pax8 is up-regulated in caps expressing Hoxb4 combined to Meis3 and Pbx1. Expression of Meis3 and Pbx1 alone has little effect on pax8 expression. The same combination of Hoxb4, Meis3 and Pbx1 neither significantly affect lhx1 expression, nor RA pathway components aldh1a2 (D) and cyp26a1 (E). * p<0.05 (paired Student's t-test).

Figure 5 :

 5 Figure 5: Depletion of of Hox PG1 inhibits pax8 up-regulation in pronephros induction assays but not lhx1 up-regulation. A. Schematic representation of standard pronephros

Figure 6 :

 6 Figure 6: Combined expression of Hoxb4, Meis3 and Pbx1 in the mesodermal context of VMZ causes both up-regulation of kidney field genes pax8 and lhx1, and RA signaling pathway gene aldh1a2. A. Mixtures of mRNA encoding Xenopus Hoxb4; Meis3 and Pbx1 are injected equatorially into the ventral blastomeres of 4-cell stage embryos. VMZ explants are dissected at the early gatsrula stage. They are cultured until siblings reached late neurula stage and processed for RT-qPCR analysis. B-F. RT-qPCR analyses. Expression of the analyzed genes is shown as relative expression to odc, and compared to gene expression in sibling embryos. Expression of both pax8 (B) and lhx1 (C) is induced in VMZ explants expressing Hoxb4, Meis3 and Pbx1. Expression of Hoxb4 alone, or combined to Meis3 or Pbx1 does not cause the same response. D. Myod expression is never detected, showing that the effects caused by the combination of Hox and cofactors are not due to the dorsalization of VMZ explants. D,E. Combination of Hoxb4 with Meis3 and Pbx1 causes up-regulation of aldh1a2 which encodes a RA synthesizing enzyme (E), and down-regulation of cyp26a1 which encodes a RA-catabolizing enzyme (F), suggesting activation of RA signaling. * p<0.05 (paired Student's t-test).

Figure 7 :

 7 Figure 7: Transactivation of Pax8-CNS1 by Xenopus Hoxb4 combined with Meis3 and Pbx1. A. Sequence of Pax8-CNS1 with three highlighted conserved putative Pbx-Hox binding motives (blue), and onze Meis/TGIF (orange). Mutations tested for every site are shown in red. B. Reporter expression measured for HEK293 cells transfected with pax8CNS1-luc, and various combinations of plasmids allowing expression of Xenopus Hoxb4, Meis3 or Pbx1 indicated in the bottom of the figure. Values are expressed as fold changes relative to HEK293 cells transfected with pax8CNS1-luc alone. A significant increase of reporter expression is only observed with cells expressing a combination of Hoxb4, Meis3 and Pbx1. Other combinations tested do not elicit any significant increase of reporter expression. ** p<0.01, Kruskal-Wallis test. C. Analysis of mutations of single Pbx-Hox and meis/TGIF motives in transactivation assays. HEK293 cells were transfected with the three plasmids allowing expression of Hoxb4, Meis3 and Pbx1 combined with wild-type pax8CNS1-luc, pax8CNS1mut-lucMeis, pax8CNS1mut-lucHP1, pax8CNS1mut-lucHP2 or pax8CNS1mut-lucHP3. Values are expressed as fold changes relative to HEK293 cells transfected with wild-type pax8CNS1-luc. None of the single mutation tested significantly affected transactivation. D. Analysis of multiple mutations of Pbx-Hox motives in transactivation assays. HEK293 cells were transfected with the three plasmids allowing expression of Hoxb4, Meis3 and Pbx1 combined with wild-type pax8CNS1-luc, pax8CNS1mut-lucHP1+2, pax8CNS1mut-lucHP1+3, pax8CNS1mut-lucHP2+3 or pax8CNS1mut-lucHP1+2+3. Values are expressed as fold changes relative to HEK293 cells

Figure 8 :

 8 Figure 8: Transgenesis with pax8-GFP reporter fosmids suggests cooperation between Pax8-CNS1 and Pax8-CNS2 in the control of pax8 expression. Transgenesis in X. laevis embryos with a 36.5 kb fosmid containing a sequence of the X. tropicalis pax8 gene with a GFP cassette inserted into the second exon results in expression recapitulating endogenous pax8 expression in the otic placod (black arrowheads) and the developing pronephros (white arrowheds), as revealed by GFP ISH at late neurula stage or GFP fluorescence at late tailbud stage. The pax8 gene sequence includes three enhancers, Pax8-CNS1, Pax8-CNS2, and Pax8-CNS3. Deletion of Pax8-CNS1 alone only marginally affects reporter expression in the kidney field at neurula stage, although GFP fluorescence at late tailbud stage appears weaker. Double deletion of Pax8-CNS1 and Pax8-CNS2 results in a complete inhibition of reporter expression in the embryo.

  Figure 7

Figure 1 .

 1 UCSC browser visualization of X.tropicalis gene locus. ChIP-sequencing data and other (epi) genomic data of the Promoter region (green) pax8-CNS1 in (yellow) and pax8-CNS2 (blue). (A)p300 and H3K4me1 peaks (B) p300 and H3K4me4 peaks (C) p300 and H3K27me3 peaks (D) p300 and H3K9ac peaks, (D) p300 and RNApolII peaks at stages 12.5, 16, and 30.(Hontelez et al., 2015) 

  conclusions rescue experiments need to be carried out. Moreover, we have to determine if MOMeis3 impairs KF formation and if besides pax8 the expression of other KF markers like lhx1 is affected. We should also assess the interplay between Meis3 and RA in renal precursors by examining Hox and Pbx as well as aldh1a2 and cyp26a expression in the KF.Depending on the outcome we can consider double Meis/Pbx loss of function to understand the potential role of Meis either as a Hox cofactor or their Hox independent roles as well as Meis knockdown during pronephric induction. In this way, we would clarify if the observed phenotypes were the consequences of Pbx and/or Hox deregulation, of Meis interactions with Hox and Pbx directing target transcriptional regulation, or a down regulation of RA signaling impairing KF gene expression. Lastly, the effect of Meis3 knockdown will be analyzed at later stages to assess if Meis3 plays a role in pax8 maintenance during pronephros development.

  Another important point is to examine pax8-CNS2 responsiveness to Hox and TALE in transactivation experiments. Transactivation experiments show pax8-CNS1 responsiveness to Hox and TALE. Mutations of Pbx-Hox motifs 1 and 3 suggest direct binding that should be confirmed by EMSA experiments. Nevertheless, these techniques have some limitations since they do not demonstrate in vivo protein-DNA interaction. Chromatin immune precipitation (ChIP) can be an efficient tool to assess in vivo complex binding; yet, it represents a challenge considering the lack of specific Hox and TALE antibodies in Xenopus. We intend to examine whether Hox-Pbx interacts with CNS1 by injecting into one-cell stage X. laevis with the myc-tagged X. laevis Hoxb4 mRNA, and then perform Chip-qPCR using anti-myc antibody of KF explants. Still, considering the multiple putative TF binding motifs present in the CNSs and the numerous PG members and TALE cofactors expressed in the developing pronephros represents endless protein complex combinations, which constraint the validation of a pax8 direct regulation by Hox and TALE in renal precursors. HP1 gel shifts suggest endogenous Hox-Pbx binding from Xenopus and CV1 cell extracts.

  cofactors. Cooperative binding to multiple DNA sites can increase the sensitivity and specificity of transcriptional response. From Ubx footprinting experiments a model consisting of Hox interaction with functional regulatory elements through multiple sites comprising high intermediate or low affinities. Hox responsive enhancers exhibit multiple binding sites distributed throughout the sequence. This indicates that individual binding accounts for cooperative interactions between adjacent and distant (involving DNA looping) Hox binding

  autoregulatory enhancers) or to check if the CNSs previously identified by Hagime Ogino's lab correspond to a genome region with high DNA accessibility. Other tools to determine chromatin accessibility and function is to check for features such as combinations of posttranslational modifications of histone proteins useful to distinguish genomic chromatin states such as promoters, enhancers, transcribed regions, and repressed heterochromatin. Veenstra's Lab has generated epigenome reference maps during Xenopus tropicalis development from blastula to larval stages. Their data hub includes ChIP-sequencing tracks of histone modifications H3K4me1, H3K4me3, H3K9ac, H3K9me2, H3K9me3, H3K27me3, H3K36me3 and H4K20me3, in addition to RNA-pol II and the enhancer-binding protein p300. The mapped regions are based on samples coming from whole embryos at five stages of development (NF stages 9, 10.5, 12.5, 16 and 30)[START_REF] Elurbe | Regulatory remodeling in the allo-tetraploid frog Xenopus laevis[END_REF]. Pax8 CNS1 and CNS2show small p300 peaks at early neurula stage NFst16 (See complementary figure1). Since transgenic reporter assays and CRISPR deletions of the wild type genome indicate that pax8CNS1 and CNS2 have enhancer activity, confirming enhancer epigenetic signatures of these CNSs in micro-dissected KF explants would give more information about pax8 regulation during pronephros development. Furthermore, enhancer knockouts can be generated by CRISPR-Cas9 to analyze the consequences upon pax8 expression. X. tropicalis eggs harboring the primary deletion of CNS1 can be collected and injected with sgRNAs targeting CNS2 for deletion.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  C. Mammalian metaneprhic kidney. Enlargement corresponds to the segmental organization of a single nephron. For all nephrons, color-coding of analogous segment identities is based on comparison of gene expressions. Segmental organization of the nephron as indicated in the corresponding table of expression markers. Abbreviations: G: glomerulus; N: neck; PS1, PS2, and PS3: segments of the proximal tubule, DTL: descending thin limb, ATL: ascending thin limb; TAL, thick ascending limb, MD: macula densa, DCT: distal convoluted tubule, CNT: connecting tubule; CD: collecting duct; in Xenopus, G: glomus; Ne: nephrostomes; PT1, PT2, and PT3: segments of proximal tubule; IT1 and IT2: segments of intermediate tubule; DT1 and DT2: segments of distal tubule; CT: collecting tubule; in zebrafish, G: glomerulus; N: neck; PCT: proximal convoluted tubule; PST: proximal straight tubule; DE: distal early; CS: Corpuscule of Stannius; DL: distal late; PD: pronephric duct. Yellow: glomerulus (in mouse and zebrafish) or glomus (in Xenopus); orange: neck (in mouse and zebrafish) or nephrostomes (in Xenopus); blue: proximal segments; green: intermediate segments; pink: distal segments; gray: duct. Half colored boxes indicate low expression.

Figure 13. Osr1 and Osr2 in the Xenopus KF).

  and Osr2 are expressed in the Xenopus pronephric primordium and the depletion of either of them impairs renal development (See

	Morpholino knockdown of Osr1 and Osr2 down-regulates lhx1 and pax8 KF gene expression
	not associated with muscle expansion at neurula stage. By stage 35 differentiated pronephric
	tubules are absent in these morphants. Conversely, Osr1 and Osr2 gain of function promotes
	the formation of ectopic pronephric tissue. Similar results are also observed in Zebrafish
	embryos

  These include TALE HD proteins belonging to PBC/PBX and MEIS classes. PBC class was first defined by Pbx (Pre-B-Cell Leukemia Homeobox) genes and comprises the well-characterized Drosophila gene extradenticle (exd)[START_REF] Moens | Hox cofactors in vertebrate development[END_REF][START_REF] Mukherjee | Comprehensive analysis of animal TALE homeobox genes: new conserved motifs and cases of accelerated evolution[END_REF]. The MEIS class includes vertebrate Meis and Prep genes as well as the fly Homothorax (Hth). In tetrapods, there are four PBC/PBX PGs, three in the MEIS, and two in the PREP family. By contrast, Drosophila only has one copy of exd and hth and no prep genes. It is likely that during evolution MEIS class split into two ancient

families: Meis and Prep and that the Prep gene was lost in Drosophila. TGIF family of TALE HD proteins is probably derived from MEIS. Phylogenetic analyses of PBC/PBX family show

25. RA signaling and Hox gene regulation in the hindbrain.

  while Meis-Pbx and Hox PG1 members activate each other's gene expression in the hindbrain. See Figure At later stages, Hox/Pbx/Meis combinations specifically bind target genes'promoters to further activate Hox gene expression that in turn regulates components of RA signaling(Nolte et al., 2019). Studies in mice and Xenopus hindbrain revealed a RA feedforward mechanism where Hoxa1-Pbx1/2-Meis2 binding to a specific regulatory element is required for maintaining Raldh2 expression levels. RA, in turn, induces the expression of Hoxa1, thus RA also induces its synthesis via Hoxa1(Vitobello et al., 2011) See Figure

26. RA signaling and Hox feed-forward mechanism in the Xenopus and mouse hindbrain.

  

  . Experiments using noggin-dorsalized (Hox-free) Xenopus embryos revealed information about Hox-Hox interactions involved in patterning the vertebrate AP axis. Zhu et al., co-injected noggin with hox RNA from 4 different PGs partially rescued body axes corresponding to 4 different AP axial levels. Their results strongly support that PI is not the only mechanism required at earlier stages. Since hox have the ability to autoregulate and coordinate Hox expression across clusters. Regarding PP it occurs after neurulation and exerts its influence in neurectoderm and paraxial mesoderm where a spatially collinear Hox pattern develops

  Pax2/5/8 gene expression may have occurred after the different classes of vertebrate began to evolve separately

	Heller et al. compared Pax2/5/8 gene expression patterns in fish, amphibians, and mammals.
	Their studies revealed a noteworthy evolutionary conserved tissue specificity of Pax2/5/8

gene family expression. Nevertheless, the expressions domains of individual orthologs can vary in a species-specific manner. For instance, Pax8 is expressed in the mammalian thyroid gland, while in Xenopus pax2 is expressed instead. Their findings suggest that differential silencing of

: Exploration of SCT data reveals the complexity of hox expression in renal precursors

  . A. Expression of the different hox paralogous (PG) groups detected in selected renal precursors. Data were analyzed at early neurula (NFst14 and 16), late neurula (NFst18 and 20) and early tailbud (NFst22) stages. Expression is shown as the percentage of transcriptomes with detection ≥ 1UMI. Cumulated results for each single member of a paralogous group. Highest frequency of detection is observed for hox PG3, 4, 5 and 6 at every stage analyzed. Hox PG1 are detected with a high frequency at early neurula stage, but frequency drops down at later stages. Hox PG7 are also detected, but at a lower frequency. Hox PG8-13 are detected at a very low frequency. B. Expression of pbx and meis families of TALE homeodomain Hox cofactors. Expression is shown as the percentage of transcriptomes with detection ≥ 1UMI. Highest frequency of detection is observed for pbx1 and 2, as well as for meis3. Frequency of meis3 detection is very high at early neurula stage and then drops down.

	Figure 2:

Transcriptomic profiling of RA target genes in lateral mesoderm

  . A. Experimental workflow. LMZ explants are dissected at early gastrula stage from embryos previously injected with Cyp26a1 and GFP mRNA (disruption of RA signaling), or GFP mRNA alone (control). Profiling is performed with batches of explants cultured until early gastrula, mid-gastrula or early neurula stages. B. Heatmap analysis of probe set data. Although the different stages analyzed are segregating as expected, controls and RA-depleted explants do not segregate together at every analyzed stage, which shows variability between the three biological replicates. C. RA-target genes validated by RT-qPCR.

  Our preliminary experiments using VMZ explants indicate a possible auto-regulatory loop involving RA signaling, Hox-TALE, and KF genes. We hypothesize that pax8 is responsive to both RA and Hox-TALE. Hox and TALE in turn, regulate RA signaling in the system. However, this has to be confirmed during Hox gain of function in VMZ explants where Raldh2 enzyme has been inhibited with citral or DEAB. Furthermore, we can also modulate Meis3 expression during ex vivo gain and loss of function experiments. During ex vivo pronephric induction we can challenge Meis3 function either by MO injection or by overexpression of Eng-XMeis3 fusion protein which acts as antimorph.

  . Hox and TALE gain of function in mesodermal explants from the VMZ result in upregulation of KF gene expression. However it remains elusive if these induced renal precursors can fully undergo pronephric development. A series of experiments can be carried out testing the ability of VMZ expressing hox and TALE cofactors (as well a other inputs if needed and a lineage tracer), to substitute endogenous KF and form a functional pronephros in the embryo. The assay consists in grafting induced explants expressing a lineage tracer into the KF non-injected embryos. Pax8 is one of the first genes expressed after nephroctomy, determine the regenerative capacity of the conserved pax8 enhancers found by
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	xl2.12222.1. xl2.33789.2. xl2.24158.1.s xl2.33842.1.a 1_at at xl2.12088.1.s1 5.19790592 4.91311580 9.0130267192 4.28147058 4.20025397 9.206053894 5.23360506 5.02704702 9.590632572 4.02199317 4.47013803 9.626012708 3.060645381 3.519607081 9.584448486 3.99426785 4.06682922 10.43209126 4.4263229812 4.985585616 4.846510955 5.264222783 5.909665886 5.513431032 178 678 405 07 587 292 4003 6049 1352 8385 4607 5599 7.9763750968 7.9127051982 8.9937749589 6.7663125143 5.8463255023 7.2171589642 at 3357 6302 7815 3971 0521 8435 xl2.19745.1.s1 6.4194993503 5.4368061421 6.0695986060 7.0818859603 6.0994742564 6.5176096499 _at 0951 5465 0844 9207 6214 1528 xl2.23608.2.a1 3.9363860389 3.5920317474 9.0686250108 5.3957599129 4.6065697897 9.8254804849	0.00024128870561 0.04332185566400 0.0085996676540170 0.75087336516 0.80435463845 0.804354638458 0.783286705079 0.599838526792293 0.0312807465961073 -3,282002624 9,727051959 184618 53718 0.0215703896 0.5273474546 4 -0,895462412 1,860206022 600872 9486 0.0143239096 0.5036472353 0,616163759 1,532793936 016402 66226 0.0344368993 0.5460291968	LOC4960 protein GBX-homeo box A3 hoxa3a gamma protein	(Homo NA GenBank sapiens) GenBan 7 slc25a22.L igkv1or2-
	a1_at s1_at 1_at 1_at xl2.32988.1.s xl2.24700.1.s1 873501 907244 397 6852 6.66478494234 793912 179485 55592 33013 6.18989397086 900596 706861 33838 09756 6.82303009456 988816 106797 98112 76989 7.22015250590 37448 63904 69783 49055 6.2404683669 5.2390199561 6.7781391056 2.5211237368 _at 0185 3927 6253 017 _at 5597 6884 8753 3127 xl2.53257.1.s1 6.6327237889 6.3467213840 6.1749209125 7.2345796648 _at 8566 6577 7568 3709	243504 700734 7.03108103112 -1.21202505732747 -0.694614156073849 18564 0.610946423800464 5827 44 51215 0.809633383358793 7.23418924217 3.4909713813 3.1975075539 5215 7898 -1,684352758 3621 626 0,591021923 6.9377550787 6.8346078455 5752 4832 1,076922463	7515 8865 0.0446912169818841 4 0.0416129308 Hypothetical LOC496028 865 MGC81029 protein 28 436 0.75145479520322 0.5518840890 3,213961746 617339 9486 2b fibroblast 1,506313356 450156 3079 MGC53517 0.0011888328 0.4440815331 2,109531256 140189 15986	NA /REP_ORG=X. laevis MGC81029 Gbx2b GenBank k NA c430041m20 GenBank 118.L
	xl2.29582.1. xl2.15030.2. xl2.23519.1.s xl2.10090.2.s 1_at _at xl2.13335.1.a1 4.73191729 5.78740015 3.1032458296 4.67716612 6.27042294 4.432064137 5.15006292 5.71878996 5.107641895 3.95366133 4.93756154 3.915670109 3.125703111 5.823987488 4.862185585 3.85048450 4.95093024 5.732205683 4.9514368135 5.133210922 5.105865284 6.039041685 5.603560874 5.980103274 225 473 377 13 331 751 548 148 3908 9472 2292 6488 7.0012761757 6.9036697704 5.6143450223 5.2666999041 4.9176660838 4.3678535074 xl2.21575.1.s1 5.6026774411 5.2951202715 3.7631947249 4.7498360846 4.3585910116 2.9770268073 xl2.13240.1.a1 6.8169963445 6.5779921610 6.1980342657 7.3333604489 7.1351152584 6.8984738232 _at 3659 828 3328 8421 7699 8901	0.03364213188370 0.03055085458208 0.602571257143793 -3,016008252 8,089262917 0.78889445887 0.78494289339 0.784942893398 0.804354638458 0.0412727170250557 57922 39593 0.0167610930 0.5076473367 4 0.0025572832 0.4440815331 0.0087939607 0.4851472687 0,617525501 1,534241405 4742062 423	MGC8099 growth factor-hypothetical	LOC10013 NA NA	GenBan EB4785 NA
	s1_a_at s1_at 1_at 1_at xl2.51120.1.s xl2.12451.1.a1 333052 656699 2711 6387 4.89409743308 053108 047944 78791 83844 3.49916880343 998026 733208 3931 2238 3.60788660051 808391 382667 32193 52613 5.49390327977 63104 92203 85795 0948 5.1107182086 4.7459733751 5.7558287130 2.8266345820 _at 8546 3278 4624 5077 _at 9032 7792 3346 1701 _at 9451 1748 5236 2158 xl2.46789.1.s1 5.3663990008 5.9541230581 7.2911816463 6.5480969920	804168 470708 4.14179600619 -1.20976579536175 -0.688044595640912 46269 0.622369838611485 21 53 70336 0.810730937899386 4.17443988251 1.8560170879 2.3336907818 4966 0624 -1,655690491 006 6455 -0,858512845 3178 8101 0,59130892 7.3530260143 7.9582284990	8138 8669 0.0300373517057575 0.0463980649013752 0.0129094961 MGC80993 protein 669 abhydrolase domain containing 3 3 GenBank BJ041155 abhd1 865 hypothetical protein LOC100137703 7703 0.71265055105012 0.4990004091 3,150739527 24887 71088 1,813168301 8907146 423 10 fgf10-A 1,506613038 1839351 85593 hypothetical 0.0379133839 0.5479008801 protein	k 27 GenBank AB073747.1 NA
	xl2.7015.1.s xl2.5908.2.s xl2.52042.1.s xl2.50692.1.s 1_at _at xl2.15091.1.a1 10.2698494 3.99663651 7.6608915552 10.1064427 3.36240704 8.035717889 9.40339922 3.90153682 8.554467703 8.83999113 3.31573072 8.361156619 8.960953130 2.503710990 8.701003238 8.48926710 3.43326887 9.066894731 4.9460815341 5.310751017 5.364585168 5.746472224 6.328058301 6.095587789 137 615 091 027 858 308 3671 0792 0856 8065 6574 7009 10.794819589 10.944542901 11.490320912 9.4561069840 9.7175733706 9.1255964635 xl2.12111.1.s1 10.856261671 10.894464012 11.237581131 9.8545741924 9.9947522921 10.576821015 xl2.55836.1.s1 5.9640862042 5.5956441972 6.0385760451 6.6966550049 6.1673309216 6.5087387672 xl2.28478.1.s1 4.2287533612 4.7441672754 3.5267185453 4.7653298513 5.3790992109 4.2085660710 _at 8292 1254 3518 9942 6112 4883	0.01604550309346 0.02727517458400 0.0083816348394004 0.78328670507 0.78494289339 0.783286705079 0.783286705079 0.602995443817831 0.00133069675871627 -2,865392615 7,287341576 215045 3392 0.0452651595 0.5641720886 7 0.0137066966 0.5036472353 0.0162756250 0.5036472353 0.0047661774 0.4663300395 1,082549267 2,117774921 76613 44537	LOC4963 LIM protein protein MGC81508	MGC81508	CA9850 BJ622878 nr5a2.S GenBank
	1_at 1_at 1_at 1_a_at xl2.50466.1.s xl2.12163.1.a1 247525 766109 5704 019 7.47962171347 634435 437712 89587 25109 7.59246479934 583787 118989 02295 13741 7.50994755682 187043 781916 05446 5969 7.96009223062 55453 71993 19666 31149 4.8753380261 3.9106226041 3.9427457290 2.4165432742 _at 429 5834 1214 1949 _at 3108 9467 5244 1132 _at 8865 2276 5638 7744 _at 571 8397 5752 8372 xl2.55106.1.a1 6.7126349671 6.6556047897 5.6133518094 7.5492710432	798965 545555 8.29405146990 -1.16316001453977 -0.669289929744489 6705 0.625992480248585 68 64 89579 0.849566865437927 8.14012929013 1.0536318217 0.8686174878 1566 7988 -1,643468862 9646 664 -0,854053105 5054 9141 0,591472749 3545 8894 0,617785317 7.7230846190 6.9864400661	9436 8669 0.0101452545104354 5 0.0041250566 hypothetical LOC496314 Xpo protein 436 preproapelin-a 436 0.72733240398284 14 Xpo 0.4663300395 3,124161127 282529 7509 1,807571988 725006 3079 prickle b 1,506784136 943655 3079 1,534517732 4351031 06979 MGC64431 0.0196327416 0.5273474546 MGC80148	GenBank unnamed.L apln-a LOC398264 MGC64431	apln.L 91 hnf1b.L GenBank DR720729 GenBank
	xl2.52470.1. xl2.15975.1. xl2.3363.1.s1 xl2.13357.1.a 1_at _at _x_at	5.56282458 6.30252703 7.2528190443 5.85728853 6.20835592 6.442413248 4.33932441 6.32677244 7.306360394 4.75349230 5.68603202 7.809059130 4.925342489 5.722261150 7.326396702 2.91186538 5.42354580 7.746832097 5.0827411884 5.196186949 4.380706481 5.669329508 6.376133601 5.168673503 699 001 132 608 56 174 8469 5391 3658 0179 0892 23931 8204 0398 3165 6605 5017 7781	0.03054296950156 0.03231752224512 0.604079640341699 -2,796637925 6,948193466 0.78494289339 0.78776075762 0.803531395859 0.800026627166 0.0114329903642518 9397829 06979 1,092401387 2,132286636 190849 9486	3	homeobox Calcium/calmo hypothetical protein	MGC80148	NA complete cds. NA arid3a.S
	s1_at a1_at _s_at 1_at xl2.50891.1.s xl2.9073.1.a1_ 328876 924375 331 4281 5.39399613939 342973 761639 57283 13387 5.31934786142 227638 699154 86304 7179 5.77783277316 9592 267286 49356 18324 5.86788605448 85924 89124 2838 59755 9.0133702852 8.7568568385 8.2787420704 6.2640316745 xl2.46967.2.a1 5.4849087081 5.3613240776 4.4045278736 5.8899604495 xl2.57089.1.a1 4.4828122365 4.7952868224 7.2532500076 5.3835229784	018331 442623 6.05581705315 -1.05624578312011 -0.668605478620454 50078 0.626898414169724 23 56 19285 0.851500664559688 6.38819127842 5.5838788746 5.8410684701 5.9309493861 5.2906134145 5.9040975767 8.6779362746	8669 4868 0.0420730049057717 0.039399931189232 0.0057961490 372 455 0.0480834069 0.0172488794	0.72733240398284 0.4663300395 transcription dulin-0.5675098826 protein 0.5132907019	NA BJ080091	NA NA CV07416 /PROD=MGC
	xl2.11612.1. xl2.47876.1. xl2.24948.1.a xl2.49480.1.s 1_at at xl2.4522.1.s1_ 8.97547486 5.77189185 4.8295837827 8.96683823 6.23018432 4.825749495 7.97113642 5.37678304 5.154057452 8.01509539 4.87861988 5.668762634 7.915126790 5.696504018 5.423343888 6.95717452 4.82063392 5.610894895 4.2170961062 5.223454840 4.641995236 5.371945417 5.876244585 5.402425910 842 769 853 917 482 925 0586 6024 368 0316 6748 9203 9.6659247810 9.2286285899 10.189482946 8.9287095132 8.3860625660 9.3202980917 _s_at 1102 1773 3429 6217 2302 7472 _at 2483 1524 2567 4741 6446 6535	0.00068934020026 0.02958685968829 0.606905870692865 -2,786663392 6,900320592 0.75087336516 0.78494289339 0.784942893398 0.784942893398 0.015250977843089 6435978 06979 Leucine zipper putative tumor 3 solute carrier 0.0024274503 0.4440815331 factor iriquois dependent 0,620254197 1,537145996 721974 88507 MGC52668 MGC52668 1,144735921 2,211056546 035562 32679	GenBan 5 BJ046722 83262 protein trappc6a.L ptprc.L
	a1_at a1_at 1_at 1_at xl2.48560.1.a xl2.13360.1.s1 286781 088418 4211 3763 6.65433003854 966308 214613 07595 13408 6.29810008273 497533 489897 33498 62854 6.03468275201 527873 065912 65701 03683 7.35940959345 14981 65699 23233 79342 11.806897522 11.735762809 12.109349721 8.9453074342 at 6657 0506 9206 6919 xl2.18368.1.a1 4.6795987965 3.1621081873 3.3834342172 5.6383378189	910598 639101 6.74037711531 -1.00868427099056 -0.661033797407384 67158 0.631203562802626 9125 51 10483 0.85602324331161 6.71241048508 8.8575282040 9.5186202407 0024 2649 -0,816322049 4.6961141192 4.3407596976	7515 8669 0.0298893832308636 0.0303437894841983 0.0011242246 669 669 1,760911067 1451439 0.0267573490	suppressor 2 homolog 0.72733240398284 0.4440815331 MGC80882 family 2 423 3 protein kinase BAMBI 0.5320814221	BJ641388 rps25.S lzts2 Xiro3	NA k /FL=gb:BC070 AF027175.1
	xl2.50354.1. s1_at xl2.30381.1. a1_s_at xl2.48660.1. s1_at xl2.56251.1. a1_at xl2.35785.1. a1_at xl2.16232.1. s1_at xl2.4276.2.s 1_at xl2.38.1.s1_ at xl2.46798.1. s1_at xl2.53808.1. a1_at xl2.2719.1.s 1_at xl2.11129.1. a1_at xl2.32156.1. a1_at xl2.452.2.s1 _at xl2.54.1.s1_ at xl2.10891.1. a1_at xl2.10458.1. a1_at xl2.52366.2. a1_at xl2.50382.1. s1_at xl2.9605.2.a 1_a_at xl2.53644.1. s1_at xl2.18145.1. a1_at xl2.56667.1. s1_at xl2.21189.1. s1_x_at xl2.18690.1. a1_at xl2.35107.1. s1_at xl2.20652.1. a1_at xl2.15142.1. s1_at xl2.12642.2.s 1_at xl2.52537.3.a 1_at xl2.52960.1.s 1_at xl2.51501.1.s 1_at xl2.34527.1.a 1_at xl2.50610.2.a 1_a_at xl2.15023.1.a 1_at xl2.6412.1.a1 _at xl2.18752.2.s 1_at xl2.42884.1.s 1_at xl2.27642.2.s 1_at xl2.9848.1.a1 _at xl2.2496.1.s1 _at xl2.2336.1.s1 _at xl2.21645.1.a 1_at xl2.56508.1.s 1_at xl2.16425.2.s 1_at xl2.5021.2.s1 _a_at xl2.53086.1.s 1_at xl2.48276.1.a 1_at xl2.32.1.s1_at xl2.14782.1.s 1_at xl2.14787.1.s 1_at xl2.2159.1.a1 _at xl2.51580.1.s 1_at xl2.32524.3.s 1_at xl2.566.1.s1_ at xl2.3780.1.s1 _s_at 1_at xl2.56663.1.a 1_at xl2.33859.1.a 1_at xl2.33629.1.s 1_at xl2.23937.1.s 1_at xl2.24560.1.s 1_at xl2.456.1.s1_a 5.58951786 924389 4.16134203 45838 5.16161147 648209 5.69407554 415624 7.63839171 524384 4.85807664 841757 5.42095055 164111 8.28093159 197691 5.08594619 205645 6.21991812 883888 7.22105024 637634 6.80641193 683013 5.67602027 621795 5.80885080 306739 8.90025469 085749 5.78737134 755209 7.37589696 920296 6.09874478 248695 5.47729810 845461 6.13226868 442442 5.95901091 517519 5.14770156 539526 6.17775391 972813 5.37090090 782518 6.42684240 684554 6.40970627 994532 7.26230430 464397 10.2879205 665402 4.8554910331 5.06903081 12694 5.30019693 151275 3.65086234 413687 4.58788442 453553 8.04742590 932098 5.35861563 982428 6.12656775 973058 8.17115216 354564 5.87258495 291364 7.03200105 998721 6.56360475 20486 6.45025380 557871 5.90924150 766177 7.32558169 302397 8.46472009 56929 4.31653856 876345 7.19995360 469308 5.73461407 054196 4.83667101 931591 5.77347044 40802 6.69714855 913369 4.91995669 853935 5.68897989 479988 5.61556553 208906 6.86031575 53351 6.10677562 985851 6.29706613 071842 9.85609111 792461 1418 5.138053090 5.53672028 034643 5.03086455 388945 5.01867296 380941 5.36793223 323205 7.41948917 83612 5.55105703 159588 5.86624509 803248 8.24631816 651349 6.22981864 064269 5.89697676 963535 6.33201073 305162 5.95514543 353419 6.08518058 251964 6.48500526 835969 8.14396654 031054 4.94241841 505689 7.43083850 058408 6.02785173 865196 5.39851861 267924 6.35618224 28132 6.79639075 568812 5.02699661 856536 4.49674485 225616 5.77766727 337771 6.87900836 376651 6.48100405 821372 5.95357665 421338 9.82426938 772767 02336 5.551731796 4.80980283 774385 3.41918128 617323 4.40143045 672316 5.05271967 50671 6.67364367 306662 3.97447794 538352 4.76353753 948923 7.09434046 634647 4.42469333 501085 5.47625307 201996 6.48580893 968126 5.81078049 284106 5.04273635 656868 5.18979355 636677 8.36533041 820517 5.12794749 955754 6.90339538 362615 5.72193631 549622 4.92408339 081159 5.53084651 427251 5.59288583 849616 4.67879167 692233 5.69319009 088824 4.87576408 88961 5.93196039 891321 5.69057432 012927 6.55499607 471365 9.77365573 184638 43175 5.620842691 3.799864102 62827 3.995669078 60987 2.334036719 4896 3.269941348 79328 7.478187456 71565 4.583034131 42494 5.377425409 07753 7.522130516 8622 4.661153452 3363 6.425654134 88307 5.943269152 46207 5.598900233 9379 5.007937558 03651 6.233784814 60947 7.534213749 42217 3.707045953 52599 6.332911376 90719 5.015100471 007 3.977744515 14328 4.914006524 1299 6.050807355 06528 4.185167776 96809 4.839313620 2781 5.100062156 51916 6.343777982 84165 5.602365787 86308 5.829061247 55604 9.346916008 45227 69682 5.929886424 4.57192342 136951 4.10319408 94085 4.18339978 499877 4.50656823 501194 6.19638479 18007 4.46172957 770337 4.61147429 022765 7.46207613 637276 5.48448599 4889 4.68466925 788173 5.20641696 5169 5.34912856 456029 5.17573879 331153 5.78674904 800151 7.63778918 686268 4.28232531 752532 6.84342707 277314 5.24587776 309627 4.93538307 483958 5.96042769 737093 5.95566348 422903 4.39041854 121329 3.99458150 754025 4.95365129 602661 6.09435866 842337 5.93167544 043915 5.36571871 519714 9.08544052 785944 9066 5.928916282 -1.00455953303936 -0.991453021931467 -0.97075994107228 -0.940220981017169 -0.919030293781013 -0.916169221775296 -0.887108723536591 -0.873284934151537 -0.872672334458875 0.03636167903031 0.01958377029818 38 0.02673413834738 93 0.03078733362183 46 0.04209560355838 66 0.04023599905187 4 0.00993871244175 494 0.04114673357489 79 0.03251862272272 82 -0.854106497892227 0.04316107683902 83 -0.827056891388075 0.03252369298310 14 -0.817667294867928 0.01880112731577 61 -0.814676552827549 0.01217618467357 23 -0.803036781824431 0.03157492674404 31 -0.657202657456967 0.04075945078286 79 -0.643003186921189 0.00067841125942 9276 -0.642318413724544 0.03169502330357 52 -0.626098680693791 0.03816188096751 83 -0.625092253218439 0.03480875843211 46 -0.618880211848161 0.04391145699137 28 -0.617731184068843 0.04630028295478 59 -0.613425629132085 0.01563692347134 2 -0.612131149359192 0.03570615149780 01 -0.611552057283362 0.02895884926420 92 -0.598689825256313 0.02338244548482 37 -0.590956806528688 0.01202192770034 77 -0.587723684036313 0.01353574828113 56 -0.587422934678141 0.01621158839377 52 80226 0.644789826612131 0.040590231855602 0.78328670507 9436 0.78494289339 8669 0.78494289339 8669 0.80353139585 9372 0.80002662716 6455 0.78328670507 9436 0.80334098884 3244 0.78889445887 8138 0.79510871479 6112 0.80435463845 8865 0.78889445887 8138 0.78328670507 9436 0.78328670507 9436 0.78494289339 8669 0.80301327250 5204 0.75087336516 7515 0.78494289339 8669 0.79692892343 0348 0.79188780268 4484 0.80435463845 8865 0.80435463845 8865 0.78328670507 9436 0.79188780268 4484 0.78494289339 8669 0.78328670507 9436 0.78328670507 9436 0.78328670507 9436 0.78328670507 9436 0.802330037211 hypothetical LOC733164 MGC84238 protein hypothetical MGC68948 cyclin A1 Xpat protein MGC78991 protein Meis3 homeoprotein thylacine 1 homer homolog 1 hypothetical LOC100036889 peroxisomal trans-2-enoyl-protein protein protein CoA reductase 968 5.5659195036 64 6.213141671 11461 5.997538937 80847 6.393669922 66246 6.835527184 16679 6.557914553 53148 0.670170515924548 0.0142260330912369 0.783286705079 436 5.1391622825 7313 4.470503775 52871 4.510647447 33597 5.605564493 19771 5.207074837 87321 5.322094196 25413 0.671473340629085 0.0234991565772097 0.783286705079 436 0.3330061970 29556 4.492322246 21495 3.722356538 8815 1.082388247 96712 5.182440079 97365 4.306787897 87164 0.674643747895471 0.0050743417425179 7 0.783286705079 436 7.1612549150 2645 7.881332639 15739 7.581391747 2453 7.970805585 62492 8.442481548 92121 8.244181300 65507 0.677829711257351 0.0111260707105428 0.783286705079 436 4.3005140480 5969 3.862431089 9901 4.399050616 33943 5.207748125 18574 4.293617177 71516 5.103095722 09455 0.680821756868742 0.0386694255859925 0.797982657923 705 5.5898594424 3053 5.881506649 72183 5.742740278 78538 6.431368036 84549 6.626460422 08423 6.234123677 85406 0.692615255282009 0.0219764819819826 0.783286705079 436 4.9842816218 4495 6.288074577 73603 5.527770537 39754 5.897670511 4569 6.700263692 99219 6.298097740 97493 0.698635069481833 0.0426311857385435 0.804354638458 865 4.3548373478 3274 5.138026206 54626 4.270176132 65029 4.986694220 29351 5.853556896 17491 5.030870044 57964 0.702693824672925 0.0028723611494789 1 0.776484442606 388 6.6133047746 0128 6.465573118 56803 7.058111020 9722 7.469943780 37029 7.275287400 09113 7.510639676 95325 0.706293981091048 0.0311245566185967 0.784942893398 669 6.6091534003 1554 6.281138879 76251 6.320906511 29197 7.173028957 12235 6.854912730 93839 7.331143191 57036 0.715962029420356 0.0397482359655697 0.800026627166 455 5.1482440898 4599 4.797487340 66795 5.296708569 02863 5.839056153 95999 5.574737413 00266 6.016796735 78502 0.729383434401704 0.0012087591443593 6 0.761859822168 344 4.7098625070 0738 4.492609165 21785 5.106715680 33645 5.177503529 30355 5.439273094 82706 5.882233607 79018 0.729940959786371 0.0349425220399565 0.791887802684 484 natriuretic peptide precursor type B LOC7331 64 sun1.L med22.L MGC8423 8 GenBank NA NA MGC6894 8 GenBank ccna1 BC111510.1 xpat-A GenBank MGC7899 1 GenBank DR721131 BJ079550 NA r3hdm2.L Meis3 GenBank hen2-a mespa.S gdf9.L NA NA homer1 AY859476.1 NA CV078155 NA LOC1000 36889 CA985336 NA NA pecr pecr.S BG552019 BJ639181 Nppb 4.1878306514 2109 5.660449278 38333 4.033156379 33467 4.585304701 66947 6.587468243 79397 4.900723978 68815 0.730686871670831 0.0487329862278902 0.804354638458 865 hypothetical protein MGC98917 MGC98917 4.1406141177 248 3.914914943 56776 4.173728664 86509 5.052948563 61811 4.885098864 11286 4.886475305 61056 0.86508833572796 0.0080277008203655 9 0.783286705079 436 nrl-16 Pou-homeobox protein nrl16-A 4.8617744100 0349 4.845442799 11872 4.497655436 07966 5.991763215 18988 5.381661991 91675 5.715265477 32843 0.961272679744395 0.0461668113832881 0.804354638458 865 9.1949611312 9101 9.394764488 34018 10.62149204 50841 10.44171576 4346 10.38630325 37572 11.27218303 62249 0.962994796537593 0.0306750368777741 0.784942893398 669 anti-dorsalizing morphogenetic protein-2 admp2 4.0113895392 4264 5.695358828 29434 6.045504808 97503 5.321940611 15829 6.266605185 62557 7.081586416 96133 0.972626345744392 0.0458532950987161 0.804354638458 865 similar to complement component factor h MGC53453 cfh.L EB6438 32 BE1923 71 NA CK8052 41 znf143.S BP7310 05 gnl3.L cep152. L NA NA pdlim7. L NA AY6606 59.1 BC0891 81.1 pou2f3. L CF2902 74 DR7274 03 4.9241059447 2463 4.220083135 60298 4.590903978 1211 5.548735989 2945 5.624438887 87058 5.536925872 98421 0.99166923056686 0.0483083924692161 0.804354638458 865 DY5522 90 5.6526127752 1348 6.369680527 96953 6.668617030 82249 6.804637002 0309 7.516178290 40884 7.373832991 43394 1.00124598328939 0.0211650718061631 0.783286705079 436 BJ08583 2 3.1145286677 6379 4.779278529 50834 5.359274057 52382 4.600478401 92545 5.574892813 80378 6.203686994 37787 1.04199231843705 0.0426705296479756 0.804354638458 865 Xlim-3 protein Xlim-3 lhx3.L 3.9083788749 7681 3.523124247 60739 4.440266025 20333 4.931287371 39722 4.974215269 02459 5.158357203 23376 1.06403023195602 0.0376790314517023 0.796224137755 105 NA 4.7660480021 2546 4.533084876 58528 2.161797783 54551 5.722487910 49504 5.613167792 54018 3.321182278 34726 1.06530243970874 0.0030583580413415 3 0.783286705079 436 tissue plasminogen activator t-pa GenBan k 3.5527485200 0496 4.198784918 27926 4.773504255 75806 5.123653727 89262 5.088049331 16161 5.789320101 86239 1.15866182229145 0.0311253061522026 0.784942893398 669 BG2336 42 3.5479874335 2224 4.765046731 99565 3.269457017 28634 5.032913024 6748 5.604756433 63546 4.703304347 38106 1.25282754096237 0.0262509421540376 0.784942893398 669 NA 1.5789034348 6752 3.879689812 88517 3.429962461 89437 3.457538154 79246 4.815480080 55419 4.844017779 60853 1.40949343510271 0.0353267260609652 0.791887802684 484 BJ06734 9 3.1432210945 6584 3.563547275 71632 2.470988156 9675 4.607692372 60518 5.113205699 02404 4.806417862 83584 1.7831864690718 0.0233256023717424 0.783286705079 436 Circadian rhythmicity protein CLOCK Clk AF2279 85.1 1.5147251303 8493 1.519021078 8554 3.660712851 28774 3.031871259 00562 4.051085158 74828 5.477718932 88906 1.95540543003829 0.0228911858693585 0.783286705079 436 hypothetical protein MGC68882 MGC68882 GenBan k 087 86 759 512 656 534 0.608361440186653 0.0182869523944164 3 NA 3.60762696582 821 4.54814775742 27 2.43722072771 825 4.92910443588 088 5.37212514231 607 3.43422414921 437 1.04748609214739 0.0188328393669121 0.72733240398284 3 traf3ip3.L 3.31025322830 798 4.02706289851 23 5.15859815329 325 4.15709313197 269 5.31808551439 618 6.24028395432 287 1.07318277352607 0.0139920613143916 0.72733240398284 3 rhof.S 4.37868832857 951 4.69968730819 955 5.23505985298 125 5.06034328425 025 6.04406834975 141 6.44859518135 187 1.07985710853108 0.0334608374012007 0.74528933264929 4 hypothetic al protein LOC7333 34 LOC733334 BC10027 4.1 4.26854674657 625 4.03587584038 537 3.61737253868 895 5.32639497901 952 5.50013671068 057 4.36155428792 539 1.08876361732497 0.0347533351400887 0.74528933264929 4 hypothetic al protein MGC1164 34 MGC116434 BC09925 0.1 5.89642968526 371 5.66983382814 204 5.22821074046 052 6.75094206649 261 6.51928530777 032 6.79740527269 931 1.09105279769865 0.0448122754099968 0.75145479520322 4 hypothetic al protein MGC1164 29 MGC116429 BC09924 6.1 t 9.68897740371 278 9.37944687088 508 9.43850773741 125 14.3167306117 365 14.0565359644 053 14.5482062918 294 4.80484695198735 0.00101361308442872 0.71265055105012 7 retinoic acid converting enzyme cyp26a1 AF05756 6.1 _at 2763 1719 7153 9312 8266 6171 -2,776851391 6,853549634 0429097 423 protein MGC80882 (facilitated 704.1 xl2.53735.1.a1 10.808951606 10.511016971 9.9263543960 9.8397647807 9.7848987623 9.3716453302 0.0247534956 0.5320814221 xl2.693.12.s1_ 5.9426977778 6.2231950257 6.6174001298 6.5063699213 6.9542527462 7.0986976957 0.0150580003 0.5036472353 (CaM kinase) protein (TGF-_at 8983 5361 0143 1263 1274 0606 1,150023478 2,219175058 190899 27096 NA GenBank xl2.9735.1.s1_ at 8.1772746729 5258 7.2097767539 5668 8.5562974848 2937 5.2986317288 0133 4.4754940591 8717 5.9789997950 5335 -2,730074443 6,634898718 0.0010143581 2706493 0.4440815331 423 xl2.29338.1.s1 11.842690289 10.996345703 11.382723166 10.019805529 9.8887760040 9.8462502445 0.0189352751 0.5270753553 glucose /REP_ORG=X _at 145 5664 9466 6913 7049 6195 -0,7500047 1,68179831 822756 27096 hoxc5.L x_at 6989 3925 7276 3051 0401 006 0,592009143 1,507344463 921674 3079 II gamma camk2g AF257345.1 beta signalling) integrin alpha hypothetical _at 8181 5804 0104 5014 0577 4034 -1,488975794 2,806896356 867435 99274 transporter) member 2 . laevis xl2.7371.1.s1_ 8.0753896736 8.4010777099 7.7709700570 7.3444418870 7.5102269151 7.1575943659 0.0114481350 0.4990004091 hypothetical xl2.25777.1.s1 11.785017798 11.738172436 11.329776542 12.287227213 12.570149402 11.858553639 0.0278079070 0.5344635592 /// MGC81574 bambi-A /// 3 subunit /// protein LOC446245 LOC446245 retinal pigment at 2425 4987 5155 8203 3027 0093 -0,745058091 1,676041755 974575 3392 CB561485 xl2.2573.1.s1_ 5.2409390416 4.9366575992 5.4180734063 6.0451449794 5.5118112740 5.8148569335 0.0374527389 0.5479008801 protein _s_at 389 8034 8599 4753 4088 7665 0,620987826 1,537927853 32623 13517 protein MGC81574 GenBank xl2.21499.1.s1 2.4658577679 3.4601581087 3.3923311468 3.9913351285 5.1851794154 4.1616984918 0.0440836649 0.5606019393 integrin alpha itga3-A /// BC108851.1 xl2.18152.1.s1 _at 6.9002293037 7713 6.1658979966 1292 7.5667309725 5234 4.0288456167 5247 3.1081513731 172 5.5804160980 0946 -2,638481728 6,226760234 0.0153297751 655543 0.5036472353 3079 epithelium-xl2.13679.1.a1 10.788944158 10.166439323 10.087664968 9.9647328163 9.5155518011 9.3386054977 0.0045500955 0.4663300395 at 9003 9676 728 1073 7203 8097 0,592047713 1,507384761 583022 44537 MGC84608 MGC84608 GenBank xl2.23306.1.s1 11.397211569 11.929633059 11.786913570 12.160685999 12.382438801 12.434506582 0.0206281860 0.5273474546 _s_at 2612 8467 2874 0757 6774 175 1,339955337 2,531434819 225101 78334 3 subunit itga3-B L10187.1 MGC81796 protein MGC81796 xl2.16557.1.s1 9.1171634320 8.8912194733 8.5814549231 7.4345627315 8.0988289198 6.7031306768 0.0491541667 0.5710324916 specific protein _a_at 0004 048 0781 9534 9477 3733 -0,741386111 1,67178128 233806 06979 BX848875 forkhead box _at 3475 3079 4348 1909 1538 5952 0,621291061 1,53825114 084985 9486 claudin 6 cldn6 cldn6.1.L Matrix GenBank xl2.12812.1.a1 _at 5.0185123774 859 5.4608323875 62 4.8352055529 032 1.9837983023 2882 3.4079869080 2897 2.5742080012 4647 -2,449519035 5,462339693 0.0145466205 266431 _at 2963 0796 8691 4135 6783 9314 -1,451105167 2,734174207 643713 32302 65kDa rpe65 GenBank xl2.17444.1.a1 12.028547451 11.905939507 12.844245940 11.425894151 11.225718411 11.904266124 0.0184291117 0.5219857287 xl2.54023.1.s1 5.1261840939 4.9395453287 4.8343760586 5.7928203288 5.4855147481 5.4211751596 0.0034720289 0.4663300395 transcription xl2.50940.1.s1 5.5845153537 4.4457960099 4.8134739413 6.3672828347 4.9032649188 5.4382911704 0.0220698049 0.5273474546 xl2.17465.1.s1 4.2859659981 2.7000327486 4.5209461432 5.7656308222 4.3474122349 5.6289678556 0.0125056177 0.4990004091 metalloprotein 0.5036472353 3079 xl2.452.1.s1_a 7.0609302878 5.8126014705 7.3344829485 5.6101204058 4.7970133571 5.4759464854 0.0273375531 0.5320814221 Meis3 _at 6605 3611 1916 4068 1213 7619 -0,740951404 1,671277621 015394 44071 tmem72.L _a_at 3218 8603 9693 9887 8001 0634 0,599801585 1,515508123 5963982 06979 factor foxp2a foxp2.L _at 7142 6204 8112 8091 0245 049 0,62168454 1,538670737 003216 9486 NA _at 8125 2966 9773 73 4908 1412 1,411688674 2,660483902 328975 3392 ase-18 mmp18 mmp1.S NA xl2.8753.1.a1_ at 9.3778205504 216 9.0087770407 3837 9.7995144810 8701 7.0420455203 7507 6.8414976483 1505 6.9794531980 9875 -2,441038568 5,43032509 0.0063630766 4081235 0.4754269195 6533 _at 6403 8939 634 53 4048 3217 -1,44164482 2,716303754 108367 27096 homeoprotein Meis3 AF072895.1 8.8087893588 8.8052824797 9.3154295790 8.2041171108 8.1690865851 8.4299359237 0.0153429921 0.5036472353 retinoic acid xl2.11385.1.a1 7.0405168968 7.1010928204 5.8156949319 7.5303919396 7.7547821386 6.4747088658 0.0084281739 0.4851472687 prostate bZIP hypothetical xl2.53982.1.s1 6.0570960132 5.9576229733 5.6476991750 4.7724284205 4.3304248679 4.7643700438 0.0276796827 0.5337660072 xl2.158.1.s1_at 5709 7698 2575 7764 2992 8596 -0,708787266 1,634429633 328861 3079 receptor alpha rara2a rara.L _at 6645 6175 8948 0623 4126 9272 0,600859432 1,516619767 9124448 85593 NA xl2.54790.1.a1 8.4831163768 8.4975845581 7.2269096975 9.1440788256 9.2030722856 7.7293007361 0.0096473145 0.4851472687 Transmembran androgen xl2.24839.1.s1 4.6533165408 4.1378679169 2.6155357672 5.7934975009 5.9504410670 3.9060412914 0.0201268950 0.5273474546 transcription protein MGC68870 MGC68870 _at 4407 9806 7155 042 1141 0871 -1,265064943 2,403380285 623268 4978 Evi-1 protein evi-1 DQ088677.1 xl2.20362.1.a1 5.8391641108 5.8033290950 6.0859419927 5.3348373929 5.0458147326 5.3043111075 0.0165336411 0.5049010650 xl2.52864.2.s1 4.9414473113 5.3409543750 4.7697690337 5.6086309506 5.6937505925 5.5590109904 0.0434633351 0.5602449266 _at 4109 3176 7618 5716 5612 4555 0,622947072 1,540017849 2666978 85593 e induced RNA GenBank _at 7227 9198 2902 5465 9154 6281 1,414419878 2,665525305 691451 9486 factor mafB mafB AF202058.1 GenBank xl2.55775.1.a1 _at 10.124183829 0135 9.9943543360 204 10.561217150 1841 7.8827047339 4896 7.4529953415 3673 8.3205646095 6234 -2,341163543 5,067111388 0.0018230496 8922062 Phosphoribosy _at 0516 4387 4199 0386 6654 8282 -0,681157322 1,603425498 494245 9971 cyp26c1.S _x_at 1492 4849 2683 4107 8634 9067 0,603073938 1,518949534 041216 95553 AW636870 xl2.45955.3.s1 6.3752914149 5.8577062433 5.6295598183 6.7717817743 6.6950200059 6.2929557946 0.0387211190 0.5479008801 Semaphorin xl2.50771.2.a1 2.5155966413 2.7143379682 3.0201826519 4.8382040685 4.8562436069 4.1673928269 0.0361088661 0.5468720526 0.4440815331 423 l transferase xl2.29340.1.s1 9.3694801667 8.9422985233 9.9129940558 8.5599634947 8.2784156151 9.3553219568 0.0114265487 0.4990004091 xl2.48899.1.s1 6.0784921659 5.5965232464 5.5020188059 6.6892067538 5.9700921576 6.3274780577 0.0437518620 0.5606019393 MGC85509 _at 0547 6321 4679 7611 5319 863 0,632400033 1,550141628 613752 44537 6D4 sema6d BQ731465 _at 9548 5079 6537 5288 4989 6367 1,870574414 3,65678147 781871 81148 klf9.S NA xl2.15455.1.s1 _at 10.657704035 7422 10.873592025 1651 10.971106838 4928 8.9163117708 9492 9.0502819469 5915 7.5762495771 9646 -2,319853201 4,992814136 0.0498032479 863598 0.5718754179 63811 xl2.2439.1.s1_ 8.0068096150 6.8117667321 6.5186133639 6.9709470982 5.8727773993 4.7006465713 0.0451825934 0.5640286160 domain _at 831 5453 8851 1626 2651 302 -0,677023893 1,59883814 764483 3392 BG161149 _at 2008 6539 9102 1799 5508 6619 0,603247584 1,519132369 874129 78334 protein MGC85509 GenBank mRNA 7.4128337546 6.6951251725 6.9138727542 9.8282705102 8.8421592608 8.5134285890 0.0133873173 0.5016020520 hypothetical at 9972 8833 6618 7681 8127 8886 -1,264272881 2,402061153 138517 43466 containing 1 prtfdc1 hprt1.L xl2.51509.1.s1 9.5273531417 9.4736088918 8.5803578501 8.7286810452 8.8409976866 7.9925038198 0.0089566082 0.4851472687 xl2.24195.1.s1 5.7145542826 4.9588054948 6.4145887106 6.5381002999 5.4570229763 6.9041447429 0.0315795019 0.5385548525 adenylate (cDNA clone xl2.482.1.s1_at 2318 9428 584 0519 7903 2535 2,054008893 4,152582679 137905 59729 hyaluronidase LOC398285 AF394961.1 protein MGC68543 MGC68543 Meis3 _at 7601 1593 744 1363 6803 621 -0,673045777 1,594435544 2590924 85593 hoxb3.S _at 6467 2342 6043 481 39 8532 0,603773177 1,51968591 705085 86387 kinase 1a ak1a ak1.S MGC:81747 retinoic acid GenBank xl2.13630.1.a1 _at 3.5882037452 6737 5.6026755184 2455 6.9386289923 2428 1.8719271468 7663 2.6976237979 2797 4.6496329566 6076 -2,303441452 4,936338923 0.0214920128 659216 homeoprotein xl2.54736.1.s1 4.9880947720 4.9217852991 4.9619017355 5.7741985967 5.6189900278 5.2909159688 0.0496815729 0.5715247527 xl2.24047.1.s1 8.8270989643 8.6542518954 8.5707228949 9.3507965481 9.3691218477 9.2515245275 0.0083615853 0.4851472687 solute carrier IMAGE:68656 10.638110054 10.684125288 9.4292709225 14.212118074 13.536713248 13.893003084 0.0160787134 0.5036472353 converting 0.5273474546 9486 xl2.19863.1.s1 _at 8.6910145173 17 7.3305450070 3012 9.3682719648 0123 6.3239083735 3701 5.7843360740 3835 6.3955942965 7581 -2,295330915 4,908665694 0.0309325832 034022 0.5357780616 76842 MGC69070 MGC69070 xl2.34831.1.s1 _at 9.0048878448 5833 8.0726813471 3771 11.341411281 7856 6.6055102510 7818 5.9482319492 6074 9.3363993941 2842 -2,176279626 4,519864824 0.0028658838 3039109 423 xl2.9695.1.a1_ at 8.5394727534 873 7.9908522596 8127 9.3946022299 3386 6.5364373826 5211 6.3837937569 6083 7.3150670168 2368 -1,896543029 3,723199776 0.0059074136 0409878 99143 xl2.29689.1.s1 _at 8.6695611032 7617 7.9303295470 9107 8.3164411623 1674 6.7088089493 1546 5.8358213812 7314 6.8710483455 5409 -1,833551046 3,564132683 0.0114478037 720671 0.4990004091 3392 receptor 1 MGC80912 xl2.50354.1.s1 4.0597517366 4.4095425893 4.3631510079 4.7658892704 4.8978323840 5.2895035632 0,706926628 1,632323074 0.0305413802 0.5357780616 hypothetical LOC733164 sun1.L BC073428.1 at 0539 8874 1528 7715 6622 9076 -1,137460593 2,199934535 179268 27096 LOC496314 LOC496314 _at 6838 5785 1593 0885 7071 1144 0,60834783 1,524512342 092808 28694 related protein LOC398354 dsp.L GenBank growth factor xl2.7015.1.s1_ 11.732577881 11.719472634 10.641059865 10.274730291 10.598369821 9.8076284881 0.0242527440 0.5320814221 hypothetical xl2.46687.1.s1 7.3535174957 7.3244724584 7.0097500885 7.7678609974 7.9258455277 7.8190770066 0.0334102130 0.5430168647 desmoplakin-_a_at 539 0701 9685 7135 0232 3576 0,68579441 1,608587495 424848 3079 protein wnt-11 L23542.1 fibroblast _at 0426 0358 6768 7032 1457 3674 -1,140628192 2,204770045 412543 95553 at 5289 7314 0237 6388 2655 7873 0,608274775 1,524435145 319945 9486 maats1.L xl2.44504.2.s1 11.973144739 11.863319630 10.778339654 12.782836000 12.590179087 11.299172166 0.0153212830 0.5036472353 maternal NA BM180370 xl2.24123.1.a1 7.4855422717 6.7670092978 7.0669480671 6.1039903281 5.3752895093 6.4183352227 0.0435095382 0.5602449266 xl2.4896.1.a1_ 5.1558218443 5.2905034854 4.8873646325 5.5918109892 5.9511009372 5.6156023595 0.0204418528 0.5273474546 _at 7111 7889 8183 1341 769 2726 0,674549875 1,596098708 220899 78334 (mouse) rph3a GenBank 0.4682926393 _at 5627 5057 831 7862 6073 964 -1,14138538 2,205927506 068242 9486 palmdelphin palmd _at 0656 5681 3071 5216 7321 0994 0,606628977 1,522697092 233504 89209 NA xl2.32812.1.s1 5.1210392156 4.8632328736 4.4885551197 5.5621101532 5.8089167289 5.1254499519 0.0442875697 0.5606019393 homolog GenBank slc12a1.L xl2.11081.1.s1 10.361802738 9.9257629966 11.578714239 9.0727201000 9.1054502276 10.263953506 0.0192540087 xl2.17296.1.a1 9.7890845004 9.4401950625 10.072680868 10.563887691 10.103277097 10.454682572 0.0351595123 0.5460588641 rabphilin 3A 0.5273474546 0.4440815331 _at 0244 9263 5194 8953 0268 9735 -1,247374637 2,374090016 599157 40985 _at 0006 8072 0068 8372 1543 5358 0,605421319 1,521422999 4189383 59799 BJ085398 _x_at 6186 2132 7121 0367 096 7327 0,672368162 1,593686834 828646 85593 tmem94.L BJ624274 GenBank xl2.52945.1.s1 4.8026449981 3.2838043976 5.9939824496 3.2851944636 2.4050322586 4.6480812117 0.0226156160 xl2.46835.1.a1 8.4872988781 8.8273890065 8.6279735197 9.1766695132 9.4283601518 9.1538956969 0.0060323444 0.4683177890 xl2.11294.2.a1 6.7815866471 8.7124619290 7.9100650724 7.5833987430 9.3474614291 8.4903579614 0.0096753561 0.4851472687 0.5296734759 protein _at 7978 2603 2001 0634 8516 3935 -1,258895221 2,393124114 1736244 06979 B meis3-b AF072895.1 _a_at 8179 931 0259 8098 8192 8229 0,604380081 1,520325337 054104 27096 NA _at 1563 6116 0313 5557 596 5696 0,658117997 1,578022742 915944 7286 CD326498 hypothetical xl2.452.1.s1_s 9.4385834659 8.9818928802 9.6429185621 8.0428683882 7.7149211894 8.5289196678 0.0041573619 0.4663300395 protein meis3-xl2.56189.1.s1 6.2345620170 6.1197999653 6.2046331354 6.7956175964 6.5818053808 6.9947123835 0.0248794825 0.5320814221 xl2.26189.1.a1 5.2544222256 5.7718769929 5.4760768996 6.0565298471 6.5214941441 5.8987061182 0.0310324770 0.5364092167 Meis3 /// pdgfb.S /// Homeobox _at 1653 2111 4681 9003 9237 621 0,604107596 1,520038216 725943 62653 DT056110 _at 8731 1648 027 7565 16 4552 0,639789723 1,558102045 5898375 85593 family 38 member 2 88) xl2.456.1.s1_at 8155 0103 6478 2673 4615 1557 3,63010938 12,38145864 038102 3079 enzyme cyp26a1 AF057566.1
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	Ochi et al. as well as their inputs to activate Pax8 gene expression in regenerating nephrons,
	would elucidate the molecular mechanisms leading to reactivation of evolutionarily conserved
	developmental genes during nephron regeneration.			
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Abbreviations Abstract

The transcription factors Pax8 and Lhx1 act synergistically to specify Xenopus pronephros kidney field. Retinoic Acid (RA) plays a critical role during commitment of the intermediate mesoderm to a renal fate. Lhx1 is a direct target of RA, however, the downstream effects of RA in renal precursors are largely unknown. Here, we provide several lines of evidence that play an important role downstream of RA in the induction of pax8 in Xenopus renal precursors. Using SCT transcriptomics data and transcriptomic profiling, we have identified 12 hox genes expressed in pronephric precursors and five of them as RA targets. Targeted depletion of the TALE homeodomain hox cofactor Meis3 in the kidney field results in an inhibition of pax8 expression. Using animal cap assays, we further show that pax8 expression is induced in response to Hoxb4, Meis3, and Pbx1 cofactors, while challenging hox function during induction of pronephros by activin and RA treatment results in the inhibition of pax8 expression. Gain of function experiments in VMZ explants reveal a more complex situation in mesoderm where Hox are able to act both directly on pax8 expression, as shown in the ectodermal context of animal caps, and indirectly through the activation of RA signaling. A direct control of pax8 expression is likely to involve a previously characterized pax8 enhancer sequence, Pax8-CNS1. We provide evidence that Pax8-CNS1 enhancer is transactivated in HEK293 cells by a combination of Xenopus Hoxb4, Meis3, and Pbx1 and by mutagenesis identified two Pbx-Hox binding sites critical for Pax8-CNS1. Finally, deletion of Pax8-CNS1 in a 36.5kb pax8 gene encompassing 2 enhancer elements (Pax8-CNS1 and Pax8-CNS2) recapitulating pax8 expression in transgenic embryos is not sufficient to abolish reporter expression in the developing pronephros. However, double deletion of Pax8-CNS1 and Pax8-CNS2, results in a complete inhibition of reporter's expression pointing to these two regulatory sequences as critical elements of pax8 induction in the developing pronephros and further suggesting a complex regulatory network controls pax8 pronephric expression.

Supplementary data:

Legends to supplementary figures:

Supplementary figure 1: A. Validation of selected renal precursors' SCT data. Expression is shown as the percentage of transcriptomes with detection ≥ 1UMI. Selected data reveal the high frequency of pax8 and lhx1 detection. Expression of osr1 and osr2 is also detected, albeit at a lower frequency. B. SCT data reveal a high frequency of detection of aldh1a2 in selected renal precursors data.

Supplementary figure 2: Analysis of single hox genes of the PG1-7 groups shown in figure 1A Supplementary figure 3: qPCR validation of RA positive targets in LMZ explants at stage 14.

Supplementary figure 4:

A. Hox-dependent transactivation of CNS1 with myc-tagged proteins. HEK293 cells have been transfected with plasmids allowing expression of Xenopus hoxb4-myc, meis3 and pbx1 combined with a plasmid containing a luciferase reporter gene downstream of a minimal promoter and pax8-CNS1. Combined results from four independent experiments are presented as fold changes relative to luciferase activity in HEK293 cells transfected the pGL4.23 with pax8CNS1 alone (not shown in the figure). (* p <0.05 Kruskal-Wallis test) B. EMSA showing transfected CV1 cell extracts binding to a HOX-TALE binding site (HP1) present in Pax8 conserved-non-coding sequence (pax8-CNS1) and control oligos. CV1 cells non-transfected (NT) or transfected with expression vectors of Xenopus Hoxb4-myc and pbx1 (HP) extracts were bound to biotin-labelled 30-bp oligonucleotide HP1 from pax8CNS1, which contains the novel consensus HOX-TALE site. On panel A) 24-bp biotinylated consensus oligo containing the Hox and pbx (Chang et al., 1995). On panel B) 22-bp biotinylated oligo of the Site B PAX3 promoter containing a a consensus binding site for Pbx and Hox family members from PGs 1-5 (Pruitt et al., 2004) Specificity of the Hox-TALE complex was tested by competition with 100Xfold molar excess of unlabeled HP1 pax8CNS1 oligonucleotide. As an attempt to perform supershift experiments cell HP extracts were incubated with 1ug of myc monoclonal mouse antibody for 10min at 4°C. Supplementary Figure 1 Supplementary Figure 2 Supplementary Figure 3 Supplementary Figure 4 A. Supplementary Figure 5 Supplementary Table 8 Complementary Figure 2. Knockout of CNS1 and 2 by CRISPR-Cas9 reduces pax8 expression in the developing pronephros as seen by in situ hybridization (preliminary results) A. Embryos assessed at stage 22-24 using in situ hybridization with X. tropicalis pax8 probe. B. Embryos assessed at stage 14-19 using in situ hybridization with X. tropicalis pax8 probe Scoring system used to assess the phenotypic severity of pax8 CNS1 and 2 knockout embryos. Mild: decrease in pronephros and Otic placode pax8 expression in comparison to uninjected embryos Moderate: decreased pax8 expression in portions of the pronephros in comparison to uninjected embryos yet normal otic placode.