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Abstract:



The nephron is the basic structural and functional unit of the vertebrate kidney. To ensure kidney functions, the nephrons possess a highly segmental organization where each segment is specialized for the secretion and reabsorption of particular solutes. During embryogenesis, nephron progenitors undergo a mesenchymal-to-epithelial transition (MET) and acquire different segment-specific cell fates along the proximo-distal axis of the nephron. Even if the morphological changes occurring during nephrogenesis are characterized, the regulatory networks driving nephron segmentation are still poorly understood. Interestingly, several studies have shown that the pronephric nephrons in Xenopus and zebrafish are segmented in a similar fashion as the mouse metanephric nephrons. Here we review functional and molecular aspects of nephron segmentation with a particular interest on the signaling molecules and transcription factors recently implicated in kidney development in these three different vertebrate model organisms. A complete understanding of the mechanisms underlying nephrogenesis in different model organisms will provide novel insights on the etiology of several human renal diseases.
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1. Introduction


All vertebrates possess an excretory organ, the kidney that regulates fluid balance, osmolarity and pH but also performs blood filtration in order to excrete metabolism end products and drugs. Most of these diverse tasks are accomplished by the nephrons, the functional units of the kidney.



During vertebrate development, the kidney emerges from intermediate mesenchyme (IM) and progresses either via two or three stages: pronephros, mesonephros, and metanephros. Although each of these kidney forms differs in their overall organization and complexity, they all have the nephron as their basic structural and functional unit.



Nephrons in amphibians, fish, and mammals are organized into discrete segments that are composed of distinct renal epithelial cell types carrying highly specific functions for glucose, solute transport and acid/base balance. Therefore, correct segmentation of the nephron is crucial for kidney function. The similarity in segmental organization of nephrons existing between the mammalian metanephric kidney and the frog and fish pronephros raises new possibilities to explore and dissect regulatory pathways controlling nephron patterning. This article reviews recent advances on nephron patterning in Xenopus, zebrafish, and mouse.




2. Kidney Morphogenesis in Non-Amniotes and Amniotes


In lower vertebrates, such as amphibians and fish, pronephric kidney is functional during embryonic and larval life and consists of two bilateral nephrons. Mesonephros will develop later on and additional nephrons will appear to ensure appropriate level of waste excretion in adult organisms. In amniotes, such as birds, reptiles, or mammals pronephros and mesonephros are only transient structures that will induce the formation of the functional metanephric kidney. Interestingly, pro-, meso-, and metanephros share similar organization: a filtration unit, a nephron tubule for solutes reabsorption and secretion, and a collecting duct to transport the filtrate product to the excretion site.



The pronephros in Xenopus is a simple nonintegrated nephron composed of three major compartments: the glomus, the tubule, and the duct. In contrast to zebrafish and mammals, the glomus does not connect with the most proximal part of the tubule but projects into the coelomic cavity, where the filtered blood is released. The tubules are formed opposed to the glomus. The pronephric anlagen are first induced from the intermediate mesoderm at about stage 12.5 (early neurula) by surrounding tissues to form a proximal condensate. This structure elongates into the dorso-ventral direction establishing the future pronephric tubule. By stage 24 (tailbud), the cells undergo a mesenchymal-to-epithelial transition (MET) to form an epithelial tubule, the pronephric duct. This duct elongates, becomes highly folded in the proximal region, while it grows caudally and fuses to the rectal primordium to subsequently open to the exterior via the cloaca. In the most proximal region of the pronephros, three ciliated funnels, the nephrostomes, open into the coelom and force coelomic waste into the proximal tubules. The glomus morphogenesis starts at stages 29–30 (late tailbud): a heap of capillaries arises from the dorsal aorta and associates with splanchnopleuric cells budding into the coelom. The blood starts to be filtered at stages 35–36 (tadpole) [1,2] (Figure 1A).


Figure 1. Stages of kidney morphogenesis in Xenopus (A); zebrafish (B), and mouse (C). hpf: hours post-fertilization; 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.
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In contrast to Xenopus, the zebrafish pronephros comprises a pair of nephron tubules attached at their anterior ends to a single glomerulus. The pronephros arises from bilateral stripes of a renal progenitor field, emerging from the intermediate mesoderm precursors 12 hours post-fertilization (hpf). These cells are localized adjacent to a cell-field that generates a mixture of angioblasts and primitive blood cells. The pronephric tubule differentiates between 16 and 24 hpf through an antero-posterior MET transition process. The most proximal part of the nephron arises from the IM under somites 3 to 8, whereas the distal part comes from a small portion of tubules forming along the IM (Figure 1B). Thus, in zebrafish the IM contributes at all axial levels to the pronephros, while in other non-teleost vertebrates only the anterior part of the IM adopts a renal fate and the developing epithelial duct elongates to the cloaca. Moreover, epithelialization occurs simultaneously with patterning events and the establishment of distinct epithelial cell types. Further differentiation of the pronephric tubule occurs between 30 and 40 hpf. Imaging studies have also shown that fluid flow-induced collective tubule cell migration accounts for the convoluted shape of mature proximal tubules and the final position of the nephron boundaries [3].



Bilateral glomerular primordia fuse at 36–40 hpf ventral to the notochord, making the connection with the dorsal aorta and giving rise to an unique filtration unit. Between 40 and 48 hpf, capillaries bud from the aorta and the glomerular filtration begins around 48 hpf. Full maturation takes place until four days post-fertilization (dpf), together with appearance of well-developed podocytes [4,5] (Figure 1B).



The zebrafish mesonephros will form during the juvenile stages around the length of the pronephros, which acts as a scaffold for mesonephros formation [6]. It contains hundreds of nephrons and serves as the final adult kidney. Mesonephrogenesis continues throughout the life of zebrafish, with a rapid growth phase during the juvenile period and a slower phase in adulthood. This allows that the total nephron number of juvenile and adult fish correlates with the body mass [7].



In mice, the first morphological renal development hint occurs at E8 when paired epithelial nephric ducts (ND) (or Wolffian ducts) arise dorsally from the IM under the fifth somite. These bilateral ducts then reach the cloaca. As the ducts grow, they sequentially induce the formation of pronephric and mesonephric tubules from the adjacent IM. At the most anterior part, few mesenchymal cells adjacent to the nephric duct form rudimentary tubules, referred to as pronephros, which is a transient structure not functional in mammals. As pronephros degenerates, mesenchymal cells of the mid part of the ND (also often referred to as mesonephric duct) condensate and give rise to mesonephric tubules. These tubules, consisting of well-developed glomeruli and proximal tubule like structures, are transient filtration units that start to degenerate as the metanephric or definitive kidney develops [8,9].



Even if subsequently the mesonephric duct regresses, it has additional inductive functions for Mullerian duct development, while parts of its ductal system participate in the male reproductive organs. The Mullerian duct forms at embryonic day 11.5 (E11.5) close to the cranial part of the ND. Caudal elongation and maintenance of the Mullerian duct depends on ND integrity. In males, the Mullerian duct degenerates and the Wolffian duct (or ND) gives rise to the vas deferens, epididymis, and the seminal vesicles. In females, oviducts, uterine horns and the upper part of the vagina differentiate from the Mullerian duct while the Wollfian duct degenerates [10].



The definitive kidney, or metanephros, arises from the caudal part of the Wolffian duct under 25th somite by reciprocal interactions between the epithelium and the adjacent condensed mesenchyme. At E11, the ureteric bud emerges from the ND and invades metanephric mesenchyme (MM). Signals coming from both the ureteric bud and MM are necessary for the bud to extend and branch and subsequently give rise to the entire collecting duct system. Each time a new branch is formed, signals from the UB tip epithelium induce a subset of surrounding mesenchymal cells (cap mesenchyme) to undergo an epithelial transition in order to establish a polarized renal vesicle (RV) [11]. The distal part of the RV grows and connects to the adjacent UB epithelium and rapidly evolves to form the Comma- and then the S-shaped bodies (CSB and SSB). The SSB is a highly polarized structure composed of the proximal, intermediate, and distal segments, the latter connects to the UB epithelium. The most proximal segment is further subdivided into two epithelial layers, the parietal (Bowman capsule) and visceral (podocyte). The SSB grows and further differentiates to form a mature nephron composed successively by the glomerulus, the proximal tubule, the loop of Henle, and the distal tubule. Mature nephrons are observed by E16.5 in mice, but mesenchyme aggregation continues until postnatal day two (P2). Thus, several nephrogenesis stages coexist at the same developmental stage [12]. In mice, approximately 12,000 nephrons will arise by this process in each metanephros, whereas in humans the average number of nephrons per kidney is close to one million [9]. The ureter will develop from the most proximal part of the UB and then connect to the bladder at E13 [13] (Figure 1C). By postnatal day three (P3) the pool of nephron progenitors is exhausted and both branching and nephrogenesis stop.



Therefore, even if the non-amniotes pronephros and the amniotes metanephros have different shapes and adaptive functions, their development is similar and occurs through four stages:

	
Specification of IM cells and renal primordium formation.



	
Epithelialization and differentiation of renal primordium.



	
Patterning of nephrons to make functional and specialized segment tubules.



	
Formation of glomerular capillaries for blood filtration.








In the case of the pronephric kidney, these steps will occur only once to form one pair of bilateral nephrons. In mammals, these processes will repeat numerous times to give rise to a highly branched system connected to thousands of nephrons.




3. Conservation of the Segmental Organization of Nephrons in Vertebrates


In mammals, proximal, intermediate, and distal tubules are three major nephron segments but they can be further subdivided in regard to their morphology and molecular signature. The glomerulus is connected to the proximal convoluted tubule by the neck. The proximal tubule can be subdivided into three segments: the convoluted tubule is formed by segments S1 (PS1) and S2 (PS2) and is followed by the straight tubule (or S3). The loop of Henle is further divided into the descending thin limb (DTL) and the ascending thin limb (ATL). The distal tubule comprises the thick ascending limb (TAL) and the distal convoluted tubule (DCT). The connecting tubule makes the connection between the nephron and the collecting duct. Terminal differentiated metanephric nephrons are therefore highly specialized structures characterized by a specific combination of solute transporters and tight junction elements. Several studies have pointed to the regional expression of solute transporters along the proximo-distal axis of metanephric kidney. In particular, the solute carrier (Slc) gene family appears to be expressed in similar fashion among vertebrates [14,15,16,17] (Figure 2A). Vertebrate nephrons are also characterized by the regional expression of tight junction components, such as Claudins and Occludins. Tight junctions enable the relatively leaky proximal tubule segments to reabsorb solutes and in the distal tubule segments to tightly regulate solute movement for fine-tuning salt and electrolyte levels in the body [18].


Figure 2. Nephron segments and table of expression of marker genes. The different segments are depicted schematically with different colors showing the co-expression of selected markers in different segments in mature mouse/mammalian metanephric kidney (A), Xenopus pronephros (B), and zebrafish pronephros (C). Mature nephrons are observed from E16.5 in mouse, from 60 hpf in Xenopus pronephros and from 40 hpf in zebrafish. Segment names are abbreviated as follows: in mouse, 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.
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In amphibians, the segmental organization of the pronephros has been first appreciated thanks to its histological and physiological features [19]. As in mammals, the proximal tubule reabsorbs sodium, amino acids, and glucose. The pronephric intermediate part seems to be specialized in the reabsorption of minerals and ions. In contrast to the mammalian collecting duct, the pronephric duct is not specialized for urine concentration. This comes from the fact that Xenopus and other aquatic amphibians do not excrete urea but ammonia [20,21].





Expression studies, mostly based on slc gene expression mapping as well as other transporters, have shown that the Xenopus pronephric tubule can be divided into at least four distinct domains [21,22,23,24,25]. More recently, a large-scale analysis has shed more light onto an even more complex structure with eight functionally distinct domains that share significant analogies with those observed in mammalian metanephric nephron [14]. In Xenopus, the proximal tubule (PT) is divided into three segments (PT1, PT2, and PT3), whereas the intermediate tubule (IT) and the distal tubule (DT) are both composed of two segments IT1 and IT2, and DT1 and DT2, respectively. In contrast, the connecting tubule does not appear to be further subdivided. As illustrates the schematic representation of nephron segments in Figure 2, the proximal tubule is the region that shares the highest degree of structural and functional similarity with the mammalian proximal tubule (Figure 2A,B). A very good example of solute carrier conservation is the low-affinity and high-affinity Na-glucose transporters slc5a2 and slc5a1 sequentially expressed along the proximo-distal axis of the proximal tubule [26]. Thus, slc5a2 localizes to the S1 and S2 segments of the mouse proximal convoluted tubule and to the Xenopus PT1 and PT2 segments, whereas slc5a1 is expressed in the mouse S3 and the Xenopus PT2 and PT3 segments. No water transporter was found in the Xenopus intermediate segment. Thus, urine is not concentrated within the intermediate tubule and stays hypo-osmotic with plasma, suggesting the absence of an intermediate tubule. However, the intermediate segment expresses cldn8, also present in the mouse descending thin limb. Moreover, functional studies have further shown that the Irx transcription factors are present in both organisms in the future intermediate segment (see below). The Xenopus intermediate pronephros displays in addition distal tubule characteristics, since it expresses markers such as slc12a1, slc12a6, or kcnj1 [14]. The distal segment shares similarities with the mammalian TAL and DCT. Thus, the Xenopus DT1 and the mouse TAL segments express similar markers, such as the Na-K-Cl transporter slc12a1, while slc12a3 (NCC) is restricted to the Xenopus DT2 and the mammalian DCT. Finally, as in the mouse, the Xenopus connecting tubule showed expression of the transporter slc16a7 and the tight junction markers calb1, clcnk, and kcnj1. This further emphasizes the similarities between the connecting tubules of the pronephros and metanephros (Figure 2B). Up to now, there is no molecular evidence (transporters or cell-cell junctions) that may link Xenopus collecting tubule function to the mammalian collecting duct [14,15].



In zebrafish, interesting similarities have also been found in several differentiated cell types between pronephros and the mammalian metanephros. Within the glomeruli, endothelial cells, are fenestrated and podocytes interdigitate with foot processes [4]. At the molecular level, podocytes express hallmark components of the slit diaphragm, including the proteins nephrin and podocin. As in Xenopus, the zebrafish pronephros can be subdivided into at least eight discrete regions. The proximal convoluted tubule (PCT) displays an apical brush border and expresses transporters necessary for acid-base homeostasis as well as for glucose and amino acids reabsorption, such as in mammals’ PCT. The PCT and the proximal straight tubule (PST) express slc9a3, which is a proximal tubule marker in mammals [27].



Gene expression analyses have also demonstrated that two tight junction genes, tjp2a and tjp3, are expressed in the distal pronephros [28,29]. The distal tubule is composed by the distal early (DE) and distal late (DL) tubules. Interestingly, the DE expresses slc12a1, a marker of the mouse TAL, and the DL expresses markers that are also specifically found in mammalian DCT and collecting duct such as clck, slc12a3, and cldn8 [27]. The thin limb segment is absent in zebrafish. As fish live in freshwater, they neither need to conserve water, nor to concentrate their urine. This further explains the shortness of the collecting tubule, as in Xenopus (Figure 2C).



Some transporters, however, display different expression domains between frog, zebrafish, and mammals. For instance, slc20a1 is expressed in the distal segment in frogs, whereas its expression is restricted to the PT in zebrafish and mammals. Similarly, slc4a4 is found in the PT of the three species, but in Xenopus is additionally expressed in the DT [22] (Figure 2B). Note that further studies are required to complete the expression pattern of several other nephron markers in the zebrafish pronephros (Figure 2C). Despite this, the studies described above clearly show that nephron segment organization and function is remarkably conserved among vertebrates. Thus, Xenopus and zebrafish are emerging as interesting models to dissect signaling pathways and transcriptional circuits controlling the nephron patterning in vertebrates.




4. Nephron Patterning/Segmentation: Genetic and Transcriptional Regulation


While there has been much progress in the understanding of the early steps of renal epithelial cell differentiation, a major gap remains in the comprehension of the regulatory cascades regulating nephron patterning. Interestingly, analogies in nephron segmentation between pro- and metanephros suggest that the cellular and molecular processes controlling nephron segmentation are conserved among the vertebrates. Indeed, many signaling molecules that govern pronephros formation have turned out to be evolutionarily conserved and have similar functions in the metanephric kidney.



In Xenopus, loss and gain of function studies have pointed to several transcription factors involved in transcriptional regulation of pronephros segmentation. It has been shown that the zinc finger transcription factor evi1, expressed in the distal tubule and duct, is required for patterning of these segments. Accordingly, evi1 overexpression blocks proximal segment fates [23]. The Iroquois transcription factors irx1, 2, and 3 are expressed in the proximal tubular segment PT3 and the intermediate tubule segments IT1 and IT2 [25]. Loss of function of irx1 and 3 leads to a reduction of slc7a13 and slc12a1 expression, showing that both genes are required for intermediate tubule segment formation [25,30]. Notch signaling has also been shown to play a predominant role in patterning the Xenopus pronephros anlagen by regulating proximal fate. Indeed, delta1, serrate1, notch1, the glycosyl transferases lunatic fringe and radical fringe (lfng, rfng) determine whether cells are fated towards the proximal tubule or the distal tubule [31,32,33,34]. Several transcription factors genes are expressed in the developing podocytes, such as wt1, foxc2, lmx1b, mafb, tcf21, and hey1. Simultaneously, knockdown of wt1 and foxc2 leads to an absence of podocytes. The regulatory network appears to be highly orchestrated since only double or triple knockdowns of these transcription factors affect podocyte development [34]. The signals upstream these factors have only started to be investigated. It appears that irx1 and 3 are regulated by retinoic acid (RA) during nephron segmentation [31]. However, RA function in Xenopus pronephros patterning remains unclear, since downregulation of RA leads to a failure of pronephros formation [35].



The transcription factor hnf1b is expressed in the pronephric field and is maintained throughout the entire pronephros with highest levels in the proximal part. We have recently shown that hnf1b is required for both proximal and intermediate tubule fates in Xenopus. Our own experiments further suggest that it may act on these patterning events through the Notch pathway and the Iroquois genes within a complex regulatory circuit [36]. The epistatic relationships between RA and hnf1b during nephron segmentation have not yet been determined. However, studies of the mouse Hnf1b promoter and enhancer have shown that Hnf1b is a direct target of RA [37,38]. Moreover, hnf1b acts downstream of RA in the developing Xenopus neural tube, further suggesting a similar regulatory circuit during pronephros segmentation [39] (Figure 3A).


Figure 3. Genetic pathways of nephron segmentation in Xenopus (A), zebrafish, (B) and mouse (C). Colors are the same as described in Figure 2.
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During zebrafish pronephros development, IM initially expresses pax2a, pax8, and lhx1 [40,41]. It then becomes rapidly subdivided into proximal and distal territories. The most anterior part of the IM starts to express wt1a and the Notch signaling components deltaC, jagged1b, jagged2a, rbpJ, and hey1. The rest of the tubule now displays different domains: pax2a/8 and jagged2b are expressed in the proximal segment, while irx3b, evi1, and pou3f3a/pou3f3b are restricted to the distal territories [15,42] (Figure 3B). Thus, numerous ortholog genes are expressed in restricted segment domains suggesting that they may have a conserved role in nephron patterning.



It has been shown that wt1a is required for podocyte fate acquisition interacting with foxc1 and rbpj to control the expression of podocyte marker genes and modulating Notch signaling [43,44]. There are also evidences that pax2a directly inhibits podocyte formation by antagonizing wt1 activity and establishing a boundary between the podocyte and the neck. Reciprocally, the gene ponzr1 modulates negatively pax2a to restrict its activity within the podocyte territory [45,46]. As in Xenopus, irx3b plays an essential role for DE segment patterning modulating the boundary between proximal and distal segments [47]. Interestingly, zebrafish embryos express hnf1ba and hnf1bb in the pronephric tubule. Its expression in the IM requires pax2a and pax8. Deficient embryos for hnf1ba and b fail to express proximal and distal segment markers and ectopically express podocyte markers. This shows that hnf1b transcription factors are required for nephron segmentation. They act in parallel with wt1 and rbpJ to restrict podocyte formation and to control segment patterning through the regulation of pax2a/8, jagged2a, and irx3b [48,49].





Interestingly, RA deficient embryos fail to express wt1a, deltaC, and jagged2a in the proximal IM, whereas and pou3f3a and pou3f3b expression are expanded leading to a reduced number of podocytes, poorly developed proximal segments and extension of the distal segment [15,27,47]. Furthermore, it has been shown that hnf1b acts downstream RA to promote tubule differentiation [48]. These results suggest that RA acts as an organizing center, in a graded fashion, promoting proximal segment formation and limiting distal segment development. It has also been shown that the transcription factor sim1a, dynamically expressed in the renal field from caudal to proximal segments, is necessary to induce PST and the corpuscule of Stannius fates. Sim1a seems to act downstream of RA on the PCT/PST boundary establishment through the inhibition of the PCT fate [50]. The transcription factor Mecom, displaying a similar dynamic expression pattern to sim1a, has been shown to be required for distal tubule formation and restriction of proximal fates through the modulation of Notch signaling [27,47]. Thus, RA and mecom appear to play opposite roles in segment fate acquisition [51] (Figure 3B).



In mammals, the nephron induction process is mediated by interaction between MM and UB cells. Classical work of Grobstein and Saxén has led to the identification of canonical Wnt signaling coming from the UB as the primary inductive event of nephrogenesis [8,52,53]. Wnt9b activates Wnt4 expression within the mesenchymal pretubular aggregates, which further epithelialize them [54,55]. In parallel, Wnt9b also insures the expression of Six2 in the cap mesenchyme to maintain a self-renewing nephron progenitor pool [56].



The first indication of polarity and proximo-distal axis appears quite early. Indeed, just after MET, several genes begin to be expressed in a polarized manner in the RV. The distal domain is defined by the restricted expression of many genes, including the transcription factors Lhx1 and Brn1 (Pou3f3), the Notch ligands Dll1 and Jag1, as well as Bmp2, whereas the proximal domain is characterized by the high expression of Wt1 [57,58,59]. Consistent with these expression patterns, Wt1 is required for glomerulus podocyte layer specification [60]. The transcription factor Pax2 exhibits segmented expression during nephron morphogenesis and is strongly reduced in the podocyte progenitor territory, where Wt1 expression is high. It has been shown that Wt1 promotes podocyte development through direct repression of proximal Pax2 activity [61]. Lhx1-deficient RVs fail to regionalize along the proximo-distal axis, lack the expression of the transcriptional targets Brn1 and Dll1, and do not progress to the CSB stage [58]. Brn1, in turn, is involved in loop of Henle elongation and distal convoluted tubule formation [57]. These observations show that Brn1 and Lhx1 are required for distal and medial nephron segment formation. It is still unclear what are the first signals driving this polarization. However, polarized expression of Wnt4 and Lef1 within renal vesicle suggests that a Wnt-signaling gradient may contribute to this process [62] (Figure 3C). Future nephron segmentation becomes more evident at the SSB stage, where discrete domains are recognizable by the regionalized expression of several key markers.



Several studies have implicated the Notch pathway in podocyte and proximal tubule fate acquisition. Accordingly, Notch pathway components display polarized expression patterns within the SSB: the Notch ligands Dll1, Jag1 and the modulator of the pathway Lfng are expressed in the proximo-median region [58,63] (Figure 3C). Interestingly, either loss of Notch signaling, disruption of Notch2 or RbpJ expression or inhibition of gamma-secretase or presenilins, led to abnormal nephrons lacking podocytes and proximal tubules. On the other hand, ectopic activation of the Notch pathway promotes the formation of proximal tubule cells [64,65,66,67]. Consistent with the role of the Notch pathway in proximal fate acquisition, Dll1 hypomorphs show a reduction of proximal tubule [66]. Moreover, conditional invalidation of Dll1 in pretubular aggregates is associated with a reduced length of the proximal tubule with no effect on podocyte development (A.D. and SC unpublished results). Recent studies have further shown that the ligand Jag1 plays a dominant role relative to Dll1 for both podocyte and proximal tubule development [68].



Interestingly, members of the Iroquois gene family Irx1, Irx2, and Irx3 are expressed in a highly restricted manner in the intermediate segment of the mammalian SSB, suggesting a similar function as in Xenopus or zebrafish [24]. We have recently shown that the transcription factor Hnf1b is required for correct patterning of early nephron structures. Inactivation of Hnf1b in pretubular aggregates leads to defective morphology of SSBs, associated with the downregulation of the Notch components Dll1, Lfng, Jag1 as well as the transcription factors Irx1 and Irx2 (Figure 3C). Moreover, Hnf1b is recruited to the regulatory sequences of most of these genes [35]. Interestingly, Hnf1b inactivation in the early nephron progenitors (cap mesenchyme) leads to similar defects in nephron segmentation [69]. These results show that Hnf1b is required for the acquisition of a proximo-intermediate segment fate in the vertebrates, thus uncovering a previously unappreciated function of a novel SSB subcompartment in global nephron segmentation and further differentiation.



The surface receptor Lgr5 is expressed in the distal segment of the SSB and in the distal convoluted tubule and thick ascending limb of the nephron. Lineage tracing studies have shown that Lgr5 marks progenitor cells of these segments. Lgr5 deletion did not lead to any kidney phenotype, but Lgr4/5 double knockout causes the loss of distal progenitors and reduced proliferation in the nephron tubules [70,71]. A large-scale in situ hybridization analysis has shown that Evi1 is expressed in the developing SSB [16]. Unfortunately the early lethality of Evi1-null embryos impairs further analysis of its role in nephron patterning [72].



More recently, a β-catenin signaling gradient has been involved into nephron patterning. Pharmacological inhibition of β-catenin activity favored proximal cell differentiation. Reciprocally, proximal fate was repressed when β-catenin activity was increased [73] (Figure 3C). Consistent with these observations, studies on the chick mesonephros have recently shown that Wnt-signaling patterns the proximo-distal axis of the nephron, with proximal regions differentiated in regions with lowest Wnt signaling [74]. However, it remains unclear which are the regulators establishing the Wnt-β-catenin gradient and which are the direct targets involved in nephron patterning.



In contrast to Xenopus and zebrafish nephron patterning, RA has not been linked to proximo-distal patterning of the mouse metanephric nephron. Further studies are needed to elucidate the possible involvement of RA signaling in nephron segmentation, since Raldh1 and 2 are expressed in a restricted manner in the rat nephric duct and early nephron structures [75].




5. Conclusions and Future Prospects


Nephron patterning is a complex process that ensures the formation of highly specialized segments and their following physiological functions. The fundamental conservation of molecular anatomy between pronephric and metanephric nephrons has a great potential for discovering genes and regulatory pathways during nephron segments establishment. Xenopus and zebrafish studies are therefore crucial for our understanding of this critical field in developmental biology. These studies show that the molecular circuits involved in the proximo-distal nephron patterning in vertebrates are highly similar. Nevertheless they are not completely conserved, in particular the timing of appearance and/or requirement of some regulators. Several invertebrate models have also been studied, such as the fruit fly D. melanogaster, and obtained results that are further highlighting the amazing degree of conservation among the excretory cell types across the phylogenetic tree [76].



Although the key transcriptional players of nephron segmentation have been identified, many of them remain to be discovered as well as the epistatic relationships and interactions that may exist among them. An additional and important issue will be the identification of the upstream signaling pathways acting on key regulators to establish distinct nephron segment fates. Systematic approaches such as RNA-seq and ChIP-seq on specific nephron segment progenitors combined with the use of simpler vertebrate models will certainly provide new insights onto the regulatory programs underlying theprocess of nephron segmentation.







Acknowledgments


We thank Muriel Umbhauer (IBPS, Paris) for helpful discussions on Xenopus pronephros development, Muriel Umbhauer and Aleksandra Rak-Raszewska (Biocenter, Oulu) for critical reading of the manuscript and Lucile Lenglet for artwork. AD was supported by PhD student fellowship from the Ministère de la Recherche and by an ERA-EDTA long-term fellowship. SC was supported by grants from INSERM, CNRS, and Université Pierre et Marie Curie.




Author Contributions


A.D. outlined and wrote the manuscript and prepared the figures. S.C. wrote and revised the manuscript. The authors A.D. and S.C. revised and approved the final version of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Brändli, A.W. Towards a molecular anatomy of the Xenopus pronephric kidney. Int. J. Dev. Biol. 1999, 43, 381–395. [Google Scholar] [PubMed]

	2. 
Vize, P.; Seufert, D.; Carroll, T.; Wallingford, J. Model systems for the study of kidney development: Use of the pronephros in the analysis of organ induction and patterning. Dev. Biol. 1997, 188, 189–204. [Google Scholar] [CrossRef] [PubMed]

	3. 
Vasilyev, A.; Liu, Y.; Mudumana, S.; Mangos, S.; Lam, P.Y.; Majumdar, A.; Zhao, J.; Poon, K.L.; Kondrychyn, I.; Korzh, V.; et al. Collective cell migration drives morphogenesis of the kidney nephron. PLoS Biol. 2009, 7, e9. [Google Scholar] [CrossRef] [PubMed]

	4. 
Drummond, I.; Davidson, A. Zebrafish kidney development. Methods Cell Biol. 2010, 100, 233–260. [Google Scholar] [PubMed]

	5. 
Serluca, F.C.; Fishman, M.C. Pre-pattern in the pronephric kidney field of zebrafish. Development 2001, 128, 2233–2241. [Google Scholar] [PubMed]

	6. 
Diep, C.Q.; Peng, Z.; Ukah, T.K.; Kelly, P.M.; Daigle, R.V.; Davidson, A.J. Development of the zebrafishmesonephros. Genesis 2015, 53, 257–269. [Google Scholar] [CrossRef] [PubMed]

	7. 
Zhou, W.; Boucher, R.C.; Bollig, F.; Englert, C.; Hildebrandt, F. Characterization of mesonephric development and regeneration using transgenic zebrafish. Am. J. Physiol. Renal Physiol. 2010, 299, 1040–1047. [Google Scholar] [CrossRef] [PubMed]

	8. 
Saxén, L.; Sariola, H. Early organogenesis of the kidney. Pediatr. Nephrol. 1987, 1, 385–392. [Google Scholar] [CrossRef] [PubMed]

	9. 
Dressler, G. The cellular basis of kidney development. Annu. Rev. Cell Dev. Biol. 2006, 22, 509–529. [Google Scholar] [CrossRef] [PubMed]

	10. 
Orvis, G.D.; Behringer, R.R. Cellular mechanisms of Müllerian duct formation in the mouse. Dev. Biol. 2007, 306, 493–504. [Google Scholar] [CrossRef] [PubMed]

	11. 
Costantini, F.; Kopan, R. Patterning a complex organ: Branching morphogenesis and nephron segmentation in kidney development. Dev. Cell 2010, 18, 698–712. [Google Scholar] [CrossRef] [PubMed]

	12. 
Hartman, H.A.; Lai, H.L.; Patterson, L.T. Cessation of renal morphogenesis in mice. Dev. Biol. 2007, 310, 379–387. [Google Scholar] [CrossRef] [PubMed]

	13. 
Mendelsohn, C. Using mouse models to understand normal and abnormal urogenital tract development. Organogenesis 2009, 5, 306–314. [Google Scholar] [CrossRef] [PubMed]

	14. 
Raciti, D.; Reggiani, L.; Geffers, L.; Jiang, Q.; Bacchion, F.; Subrizi, A.E.; Clements, D.; Tindal, C.; Davidson, D.R.; Kaissling, B.; et al. Organization of the pronephric kidney revealed by large-scale gene expression mapping. Genome Biol. 2008, 9, R84. [Google Scholar] [CrossRef] [PubMed]

	15. 
Wingert, R.A.; Davidson, A.J. The zebrafish pronephros: A model to study nephron segmentation. Kidney Int. 2008, 73, 1120–1127. [Google Scholar] [CrossRef] [PubMed]

	16. 
Thiagarajan, R.; Georgas, K.; Rumballe, B.; Lesieur, E.; Chiu, H.; Taylor, D.; Tang, D.; Grimmond, S.; Little, M. Identification of anchor genes during kidney development defines ontological relationships, molecular subcompartments and regulatory pathways. PLoS ONE 2011, 6, e17286. [Google Scholar] [CrossRef]

	17. 
Yu, J.; Valerius, M.T.; Duah, M.; Staser, K.; Hansard, J.K.; Guo, J.J.; McMahon, J.; Vaughan, J.; Faria, D.; Georgas, K.; et al. Identification of molecular compartments and genetic circuitry in the developing mammalian kidney. Development 2012, 139, 1863–1873. [Google Scholar] [CrossRef] [PubMed]

	18. 
Denker, B.M.; Sabath, E. The biology of epithelial cell tight junctions in the kidney. J. Am. Soc. Nephrol. 2011, 22, 622–625. [Google Scholar] [CrossRef] [PubMed]

	19. 
Møbjerg, N.; Larsen, E.H.; Jespersen, A. Morphology of the kidney in larvae of Bufo viridis (Amphibia, Anura, Bufonidae). J. Morphol. 2000, 245, 177–195. [Google Scholar] [CrossRef]

	20. 
Balinsky, J.B.; Shambaugh, G.E.; Cohen, P.P. Glutamate dehydrogenase biosynthesis in amphibian liver preparations. J. Biol. Chem. 1970, 245, 128–137. [Google Scholar] [PubMed]

	21. 
Vize, P.D. The chloride conductance channel ClC-K is a specific marker for the Xenopus pronephric distal tubule and duct. Gene Expr. Patterns 2003, 3, 347–350. [Google Scholar] [CrossRef]

	22. 
Zhou, X.; Vize, P. Proximo-distal specialization of epithelial transport processes within the Xenopus pronephric kidney tubules. Dev. Biol. 2004, 271, 322–338. [Google Scholar] [CrossRef] [PubMed]

	23. 
Van Campenhout, C.; Nichane, M.; Antoniou, A.; Pendeville, H.; Bronchain, O.J.; Marine, J.C.; Mazabraud, A.; Voz, M.L.; Bellefroid, E.J. Evi1 is specifically expressed in the distal tubule and duct of the Xenopus pronephros and plays a role in its formation. Dev. Biol. 2006, 294, 203–219. [Google Scholar] [CrossRef] [PubMed]

	24. 
Nichane, M.; van Campenhout, C.; Pendeville, H.; Voz, M.L.; Bellefroid, E.J. The Na+/PO4 cotransporter SLC20A1 gene labels distinct restricted subdomains of the developing pronephros in Xenopus and zebrafish embryos. Gene Expr. Patterns 2006, 6, 667–672. [Google Scholar] [CrossRef] [PubMed]

	25. 
Reggiani, L.; Raciti, D.; Airik, R.; Kispert, A.; Brandli, A.W. The prepattern transcription factor Irx3 directs nephron segment identity. Genes Dev. 2007, 21, 2358–2370. [Google Scholar] [CrossRef] [PubMed]

	26. 
Wright, E.M.; Turk, E. The sodium/glucose cotransport family SLC5. Pflugers Arch. 2004, 447, 510–518. [Google Scholar] [CrossRef] [PubMed]

	27. 
Wingert, R.; Selleck, R.; Yu, J.; Song, H.D.; Chen, Z.; Song, A.; Zhou, Y.; Thisse, B.; Thisse, C.; McMahon, A.; et al. The cdx genes and retinoic acid control the positioning and segmentation of the zebrafish pronephros. PLoS Genet. 2007, 3, 1922–1938. [Google Scholar] [CrossRef] [PubMed]

	28. 
Kiener, T.K.; Sleptsova-Friedrich, I.; Hunziker, W. Identification, tissue distribution and developmental expression of tjp1/zo-1, tjp2/zo-2 and tjp3/zo-3 in the zebrafish, Danio rerio. Gene Expr. Patterns 2007, 7, 767–776. [Google Scholar] [CrossRef] [PubMed]

	29. 
McKee, R.; Gerlach, G.; Jou, J.; Cheng, C.; Wingert, R. Temporal and spatial expression of tight junction genes during zebrafish pronephros development. Gene Expr. Patterns 2014, 16, 104–113. [Google Scholar] [CrossRef] [PubMed]

	30. 
Alarcon, P.; Rodriguez-Seguel, E.; Fernandez-Gonzalez, A.; Rubio, R.; Gomez-Skarmeta, J.L. A dual requirement for Iroquois genes during Xenopus kidney development. Development 2008, 135, 3197–3207. [Google Scholar] [CrossRef] [PubMed]

	31. 
McLaughlin, K.A.; Rones, M.S.; Mercola, M. Notch regulates cell fate in the developing pronephros. Dev. Biol. 2000, 227, 567–580. [Google Scholar] [CrossRef] [PubMed]

	32. 
Naylor, R.W.; Jones, E.A. Notch activates Wnt-4 signalling to control medio-lateral patterning of the pronephros. Development 2009, 136, 3585–3595. [Google Scholar] [CrossRef] [PubMed]

	33. 
Taelman, V.; van Campenhout, C.; Sölter, M.; Pieler, T.; Bellefroid, E.J. The Notch-effector HRT1 gene plays a role in glomerular development and patterning of the Xenopus pronephros anlagen. Development 2006, 133, 2961–2971. [Google Scholar] [CrossRef] [PubMed]

	34. 
White, J.T.; Zhang, B.; Cerqueira, D.M.; Tran, U.; Wessely, O. Notch signaling, wt1 and foxc2 are key regulators of the podocyte gene regulatory network in Xenopus. Development 2010, 137, 1863–1873. [Google Scholar] [CrossRef] [PubMed]

	35. 
Cartry, J.; Nichane, M.; Ribes, V.; Colas, A.; Riou, J.-F.F.; Pieler, T.; Dollé, P.; Bellefroid, E.J.; Umbhauer, M. Retinoic acid signalling is required for specification of pronephric cell fate. Dev. Biol. 2006, 299, 35–51. [Google Scholar] [CrossRef] [PubMed]

	36. 
Heliot, C.; Desgrange, A.; Buisson, I.; Prunskaite-Hyyryläinen, R.; Shan, J.; Vainio, S.; Umbhauer, M.; Cereghini, S. HNF1B controls proximal-intermediate nephron segment identity in vertebrates by regulating Notch signalling components and Irx1/2. Development 2013, 140, 873–885. [Google Scholar] [CrossRef] [PubMed]

	37. 
Pouilhe, M.; Gilardi-Hebenstreit, P.; Dinh, C.; Charnay, P. Direct regulation of vHnf1 by retinoic acid signaling and MAF-related factors in the neural tube. Dev. Biol. 2007, 309, 344–357. [Google Scholar] [CrossRef] [PubMed]

	38. 
Power, S.; Cereghini, S. Positive regulation of the vHNF1 promoter by the orphan receptors COUP-TF1/Ear3 and COUP-TFII/Arp1. Mol. Cell. Biol. 1996, 16, 778–791. [Google Scholar]

	39. 
Demartis, A.; Maffei, M.; Vignali, R.; Barsacchi, G.; de Simone, V. Cloning and developmental expression of LFB3/HNF1 beta transcription factor in Xenopus laevis. Mech. Dev. 1994, 47, 19–28. [Google Scholar] [CrossRef]

	40. 
Pfeffer, P.L.; Gerster, T.; Lun, K.; Brand, M.; Busslinger, M. Characterization of three novel members of the zebrafish Pax2/5/8 family: Dependency of Pax5 and Pax8 expression on the Pax2.1 (noi) function. Development 1998, 125, 3063–3074. [Google Scholar] [PubMed]

	41. 
Toyama, R.; Kobayashi, M.; Tomita, T.; Dawid, I.B. Expression of LIM-domain binding protein (ldb) genes during zebrafish embryogenesis. Mech. Dev. 1998, 71, 197–200. [Google Scholar] [CrossRef]

	42. 
Gerlach, G.; Wingert, R. Zebrafish pronephros tubulogenesis and epithelial identity maintenance are reliant on the polarity proteins Prkc iota and zeta. Dev. Biol. 2014, 396, 183–200. [Google Scholar] [CrossRef] [PubMed]

	43. 
O’Brien, L.L.; Grimaldi, M.; Kostun, Z.; Wingert, R.A.; Selleck, R.; Davidson, A.J. Wt1a, Foxc1a, and the Notch mediator Rbpj physically interact and regulate the formation of podocytes in zebrafish. Dev. Biol. 2011, 358, 318–330. [Google Scholar] [CrossRef] [PubMed]

	44. 
Perner, B.; Englert, C.; Bollig, F. The Wilms tumor genes wt1a and wt1b control different steps during formation of the zebrafish pronephros. Dev. Biol. 2007, 309, 87–96. [Google Scholar] [CrossRef] [PubMed]

	45. 
Bedell, V.M.; Person, A.D.; Larson, J.D.; McLoon, A.; Balciunas, D.; Clark, K.J.; Neff, K.I.; Nelson, K.E.; Bill, B.R.; Schimmenti, L.A.; et al. The lineage-specific gene ponzr1 is essential for zebrafish pronephric and pharyngeal arch development. Development 2012, 139, 793–804. [Google Scholar] [CrossRef] [PubMed]

	46. 
Majumdar, A.; Lun, K.; Brand, M.; Drummond, I.A. Zebrafish no isthmus reveals a role for pax2.1 in tubule differentiation and patterning events in the pronephric primordia. Development 2000, 127, 2089–2098. [Google Scholar] [PubMed]

	47. 
Wingert, R.A.; Davidson, A.J. Zebrafish nephrogenesis involves dynamic spatiotemporal expression changes in renal progenitors and essential signals from retinoic acid and irx3b. Dev. Dyn. 2011, 240, 2011–2027. [Google Scholar] [CrossRef] [PubMed]

	48. 
Naylor, R.W.; Przepiorski, A.; Ren, Q.; Yu, J.; Davidson, A.J. HNF1B is essential for nephron segmentation during Nephrogenesis. J. Am. Soc. Nephrol. 2012, 24, 77–87. [Google Scholar] [CrossRef] [PubMed]

	49. 
Naylor, R.W.; Davidson, A.J. Hnf1beta and nephron segmentation. Pediatr. Nephrol. 2013, 29, 659–664. [Google Scholar] [CrossRef] [PubMed]

	50. 
Cheng, C.N.; Wingert, R.A. Nephron proximal tubule patterning and corpuscles of Stannius formation are regulated by the sim1a transcription factor and retinoic acid in zebrafish. Dev. Biol. 2015, 399, 100–116. [Google Scholar] [CrossRef] [PubMed]

	51. 
Li, Y.; Cheng, C.N.; Verdun, V.A.; Wingert, R.A. Zebrafish nephrogenesis is regulated by interactions between retinoic acid, mecom, and Notch signaling. Dev. Biol. 2014, 386, 111–122. [Google Scholar] [CrossRef] [PubMed]

	52. 
Grobstein, C. Inductive epitheliomesenchymal interaction in cultured organ rudiments of the mouse. Science 1953, 118, 52–55. [Google Scholar] [CrossRef] [PubMed]

	53. 
Grobstein, C. Trans-filter induction of tubules in mouse metanephrogenic mesenchyme. Exp. Cell. Res. 1956, 10, 424–440. [Google Scholar] [CrossRef]

	54. 
Carroll, T.J.; Park, J.-S.S.; Hayashi, S.; Majumdar, A.; McMahon, A.P. Wnt9b plays a central role in the regulation of mesenchymal to epithelial transitions underlying organogenesis of the mammalian urogenital system. Dev. Cell 2005, 9, 283–292. [Google Scholar] [CrossRef] [PubMed]

	55. 
Stark, K.; Vainio, S.; Vassileva, G.; McMahon, A.P. Epithelial transformation of metanephric mesenchyme in the developing kidney regulated by Wnt-4. Nature 1994, 372, 679–683. [Google Scholar] [CrossRef] [PubMed]

	56. 
Karner, C.M.; Das, A.; Ma, Z.; Self, M.; Chen, C.; Lum, L.; Oliver, G.; Carroll, T.J. Canonical Wnt9b signaling balances progenitor cell expansion and differentiation during kidney development. Development 2011, 138, 1247–1257. [Google Scholar] [CrossRef] [PubMed]

	57. 
Nakai, S.; Sugitani, Y.; Sato, H.; Ito, S.; Miura, Y.; Ogawa, M.; Nishi, M.; Jishage, K.; Minowa, O.; Noda, T. Crucial roles of Brn1 in distal tubule formation and function in mouse kidney. Development 2003, 130, 4751–4759. [Google Scholar] [CrossRef] [PubMed]

	58. 
Kobayashi, A.; Kwan, K.-M.M.; Carroll, T.J.; McMahon, A.P.; Mendelsohn, C.L.; Behringer, R.R. Distinct and sequential tissue-specific activities of the LIM-class homeobox gene Lim1 for tubular morphogenesis during kidney development. Development 2005, 132, 2809–2823. [Google Scholar] [CrossRef] [PubMed]

	59. 
Georgas, K.; Rumballe, B.; Valerius, T.; Chiu, H.; Thiagarajan, R.; Lesieur, E.; Aronow, B.; Brunskill, E.; Combes, A.; Tang, D.; et al. Analysis of early nephron patterning reveals a role for distal RV proliferation in fusion to the ureteric tip via a cap mesenchyme-derived connecting segment. Dev. Biol. 2009, 332, 273–286. [Google Scholar] [CrossRef] [PubMed]

	60. 
Kreidberg, J.; Sariola, H.; Loring, J.; Maeda, M.; Pelletier, J.; Housman, D.; Jaenisch, R. WT-1 is required for early kidney development. Cell 1993, 74, 679–691. [Google Scholar] [CrossRef]

	61. 
Ryan, G.; Steele-Perkins, V.; Morris, J.; Rauscher, F.; Dressler, G. Repression of Pax-2 by WT1 during normal kidney development. Development 1995, 121, 867–875. [Google Scholar] [PubMed]

	62. 
Mugford, J.W.; Yu, J.; Kobayashi, A.; McMahon, A.P. High-resolution gene expression analysis of the developing mouse kidney defines novel cellular compartments within the nephron progenitor population. Dev. Biol. 2009, 333, 312–323. [Google Scholar] [CrossRef]

	63. 
Georgas, K.; Rumballe, B.; Wilkinson, L.; Chiu, H.S.; Lesieur, E.; Gilbert, T.; Little, M.H. Use of dual section mRNA in situ hybridisation/immunohistochemistry to clarify gene expression patterns during the early stages of nephron development in the embryo and in the mature nephron of the adult mouse kidney. Histochem. Cell Biol. 2008, 130, 927–942. [Google Scholar] [CrossRef] [PubMed]

	64. 
Cheng, H.-T.; Miner, J.; Lin, M.; Tansey, M.; Roth, K.; Kopan, R. γ-Secretase activity is dispensable for mesenchyme-to-epithelium transition but required for podocyte and proximal tubule formation in developing mouse kidney. Development 2003, 130, 5031–5042. [Google Scholar] [CrossRef] [PubMed]

	65. 
Wang, P.; Pereira, F.A.; Beasley, D.; Zheng, H. Presenilins are required for the formation of comma- and S-shaped bodies during nephrogenesis. Development 2003, 130, 5019–5029. [Google Scholar] [CrossRef] [PubMed]

	66. 
Cheng, H.-T.; Kim, M.; Valerius, M.T.; Surendran, K.; Schuster-Gossler, K.; Gossler, A.; McMahon, A.P.; Kopan, R. Notch2, but not Notch1, is required for proximal fate acquisition in the mammalian nephron. Development 2007, 134, 801–811. [Google Scholar] [CrossRef] [PubMed]

	67. 
Bonegio, R.G.; Beck, L.H.; Kahlon, R.K.; Lu, W.; Salant, D.J. The fate of Notch-deficient nephrogenic progenitor cells during metanephric kidney development. Kidney Int. 2011, 79, 1099–1112. [Google Scholar] [CrossRef] [PubMed]

	68. 
Liu, Z.; Chen, S.; Boyle, S.; Zhu, Y.; Zhang, A.; Piwnica-Worms, D.R.; Ilagan, M.X.; Kopan, R. The extracellular domain of Notch2 increases its cell-surface abundance and ligand responsiveness during kidney development. Dev. Cell 2013, 25, 585–598. [Google Scholar] [CrossRef] [PubMed]

	69. 
Massa, F.; Garbay, S.; Bouvier, R.; Sugitani, Y.; Noda, T.; Gubler, M.C.; Heidet, L.; Pontoglio, M.; Fischer, E. Hepatocyte nuclear factor 1β controls nephron tubular development. Development 2013, 40, 886–896. [Google Scholar] [CrossRef] [PubMed]

	70. 
Barker, N.; Rookmaaker, M.B.; Kujala, P.; Ng, A.; Leushacke, M.; Snippert, H.; van de Wetering, M.; Tan, S.; van Es, J.H.; Huch, M.; et al. Lgr5(+ve) stem/progenitor cells contribute to nephron formation during kidney development. Cell Rep. 2012, 2, 540–552. [Google Scholar] [CrossRef] [PubMed]

	71. 
Kinzel, B.; Pikiolek, M.; Orsini, V.; Sprunger, J.; Isken, A.; Zietzling, S.; Desplanches, M.; Dubost, V.; Breustedt, D.; Valdez, R.; et al. Functional roles of Lgr4 and Lgr5 in embryonic gut, kidney and skin development in mice. Dev. Biol. 2014, 390, 181–190. [Google Scholar] [CrossRef] [PubMed]

	72. 
Hoyt, P.R.; Bartholomew, C.; Davis, A.J.; Yutzey, K.; Gamer, L.W.; Potter, S.S.; Ihle, J.N.; Mucenski, M.L. The Evi1 proto-oncogene is required at midgestation for neural, heart, and paraxial mesenchyme development. Mech. Dev. 1997, 65, 55–70. [Google Scholar] [CrossRef]

	73. 
Lindström, N.; Lawrence, M.; Burn, S.; Johansson, J.; Bakker, E.; Ridgway, R.; Chang, C.-H.; Karolak, M.; Oxburgh, L.; Headon, D.; et al. Integrated β-catenin, BMP, PTEN, and Notch signalling patterns the nephron. Elife 2015, 3, e04000. [Google Scholar] [CrossRef] [PubMed]

	74. 
Schneider, J.; Arraf, A.A.; Grinstein, M.; Yelin, R.; Schultheiss, T.M. Wnt signaling orients the proximal-distal axis of chick kidney nephrons. Development 2015, 142, 2686–2695. [Google Scholar] [CrossRef] [PubMed]

	75. 
Marlier, A.; Gilbert, T. Expression of retinoic acid-synthesizing and -metabolizing enzymes during nephrogenesis in the rat. Gene Expr. Patterns 2004, 5, 179–185. [Google Scholar] [CrossRef] [PubMed]

	76. 
Dow, J.A.; Romero, M.F. Drosophila provides rapid modeling of renal development, function, and disease. Am. J. Physiol. Renal Physiol. 2010, 299, F1237–F1244. [Google Scholar] [CrossRef] [PubMed]





© 2015 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  cells-04-00483


  
    		
      cells-04-00483
    


  




  





media/file5.png
A. Xenopus

)

Proximal Distal

C. Mouse
Distal

Proximal

Renal vesicle

Comma-shaped body

Proximal Distal

Intermediate

Proximal

S-shaped body






media/file3.png
A. Mouse

P52

B. Xenopus

C. Zebrafish

PCT

Nephrin
Podocin
mafb

slc1at

Glom.

Proximal
tubule
PS1 PS2 PS3| DTL ATL

Intermediate
tubule

TAL DCL | CNT CD

Distal Collecting
tubule  duct system

slc3aT

slc1al

Proximal

Glomus tubule

PT1

PT2 PT3

Intermediate
tubule
T1 IT2

Distal Collecting
tubule tubule
DT1 DT2

slc3al

slc4a4/nbcl

slc5al

slc5a2

slc5a9

slc6al3

slc6al4

slc6a19

slc7a8

slc7a13

slc8al

slc12al

slc12a3

slc13a3

slc16a7

slc20al

slc22a2

slc22a5

slc22a6

rhcg

cldn8

cldn16

calb1

clcknk

kenj1

slc1al

Glomus

Proximal

PCT

tubule

PST

Distal Pronephric
duct

tubule
DE DL

~ slc3al
slc4ad
sglt

slcba2

slc5a9

slc6a13

slc6a14

slc6a19

slc7a8

slc7a13

slc8a1
~ slc9a3 |
- slc12a1l |

slc12a3

slc13al

slc13a3

slc16a7

slc20a1

slc22az

slc22ab

slc22a¢€

slc42a3

cldn8

cldn15a

cldn16

calb1

clck

kcnjla






media/file1.png
A. Xenopus

& &

o

= D = =

N

12,5 20 29/30 35/36 40
14 hpf 22 hpf 28 hpf 35-50 hpf 60 hpf
| .
|
Specification of Initiation of  Onset of cellular Maturation ant terminal Acquisition of excretory
pronephric nephrogenesis differentiation differentiation function
anlage
B. Zebrafish
IM
12 hpf 16-24 hpf 30-40 hpf 40-48 hpf -
- |
Intermediate Pronephros Differentiation of Angiogenesis
mesoderm epithelialization pronephric tubule and
specification glomus
C. Mouse
Nephrogenesis
@)
PA RV CSB
IM
Branching
E8 ET1 E11 E12  E125 E13.5 E15-P12
|
Ll

Intermediate
mesoderm
specification

Metanephros
organogenesis

Metanephric nephron
differentiation and
elongation






media/file4.jpg
B. Zebrafish






media/file0.jpg





media/file2.jpg





