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I. INTRODUCTION

Organisms develop from embryonic stem cells and then rely on adult stem cells for tissue and organ homeostasis and repair upon injury and disease. In vertebrates, kidneys develop during embryogenesis and hold a critical importance in keeping an organism's internal state in an ideal, balanced state. As such, the number of nephrons (the functional unit of the kidney) is critical for kidney function. Both natural ageing and kidney diseases induce nephron loss. Following nephron loss in adult mammals, kidney function is modified by compensatory hypertrophy in the remaining nephrons. Though mammals rely on hypertrophy, some vertebrates maintain nephron progenitor cells into adulthood and form new nephrons during their lifetime. The elements that control longevity of stem/progenitor cells, in general, and nephron progenitor cells, in particular, are active areas of investigation. My PhD work has focused on the case of the post-embryonic maintenance of kidney stem/progenitor cells in the smallspotted catshark kidney, Scyliorhinus canicula. The introduction is divided in three parts: molecular signatures behind stem and progenitor cell maintenance and differentiation (part A), kidney development and the kidney progenitor cells in vertebrates (part B) and the persistence of kidney progenitor cells in adult kidneys (part C).

A. Molecular signatures in the maintenance and differentiation of stem and progenitor cells: translational regulation and the mTOR pathway 1. Stem and progenitor cells: general definitions

Stem cells possess the ability of self-renewal (they can go through many cell cycles and renew themselves as undifferentiated over a long time) and multipotent differentiation (unspecialized to specialized cells). They are usually distinguished from progenitor cells, which cannot divide indefinitely, and precursor or blast cells, which are usually committed to differentiating into one cell type (limited capacity for differentiation). Different types of potency define stem cells: this reflects the cells' potential range of differentiation. The main classification describes five capacities: totipotent (or omnipotent; embryonic and extraembryonic cell types such as the cells produced from the first divisions of the fertilized egg), pluripotent (descendants of totipotent cells like cells derived from any of the three germ layers), multipotent (that can give multiple cell types but only those of a closely related family of cells), oligopotent (few cell types -lymphoid / myeloid stem cells), unipotent (one cell type but can self-renew) [START_REF] Bindu | Potency of Various Types of Stem Cells and their Transplantation[END_REF].

Understanding the properties that govern the behavior of stem cell gives insights on developmental, disease and regeneration mechanisms. As such, the biomedical field is obviously very interested in unlocking the ways in which the fate of stem and progenitor cells can be influenced. This following part of the introduction (Part A) aims to introduce some of the molecular signatures associated with self-renewal versus differentiation in several types of mammalian stem and progenitor cells.

One conserved signature between cell types is low rates of protein synthesis in stem and progenitor cells relative to their differentiated counterparts. Indeed, the behavior of stem cells has recently been investigated through the prism of global translation control (Tahmasebi et al. 2019[START_REF] Saba | Translational control of stem cell function[END_REF]. Interestingly, data collected from embryonic stem cells, hair follicle stem cells, spermatogonia cells, neural stem cells, hematopoietic stem cells, satellite cells and iPSCs, demonstrated that they require low translation rates to maintain an undifferentiated status.

In contrast, protein synthesis rates increase when the cells enter a differentiation program. Translational changes in stem and progenitor cells have been described through the mTOR pathway, which functions in translation initiation (Tahmasebi et al. 2019[START_REF] Saba | Translational control of stem cell function[END_REF] and Results 1). Additional mTOR-mediated functions such as the control of cell-cycle, metabolism or autophagy have emerged in stem and progenitor cell fate (See Results 1).

In this introduction, the mTOR pathway and functions will first be presented. Then, the molecular signatures associated to self-renewal or differentiation in 6 types of mammalian stem and progenitor cells will be discussed.

The role mTOR signaling pathway a. Molecular actors and functions

The mTOR (mammalian Target of Rapamycin) pathway is extremely conserved in eukaryotes [START_REF] Tatebe | Evolutionary Conservation of the Components in the TOR Signaling Pathways[END_REF]. mTOR is a serine/threonine protein kinase that can form two types of complexes: mTORC1 and mTORC2 (Figure 1). This pathway is a key regulator of metabolism, proliferation and cellular growth (Saxton & Sabatini 2017). It is activated by growth factors, hormones, cytokines, amino acids and inhibited with hypoxia or stress. PP242 inhibits TOR signaling while the rapamycin antibiotic is an mTORC1-specific inhibitor. Activation of mTORC1 promotes protein synthesis, nucleotide synthesis, lipogenesis, glycolysis, and inhibits autophagy and lysosome biogenesis. mTORC2 regulates cell survival/glucose metabolism and cytoskeletal remodeling. Examples of mTOR-mediated functions in translation, autophagy, metabolism and cell-cycle in stem and progenitor cells will be illustrated in this introduction.

Figure 1: Activators and functions of mTORC1 and mTORC2. mTOR complexes include mTORC1 and mTORC2 which differ in some molecular components and physiological functions. Both mTOR complexes share the catalytic mTOR subunit, mLST8, Deptor and the Tti1/Tel2 complex. In contrast, Raptor and PRAS40 are specific to mTORC1, while Rictor, mSin1, and Protor are specific to mTORC2. Activation of mTORC1 promotes protein synthesis, nucleotide synthesis, lipogenesis, glycolysis, and inhibits autophagy and lysosome biogenesis. PP242 inhibits mTOR signaling. The TSC1/2 complex and rapamycin treatments inhibit mTORC1. mTORC2 regulates cell survival/glucose metabolism and cytoskeletal remodeling. Modified from [START_REF] Mao | Role of mTOR in Glucose and Lipid Metabolism[END_REF] 

b. Translational functions of mTORC1

The mTORC1 complex is well known for its role in translational control (reviewed in Ma & Blenis 2009).

The molecular actors involved in translation initiation and regulated by mTORC1 are represented in Figure 2 below.

The recruitment of the 40S ribosomal subunit to the 5′ end of mRNA is a crucial and rate-limiting step during capdependent translation. A number of translation initiation factors, including the 5′ cap-binding protein eIF4E, have essential roles in this process. Signal transduction-mediated phosphorylation events regulate the function of eIF4E. Hypophosphorylated 4E-BPs bind to eIF4E, thereby preventing its interaction with eIF4G and inhibiting translation (Figure 2a). mTORC1-mediated phosphorylation of 4E-BPs releases the 4E-BP from eIF4E, resulting in the recruitment of eIF4G to the 5′ cap, and thereby allowing translation initiation to proceed.

For translation to occur, ribosomes move along and read the mRNA to synthesize the encoded polypeptides. However, correct mRNA scanning by the small ribosomal subunit (40S in Figure 2b) can be impeded by secondary structures in the 5' UTR. The progression of the ribosomal subunit can be aided by initiation factors such as 4A, that display RNA helicase activity to unfold these secondary structures. The helicase activity of eIF4A is enhanced by the phosphorylation of another initiation factor eIF4B which is itself operated by two kinases: S6K PhD Manuscript 13 (40S ribosomal S6 kinase) and RSK (ribosomal S6 kinase) (Figure 2b). Like 4E-BP1, S6K is also targeted for phosphorylation by the phosphotransferase activity of mTORC1 (reviewed in Ma & Blenis 2009). S6K phosphorylates the ribosomal protein RPS6 which is implicated in ribosome biogenesis [START_REF] Hannan | mTOR-Dependent Regulation of Ribosomal Gene Transcription Requires S6K1 and Is Mediated by Phosphorylation of the Carboxy-Terminal Activation Domain of the Nucleolar Transcription Factor UBF †[END_REF].

Figure 2: mTORC1 regulation of the translation initiation complex. a. The recruitment of the 40S ribosomal subunit to the 5′ end of mRNA is a crucial and rate-limiting step during cap-dependent translation. A number of translation initiation factors, including the 5′ cap-binding protein eIF4E, have essential roles in this process. Signal transduction-mediated phosphorylation events regulate the function of eIF4E. Hypophosphorylated 4E-BPs bind to eIF4E, thereby preventing its interaction with eIF4G and inhibiting translation. mTORC1-mediated phosphorylation of 4E-BPs releases 4E-BP from eIF4E, resulting in the recruitment of eIF4G to the 5′ cap, and thereby allowing translation initiation to proceed. b. Another well-studied initiation factor that is targeted by signal transduction pathways is eIF4B. Following S6K or ribosomal S6 kinase (RSK)-mediated phosphorylation, eIF4B is recruited to the translation pre-initiation complex and enhances the RNA helicase activity of eIF4A. GF, growth factor. From Ma & Blenis (2009).

Molecular methods to study protein synthesis levels are presented in Toolbox1 below and referenced in the translational signatures associated to different stem and progenitor cells.

Toolbox 1: Molecular tools for studying protein synthesis rates 1. Phosphorylated targets of mTORC1 for mTORC1 translational activity:

To study the activation of mTORC1-mediated protein synthesis, the phosphorylated forms of 4E-BP1 and S6K are commonly used as readouts of mTORC1 activity (Ma & Blenis, 2009). Rapamycin treatment conditions help control for mTORC1 specificity of the investigated process.

Radio-labelled amino-acids for global protein synthesis:

Historically, protein synthesis assays relied on the incorporation of radio-labeled amino acids. Classically, cells are incubated in a methionine-free media with [ 35 S]-methionine. Newly synthesized proteins incorporate the [ 35 S]-methionine and can be retrieved and revealed by autoradiography.

Fluorescence of OP-puro for global protein synthesis:

The OP-puro assay allows imaging and identification of nascent proteins. This method is based on an alkyne analog of puromycin, O-propargyl-puromycin (OP-puro). OP-puro enters the acceptor site of ribosomes and incorporates into nascent polypeptide chains covalently (Figure 3A). Incorporated OP-puro can be detected through a click-chemistry reaction that links it to a fluorescently-tagged azide molecule. Importantly, the OPpuro conjugates do not form if protein synthesis is inhibited by cycloheximide (CHX), which blocks translational initiation, demonstrating that translating ribosomes are required for OP-puro incorporation into nascent polypeptide chains. Unlike methionine analogs, OP-puro does not require methionine-free conditions. This method allows the quantification of protein synthesis within whole animals, tissues (Figure 3B) or individual cells in vivo or in vitro. (Liu et al., 2011). Embryonic stem cells are pluripotent stem cells derived from the inner cell mass of an early-stage embryo prior to implantation (blastocyst) (Figure 4). ESCs are fast-dividing stem cells: this allows the cells to quickly grow in number but not in size, a necessary feature for early embryonic development [START_REF] Boward | Control of cell fate through cell cycle and pluripotency networks[END_REF]. Rapid cellcycle and divisions have been linked to uncommitted embryonic cell types, across evolutionary boundaries [START_REF] Boward | Control of cell fate through cell cycle and pluripotency networks[END_REF]. Embryonic stem cells can be differentiated in vitro into embryoid bodies, 3-D aggregates of pluripotent cells. Using the [ 35 S] methionine technique (see Toolbox 1) in ESCs, global translation was found to be low in undifferentiated cells compared to embryoid body cells (Figure 5) (Sampath et al. 2008). Polysome density (an array of ribosomes translating a mRNA molecule) was also found to be 60% higher in the differentiating cells relative to the undifferentiated ECSs, reflecting elevated translation rates. As well, total RNA content went up 50%, ribosomal RNA, 20% and proteins, 30%, suggesting an activation of translation.

Accordingly, inhibition of mTOR signaling induces a paused quiescent state in ESCs, whereas activation of mTOR and/or increased 4E-BP phosphorylation promotes differentiation [START_REF] Saba | Translational control of stem cell function[END_REF]. Interestingly, the switch to differentiation is characterized by a transient drop in mTOR signaling before mTOR activity rises in the differentiated cell (Figure 5).

In addition, Tahmasebi et al. (2019) highlighted how cell-cycle can be independent from protein synthesis rates. Indeed, ESCs have low protein synthesis rates but are fast-dividing cells [START_REF] Boward | Control of cell fate through cell cycle and pluripotency networks[END_REF]. A recent study uncovered a delicate fine-tuning between translation and transcription in embryonic stem cells (ESCs) and periimplantation embryos [START_REF] Bulut-Karslioglu | The Transcriptionally Permissive Chromatin State of Embryonic Stem Cells Is Acutely Tuned to Translational Output[END_REF]. Global translation was shown to promote the hypertranscription and euchromatic state of ESCs that drive their rapid proliferation. The translation of proteins involved in euchromatin regulation (DNA accessibility) was proposed as a pace-setter in ESC proliferation [START_REF] Bulut-Karslioglu | The Transcriptionally Permissive Chromatin State of Embryonic Stem Cells Is Acutely Tuned to Translational Output[END_REF].

The mechanisms behind selective protein translation and stemness are under discussion. Embryonic Stem Cells show low translation rates and inhibition of mTOR promotes quiescence. Differentiation into Embryoid Bodies is accompanied with higher translation rates and increased mTOR activity. Polysome density, total RNA content, ribosomal RNA and protein contents also rise with differentiation. Figure designed with Biorender and adapted from Tahmasebi et al.(2019).

II. Translational signatures in adult or somatic stem/progenitor cells:

After embryonic development, stem/progenitor cells may be maintained in the organism. Adult stem cells (also called somatic) participate in tissue homeostasis to guarantee integrity and functionality. They can be multipotent (usually stem cells) or unipotent (usually progenitor cells) and exist to replenish rapidly lost cell types.

Multipotent adult stem cells can be circulating or exist in a few select locations, known as niches. In mammals, they include hematopoietic stem cells (HSCs), hair follicle stem cells (HFSCs) or neural stem cells (NSCs). Like in embryonic stem cells, the mTOR pathway has been found to promote stem cell functions in a variety of stem and progenitor cells in vertebrates (Meng et al. 2018, Wei et al. 2019). How mTOR promotes stem and progenitor cell functions for regeneration is described in more detail in Results 1 (LUND-RICARD et al., 2020).

Adult stem cells, contrary to embryonic stem cells, mostly exhibit a slow cell-cycle linked to their quiescence [START_REF] Li | Molecular Pathways: Stem Cell Quiescence[END_REF]. Slow-cycling cells can be identified with pulse and chase techniques (Figure 6) [START_REF] Solius | Recent advances in nucleotide analogue-based techniques for tracking dividing stem cells: An overview[END_REF]. Quiescence can be defined as a reversible state of cell-cycle arrest, which is actively maintained and involves profound alterations in cell physiology [START_REF] Cheung | Molecular regulation of stem cell quiescence[END_REF]. Overall, stem cell quiescence is protective in preventing DNA replication and thus replication-associated DNA damage (reviewed in [START_REF] Tümpel | Quiescence: Good and Bad of Stem Cell Aging[END_REF]. Quiescence also promotes low metabolic activity, low rates of oxygen consumption and autophagy [START_REF] Tümpel | Quiescence: Good and Bad of Stem Cell Aging[END_REF], which protects cells from metabolic stress like reactive oxygen species (reviewed in [START_REF] Tümpel | Quiescence: Good and Bad of Stem Cell Aging[END_REF].

Adult stem cells can exhibit different quiescent profiles [START_REF] Cheung | Molecular regulation of stem cell quiescence[END_REF]. Quiescence is controlled by both intrinsic regulatory mechanisms and extrinsic signals [START_REF] Van Velthoven | Stem Cell Quiescence: Dynamism, Restraint, and Cellular Idling[END_REF]. Cells within a stem cell population can show different degrees of proliferation like in hematopoietic stem cells (HSCs) or hair follicle stem cells (HFSCs) that can reversibly switch from dormancy to cycling during normal homeostasis and wound repair [START_REF] Taylor | Involvement of Follicular Stem Cells in Forming Not Only the Follicle but Also the Epidermis[END_REF][START_REF] Blanpain | Self-Renewal, Multipotency, and the Existence of Two Cell Populations within an Epithelial Stem Cell Niche[END_REF][START_REF] Nowak | Hair Follicle Stem Cells Are Specified and Function in Early Skin Morphogenesis[END_REF][START_REF] Wilson | Hematopoietic Stem Cells Reversibly Switch from Dormancy to Self-Renewal during Homeostasis and Repair[END_REF]. mTOR signaling, which is known to control cell-cycle functions, has been implicated in the regulation of stem and progenitor cells. The following paragraphs present the molecular signatures that influence self-renewal and differentiation in a selection of adult stem/progenitor cells and in induced pluripotent stem cells (iPSCs) (Figure 7).

Toolbox 2:

Pulse and chase label-retaining assay to study quiescence Bromodeoxyuridine (BrdU) is commonly used to label a cell's DNA, and BrdU-labeled DNA can be tracked with an antibody against BrdU. Cycling cells (including cycling stem cells) can be labeled using BrdU but this labeling is diluted and lost during cell division. Label-retaining cells can thus be identified as slow-cycling cells, a characteristic of somatic stem cells.

Figure 6: Label retaining assay for quiescent cells. Cells are labeled for a duration (t0 to t1). At t2, rapidly dividing cells will have diluted the label while infrequently cells will have retained the label. Adapted from Solius et al., (2018). Hematopoietic Stem Cells (HSCs) are multipotent cells that can develop into all types of blood cells and into the cells that make up the immune system. The multipotent stem cell (MPP) can commit into one of two lineages: the myeloid-lineage or lymphoid-lineage that both give rise to various specialized cells (Figure 8). In mammals, these stem cells are present during embryonic development (in the developing embryo and the umbilical cord) and are then found in the peripheral blood and bone marrow in adults (Figure 7 above). They mostly exist in a state of quiescence or reversible growth arrest, like most adult stem cells [START_REF] Cheung | Molecular regulation of stem cell quiescence[END_REF].

Using an in vivo OP-Puro assay (see Figure 3 from Liu et al. 2012), HSCs were shown to display low rates of protein synthesis relative to differentiated hematopoietic cells (Signer et al. 2014). This translation was dependent on mTOR signaling (Figure 8). Rapamycin treatment, and mutations that reduce mTOR signaling increase HSC lifespan [START_REF] Huang | Maintenance of hematopoietic stem cells through regulation of Wnt and mTOR pathways[END_REF]). In addition, the genes involved in DNA replication and cell-cycle progression were downregulated in quiescent HSCs compared to their activated counterparts (van Velthoven & Rando 2019). 

b. Translational signatures in Hair Follicle Stem cells (HFSCs)

Hair Follicle Stem Cells (HFSCs) play an essential role in the maintenance of hair homeostasis and are also slow-cycling cells. HFSCs are reserved in a niche called "bulge" described in [START_REF] Woo | SnapShot: Hair Follicle Stem Cells[END_REF] (Figure 9).

During the cyclic hair growth, each hair follicle undergoes phases of telogen (quiescence, resting), anagen (activation, regrowth), and catagen (degeneration).

Activation of the HFSCs during hair growth coincides with a profound increase in protein synthesis (Blanco et al. 2016). Indeed, committed progenitor cells at the inner root sheath (IRS) display the highest translation rate compared to other progenitors (Figure 9). This HFSC activation has been shown to depend on mTOR signaling (Deng et al. 2015). Interestingly, forced entry into the cell-cycle is not sufficient to reverse the translation repression found in HFSCs (Blanco et al. 2016). Protein synthesis rates were highest in differentiating but non-dividing cells.

The authors propose that global protein synthesis is determined by lineage commitment, but not by proliferation.

The mechanics of how translation controls proliferation functions versus differentiation functions are unknown.

Nonetheless and as in HSCs, HFSCs genes involved in DNA replication and cell-cycle progression were downregulated in quiescent stem cell types compared to their activated counterparts (van Velthoven & Rando 2019). 

c. Translational Signatures in Muscle Stem Cells (MuSCs or satellite cells)

The satellite cells (or MuSCs) are small multipotent cells with very little cytoplasm, found in mature muscle.

MuSCs are the progenitors to skeletal muscle cells and are responsible for the ability of muscle tissue to regenerate (Figure 10). When muscle cells undergo injury, quiescent satellite cells become activated and re-enter the cell cycle. These dividing cells then undergo myogenic differentiation to form new myotubes [START_REF] Siegel | Muscle satellite cell proliferation and association: new insights from myofiber time-lapse imaging[END_REF].

Satellite cells also show translation inhibition relative to their activated progeny (Figure 10) (Zismanov et al. 2016). Satellite cells are maintained in a quiescent state with the phosphorylation of the translation initiation factor eIF2α (inhibiting protein synthesis). Dephosphorylation of eIF2α induces the general mRNA translation that is required for the activation of the myogenic differentiation program (Zismanov et al. 2016). In addition, low mTOR signaling supports the quiescent state, whereas high mTOR signaling supports an active state [START_REF] Rion | mTOR controls embryonic and adult myogenesis via mTORC1[END_REF].

Like in HSC and HFSC, MuSC genes involved in DNA replication and cell cycle progression were downregulated compared to their activated counterparts (van Velthoven & Rando 2019). 

d. Translational signatures in Neural Stem Cells (NSCs)

Neural stem cells (NSCs) are the stem cells of the nervous system. They can differentiate into committed neural sub-types, such as neurons, astrocytes, or oligodendrocytes to support the nervous system. In adult mammalian brains, NSCs and ongoing neurogenesis have been described in the sub-ventricular zone in the hippocampus [START_REF] Kempermann | Neurogenesis in the Adult Hippocampus[END_REF].

Single-cell sequencing on neural stem cells (NSCs) after injury, showed a dramatic increase in the transcription of genes involved in ribosome biogenesis (Llorens-Bobadilla et al. 2015). This transcription leads to a primed translation machinery, as is required for the activation and differentiation of NSCs (Figure 11). In addition, mTOR activity is low in the quiescent state but rises in active NSCs, which are primed to differentiate [START_REF] Hartman | mTORC1 targets the translational repressor 4E-BP2, but not S6 kinase 1/2, to regulate neural stem cell self-renewal in vivo[END_REF], Meng et al. 2018). Interestingly, [START_REF] Saba | Translational control of stem cell function[END_REF] revealed that mTOR activity is modulated during differentiation (Figure 11). NSCs and their progenitor cells were isolated at various stages of differentiation towards olfactory bulb interneurons. Protein synthesis was found to rise and fall multiple times as neural differentiation progressed [START_REF] Baser | Onset of differentiation is posttranscriptionally controlled in adult neural stem cells[END_REF]. Additionally, mTORC1 activity drops at the onset of differentiation [START_REF] Baser | Onset of differentiation is posttranscriptionally controlled in adult neural stem cells[END_REF]). These observations argue for multiple phases of translational regulation during stem cell activation and differentiation. 

e. Translational signatures in induced Pluripotent Stem Cells (iPSCs)

Finally, iPSCs are pluripotent stem cells engineered from differentiated cells. These cells are obtained with the introduction of four genes encoding transcription factors in fibroblasts [START_REF] Takahashi | Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors[END_REF]. This discovery granted Yamanaka and Sir Gurdon the Nobel Prize in 2012. The four genes Myc, Oct3/4, Sox2 and Klf4

(collectively known as the Yamanaka factors) encode reprogramming factors. The previous combination is the most conventional for iPSC production but other products of specific sets of pluripotency-associated genes can reprogram somatic cells into stem cells [START_REF] Shu | Induction of Pluripotency in Mouse Somatic Cells with Lineage Specifiers[END_REF][START_REF] Guo | Research on induced pluripotent stem cells and the application in ocular tissues[END_REF].

mTOR activity has been shown to play a critical role in the generation of iPSCs (Figure 12). In induced pluripotent stem cells (iPSCs), mTOR activation or increased 4E-BP phosphorylation prevents the induction of pluripotency. The reprogramming of somatic cells collected from Tsc2-/-mice embryos, in which the mTOR activity is hyperactivated, is entirely inhibited [START_REF] He | An Elaborate Regulation of Mammalian Target of Rapamycin Activity Is Required for Somatic Cell Reprogramming Induced by Defined Transcription Factors[END_REF]. Correspondingly, inhibition of the mammalian target of rapamycin (mTOR) pathway by rapamycin or PP242 enhances the efficiency of reprogramming to iPSCs (Chen et al. 2011). 

mTOR and its roles in promoting organismal longevity

The Importantly, stem cells play a vital role in preventing the ageing of organs and tissues. As such, longevity is highly dependent on stem cell functions. During ageing, stem cells decline in their regenerative abilities through defects in the maintenance of quiescence or bias towards differentiation [START_REF] Brunet | Ageing and rejuvenation of tissue stem cells and their niches[END_REF]. Unsurprisingly, mTOR has emerged as a major regulator of cell and organism longevity [START_REF] Kapahi | TOR Pathway: Linking Nutrient Sensing to Life Span[END_REF][START_REF] Evans | TOR signaling never gets old: aging, longevity and TORC1 activity[END_REF]. On an organismal level, reduced mTOR signaling induces a lifespan extension in yeast, nematodes, insects and mammals (Figure 13, from [START_REF] Kapahi | With TOR, less is more: a key role for the conserved nutrient-sensing TOR pathway in aging[END_REF]. The links between mTOR inhibition and lifespan extension can be explained by effects associated to cell quiescence: lowered metabolic, molecular and biochemical activities reduce the molecular damages associated to ageing [START_REF] Tümpel | Quiescence: Good and Bad of Stem Cell Aging[END_REF]. Accumulation of senescent cells appear to be an important source of chronic increases in inflammatory signals during ageing, promoting the development of diseases. Stem cells express tumor suppressor genes that also prevent the development of cancer [START_REF] Campisi | Cellular senescence: A link between cancer and age-related degenerative disease? Semin[END_REF]. Moreover, mTOR inhibition mimics dietary restriction which has been shown to increase lifespan in many species [START_REF] Partridge | Mechanisms of ageing: public or private?[END_REF]. Indeed, the activity of nutrient-signaling pathways such as mTOR have been linked to organismal ageing [START_REF] Kapahi | TOR Pathway: Linking Nutrient Sensing to Life Span[END_REF][START_REF] Kapahi | With TOR, less is more: a key role for the conserved nutrient-sensing TOR pathway in aging[END_REF]. Taken together, these mTOR-mediated activities promote stem cell functions over time by preventing the accumulation of damage, loss of cell functions and development of diseases in organisms. The possibility of stem cell rejuvenation is of great interest to find strategies to counter ageing and age-dependent diseases. 

B. Kidney development and nephron progenitor cells in vertebrates

After introducing the elements that control the maintenance or differentiation of stem/progenitor cells, this part presents the nephron progenitor cells and kidney organ this PhD work is centered on. Kidney progenitor cells support kidney development during embryogenesis in vertebrates. Developmental kidney biology has heavily relied on the use of classical models such as the mouse (mammal), zebrafish (teleost) and Xenopus (amphibian).

Additionally, our understanding of kidney organogenesis has been biased towards mammalian modes of development, which is generally the case in developmental biology due to the discipline's links to the biomedical field. However, the use of Xenopus and zebrafish models have shown strong conservations in mammalian kidney developmental features. Many of the morphogenetic mechanisms have been discovered through these organisms and are shown to be conserved. All these organisms belong to the Osteichthyes ("bony fish") clade, sister group to the Chondrichthyes ("cartilaginous fish") clade (Figure 14). The Chondrichthyes clade holds a particularly interesting position for evo-devo studies to infer ancestral properties in gnathostomes (jawed vertebrates) (See 

The nephron as the functional kidney unit

In vertebrates, one compulsory organ for homeostasis and excretion is the kidney. The major functions of the vertebrate kidney are the removal of metabolic waste and the balance of salts and water. As such, osmolarity, blood pressure and volume and pH of body fluids are orchestrated by the kidneys.

These roles are fulfilled by nephrons -the functional kidney units -which derive from nephron progenitor cells. The nephron can be divided into different segments: a blood filtration unit and a tubule (Figure 15). The nephrons connect to a collecting duct system that carry waste out of the body. In vertebrates, the tubule structure shows a general orientation pattern, with a proximal via intermediate to distal orientation, and a well-organized segmentation (Desgrange & Cereghini 2015). This segmented structure is closely linked to the nephrons' function in homeostasis (absorption and excretion). The nephron is a highly conserved structure among vertebrates. Such conservation is assured by molecular circuits that are established during development, with similar expression patterns of transcription factors. These often only show differences in expression timing from species to species, and rather than in the pattern itself (Desgrange & Cereghini 2015).

Renal organogenesis: key features from vertebrate models

During embryonic development, the kidneys form from the intermediate mesoderm. This mesoderm is located between the paraxial mesoderm and the lateral plate mesoderm (Figure 16). The kidney organ derives from the intermediate mesoderm after gastrulation as a continuum along the anteroposterior axis, in distinct temporal sequences [START_REF] Dressler | The Cellular Basis of Kidney Development[END_REF].

In amniotes, the pronephros, mesonephros and metanephros constitute three stages of kidney morphogenesis (Figure 16). These three kidneys are characterized by an increasing number of nephrons. Initially, the intermediate mesoderm differentiates into the pronephros. The pronephros constitutes the most immature form of kidney and is transient during the larval stages of amphibians (Xenopus) or the final functional form for some species like hagfish. The mesonephros represents the second stage of the developing kidney and is the mature and functional kidney in cartilaginous fish (small-spotted catshark), actinopterygians (zebrafish) and amphibians (Xenopus). Finally, amniotes like mammals have a metanephros as a mature and functional kidney. 

a. The steps of nephron morphogenesis

Importantly, the morphological steps behind the formation of nephrons (the functional kidney units), are conserved even when general kidney organization differs between vertebrates [START_REF] Chambers | Advances in understanding vertebrate nephrogenesis[END_REF]. During pronephros, mesonephros and metanephros formation, nephron formation is the result of a MET (mesenchymalto-epithelial transition). Compared to other vertebrate groups, mammalian nephrogenesis has been extensively described. The same general morphological steps have been observed in various vertebrates (amphibians, mammals and teleosts: [START_REF] Romagnani | Renal progenitors: an evolutionary conserved strategy for kidney regeneration[END_REF], Desgrange & Cereghini (2015) Chondrichthyes (Hentschel 1991, Elger et al. 2003). The following paragraph describes the morphological steps of nephrogenesis in the mouse metanephros (See Figure 17 below for an illustration of these steps).

Mesenchymal cells aggregate near the tips of newly formed branches and begin the process of mesenchymal-to-epithelial (MET) conversion. The aggregates (condensing mesenchymal cells) first form a polarized renal vesicle, one end of which still contacts the ureteric bud epithelium. Then, a pretubular aggregate (PTA), is formed as the renal vesicle starts to epithelialize. A single cleft is then formed in the vesicle to generate the structure known as a comma-shaped body, followed by a second cleft that generates the s-shaped body. At this stage, the s-shaped body is already patterned along the proximal-distal axis which predicts a segmentation pattern (proximal, intermediate and distal). The distal end that had remained in contact with the ureteric bud epithelium has now fused to form a single, continuous epithelial tubule. Finally, the formation of the glomerular basement membrane forms the scaffold for the filtration barrier which supports mature nephron function. The conservation of the morphological steps of nephron formation between vertebrates is reflected by the conservation of developmental programs (Desgrange & Cereghini 2015). General kidney organogenesis in zebrafish, Xenopus, the small-spotted catshark and mice will be briefly described in the following paragraphs. The conservation of the genes involved in nephron progenitor cells and nephron formation are discussed along the way.

b. Teleost kidney organogenesis: case study of the zebrafish model

The zebrafish pronephros consists of two nephric ducts connected to a single glomerulus. Because of its simplicity, the zebrafish pronephros has been used extensively in genetic studies relating nephron structure and function to human kidney diseases [START_REF] Drummond | Kidney Development and Disease in the Zebrafish[END_REF]. The intermediate mesoderm (IM) starts to be visible by 12 hours post fertilization (hpf) as two bands of tissue located on each side of the embryo (Figure 18). The IM is defined by the expression of several transcription factors such as pax2a, pax8, lhx1a [START_REF] Gerlach | Kidney organogenesis in the zebrafish: insights into vertebrate nephrogenesis and regeneration[END_REF], six2 and wt1a [START_REF] Bollig | A highly conserved retinoic acid responsive element controls wt1a expression in the zebrafish pronephros[END_REF], Camarata et al. 2018, respectively). Pronephros development is the result of a gradual mesenchymal-to-epithelial transition (MET) from anterior to posterior. Bilateral pronephric ducts can be observed at 16-24 hpf. These ducts attach to the anterior ends to a single glomerulus by 36-40 hpf. By 48 hpf, glomerular filtration can begin as capillaries from the dorsal aorta ingress into the developing renal corpuscle. The pronephros then acts as a scaffold for the development of the definite kidney form, the mesonephros (Figure 19A). This process begins around 10 days post-fertilization in zebrafish, during postembryonic metamorphosis from larva to juvenile (Diep et al. 2015). Mesonephric development depends on small clusters of mesenchymal progenitor cells (also called basophilic aggregates) adjacent to the pronephric tubule and that give rise to mesonephric nephrons (Figure 19B from Diep et al. 2015). These mesenchymal cell clusters are proliferative (as demonstrated by BrdU incorporation) and express wt1b, pax2a and lhx1a transcription factors (Diep et al. 2011, 2015, Figure 19abc), like the progenitor cells that underly pronephros development. These progenitor cells epithelialize and eventually form the mesonephric nephrons from anterior to posterior on the pronephric duct (from Diep et al. 2015). 

c. Amphibian kidney organogenesis: case study of frogs and salamanders

Studies on kidney organogenesis in Xenopus have shown conserved features with zebrafish. The IM starts to form at stage 12.5 (Figure 20). As in the zebrafish, lhx1, pax2 and pax8, six2 and wt1 are also found in the xenopus IM [START_REF] Carroll | Wilms' tumor suppressor gene is involved in the development of disparate kidney forms: evidence from expression in the Xenopus pronephros[END_REF], Ghanbari et al. 2001[START_REF] Buisson | Pax8 and Pax2 are specifically required at different steps of Xenopus pronephros development[END_REF], Espiritu et al. 2018, respectively).

Additionally, these genes are expressed in the developing pronephros (Figure 20). Cells from the IM undergo a MET to shape the two pronephric ducts. In Xenopus, the nephron structure differs from teleosts or mammals. The glomus filtration unit is not connected with the tubule (a "non-integrated" nephron) but instead projects in the coelomic cavity, where the filtered blood is released through three ciliated funnels called nephrostomes (Desgrange & Cereghini 2015).
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B. Sections through the mesonephric region of a 13 mm tadpole show small spherical condensations in the blastema. Gray (1930) refers to these cells as "specialized mesenchymal cells" which seem to correspond to the mesenchymal aggregates observed in the mouse embryonic kidney and to the basophilic aggregates described in the mesonephros of the zebrafish larva. These cells then form vesicles (named "nephroblast vesicles" by Gray) and follow the morphological steps of nephron formation. In another type of amphibian model, amblystoma (types of salamanders), O'connor (1939) performed experiments on the mesonephric development after pronephros obstruction. These experiments were designed so that the obstructed pronephric duct could not reach the mesonephric region. Certain species could still develop a mesonephros independently from the pronephric duct while others could not. Interestingly, in the latter case, mesonephric cells would still aggregate into histologically distinguishable cells but would not form tubules. These studies suggest that the intrinsic properties of the mesonephric cells vary between species. In certain amblystoma, the mesonephric cells are able to deploy the correct developmental program on their own while in others, the developmental program depends on contact with the pronephros (O'connor 1939). At this point, the genes characterizing the nephron progenitor cells involved in mesonephric development in amphibians are unknown.

d. Chondrichthyes Kidney organogenesis: the case of the small-spotted catshark.

Like in teleost and amphibians, the definite kidney form in Chondrichthyes (cartilaginous fish) is also the mesonephros. Compared to other vertebrate clades, descriptions of early kidney development in elasmobranchs or Chondrichthyes have been scarce. Morphological descriptions of development can be found in Ballard's developmental table [START_REF] Ballard | A Series of Normal Stages for Development of Scyliorhinus canicula, the Lesser Spotted Dogfish (Chondrichthyes: Scyliorhinidae)[END_REF]. This table describes embryonic development of the small-spotted catshark, S.

canicula. The pronephric kidney is first mentioned in stage 19 as a thin organ starting from the middle of the embryo's body and elongating further posteriorly in stage 20 (Figure 22A). At this stage, the pronephric ducts already display pronephric tubules [START_REF] Ballard | A Series of Normal Stages for Development of Scyliorhinus canicula, the Lesser Spotted Dogfish (Chondrichthyes: Scyliorhinidae)[END_REF]. In stages 21-23, the longitudinal kidney ducts extend to reach contact with the cloacal cavity [START_REF] Ballard | A Series of Normal Stages for Development of Scyliorhinus canicula, the Lesser Spotted Dogfish (Chondrichthyes: Scyliorhinidae)[END_REF]. In stage 23, mesonephric tubules take shape along the kidney ducts [START_REF] Ballard | A Series of Normal Stages for Development of Scyliorhinus canicula, the Lesser Spotted Dogfish (Chondrichthyes: Scyliorhinidae)[END_REF]. Otherwise, Pax2 expression was found in the developing kidney in a stage 25 embryo in a paper about the development of the nervous system of S. canicula, (see 

e. Mammalian Kidney organogenesis: case study of the mouse

The definitive kidney is the metanephros in all amniotes. Renal development in mice is reviewed in [START_REF] Davidson | Mouse kidney development[END_REF]. The expression of Pax2 and Lhx1 is also found in the mouse IM, where it was first characterized (Dressler et al. 1990, Fujii et al. 1994, Tsang et al. 2000). The first morphological indication of unique derivatives arising from the intermediate mesoderm is the formation of the pronephric duct around day 8 of embryogenesis (Figure 23). As development continues, a linear array of epithelial tubules is formed that extends medio-ventrally toward the dorsal aorta. These tubules are derived from mesenchymal progenitor cells adjacent to the primary nephric duct. The mesenchymal cells and the nephric duct constitute a region known as the nephric cord.
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Pronephric tubules are situated anteriorly, while the more caudal mesonephric tubules have formed convoluted proximal tubule-like structures and glomeruli (Figure 23). Then, metanephros formation begins. Starting as an outgrowth of the primary mesonephric duct (called the ureteric bud) around E11, this structure extends into the surrounding nephrogenic mesenchyme (NM) and undergoes branching morphogenesis (Figure 23). The nephrogenic mesenchyme contains nephron progenitor cells that have been found to express Six2, Pax2, Wt1 and Eya1 transcripts (see Figure 23), similarly to the nephron progenitors in zebrafish and Xenopus. However, Lhx1

transcripts are found in the first epithelial structures (renal vesicles) initiating nephrogenesis after MET of the nephrogenic mesenchyme (see Figure 23), in contrast with zebrafish and Xenopus. Angiogenesis is observed within glomeruli from E15 in the mouse meaning that blood filtration is taking place through metanephric nephrons from this stage. Tightly orchestrated branching morphogenesis will bring the total number of nephrons in the adult metanephros to 12,000 in the mouse and one million in humans. 

Genetic control of nephron progenitor cells

Several Osteichthyes models have paved our understanding towards kidney evolution in vertebrates.

Taken together, these descriptions point towards a general conservation of the genes expressed in the nephron progenitor cells during pronephric, mesonephric or metanephric nephron formation in vertebrates (see Results 3

for the characterization of molecular data on S. canicula nephron progenitors). Kidney formation relies on the precise control of the self-renewal and differentiation signals in the progenitor cell populations. Best characterized in mice, the genes and molecular pathways behind nephron progenitor cell behaviors are presented next.

a. Genes involved in kidney progenitor functions in the mouse:

In mice, the nephron progenitor cell population is called the nephrogenic mesenchyme (NM) or capmesenchyme (CM) for its cap-like structure around the branching ureteric system. The genes defining the nephron progenitor cell population are found to be involved in self-renewal, proliferation, MET or are keystone transcription factors that control transcriptional programs.

Six2 in self-renewing nephron progenitor cells

Six2 is arguably the most defining gene for the nephron progenitor cells. The sine oculis (SIX) family of transcription factors are key regulators of developmental processes during embryogenesis. Members of this family control gene expression to promote self-renewal of progenitor cell populations and govern mechanisms of cell differentiation [START_REF] Meurer | The SIX Family of Transcription Factors: Common Themes Integrating Developmental and Cancer Biology[END_REF]. Six2 is known to play a role in self-renewal of NPCs and is down-regulated during nephron epithelization (Self et al. 2006). Loss of Six2 in mammals induces premature loss of the nephrogenic mesenchyme (Self et al. 2006). Lineage tracing revealed the Six2+ cells give rise to all the diverse cell types of the nephron (Kobayashi et al. 2008). Six2 has been shown to interact with Eya1 and Myc to regulate NPC expansion during nephrogenesis [START_REF] Xu | Eya-Six are necessary for survival of nephrogenic cord progenitors and inducing nephric duct development prior to ureteric bud formation[END_REF]. Additional Six genes (Six1, Six4) have been implicated in nephron progenitor survival [START_REF] Xu | Six1 is required for the early organogenesis of mammalian kidney[END_REF], Kobayashi et al. 2008).

Cited1 in self-renewing nephron progenitor cells

Cbp/p300-interacting transactivator 1 or Cited 1 is restricted to the region of the nephrogenic zone closest to the periphery of the kidney [START_REF] Boyle | Fate mapping using Cited1-CreERT2 mice demonstrates that the cap mesenchyme contains self-renewing progenitor cells and gives rise exclusively to nephronic epithelia[END_REF][START_REF] Mugford | High-resolution gene expression analysis of the developing mouse kidney defines novel cellular compartments within the nephron progenitor population[END_REF]). Cited1+ cells have been shown to be selfrenewing and to contribute to the epithelial components of the nephron [START_REF] Boyle | Fate mapping using Cited1-CreERT2 mice demonstrates that the cap mesenchyme contains self-renewing progenitor cells and gives rise exclusively to nephronic epithelia[END_REF]. It is thought that Six2+Cited1+ cells represent the uninduced, self-renewing population [START_REF] Mugford | High-resolution gene expression analysis of the developing mouse kidney defines novel cellular compartments within the nephron progenitor population[END_REF], Brown et al. 2013) while the Six2Cited1-population, closer to the region of nephron formation, is thought to have been induced

(committed to differentiation and to MET). This spatially differential gene expression pattern denotes that the CM is heterogeneous. This has since been confirmed by recent single-seq RNA sequencing of nephron progenitor cells [START_REF] Menon | Single-cell analysis of progenitor cell dynamics and lineage specification in the human fetal kidney[END_REF][START_REF] Wang | Dissecting the Global Dynamic Molecular Profiles of Human Fetal Kidney Development by Single-Cell RNA Sequencing[END_REF][START_REF] Bais | Single-cell RNA sequencing reveals differential cell cycle activity in key cell populations during nephrogenesis[END_REF]. [START_REF] Kopan | Chapter Eleven -Nephron Progenitor Cells: Shifting the Balance of Self-Renewal and Differentiation[END_REF] raised the question of the regulation of these patterns: the CM could be divided in distinct subpopulations or could be populated by cells oscillating between self-renewal and differentiation-ready states (as has been described in neural stem cells by [START_REF] Imayoshi | Essential roles of Notch signaling in maintenance of neural stem cells in developing and adult brains[END_REF][START_REF] Kageyama | Dynamic control of neural stem cells by bHLH factors[END_REF].

Wt1 in nephron progenitor cells and glomeruli

Another key gene in kidney organogenesis is Wt1 or Wilms' tumor suppressor-1 gene. The Wilms' tumor suppressor-1 gene encodes a zinc finger transcription factor. In mammals, Wt1 expression in the developing kidney is initially observed at low levels in the nephrogenic mesenchyme (Armstrong et al. 1993 and[START_REF] Mundlos | Nuclear localization of the protein encoded by the Wilms' tumor gene WT1 in embryonic and adult tissues[END_REF].

Wt1 expression levels increase as the nephron mesenchymal progenitors undergo MET [START_REF] Hastie | Wilms' tumour 1 (WT1) in development, homeostasis and disease[END_REF]. As mesenchyme condenses into a pre-tubular structure, Wt1 expression becomes restricted to the cleft which will later form the Bowman's capsule, and finally becomes restricted to the podocytes of the glomerulus (Armstrong et al. 1993[START_REF] Mundlos | Nuclear localization of the protein encoded by the Wilms' tumor gene WT1 in embryonic and adult tissues[END_REF]. The phenotype of mutant mice lacking a functional Wt1 gene is the absence of an adult kidney, not simply a failure to form glomeruli [START_REF] Kreidberg | WT-1 is required for early kidney development[END_REF], pointing to early roles in nephrogenesis.

Eya1 in nephron progenitor cell survival

Eya1, a homolog of Drosophila eyes absent, is a critical regulator for specifying the metanephric mesenchyme (Kalatzis et al. 1998). This gene encodes a transcriptional co-activator that interacts with other transcription factors (like Six transcription factors) to induce the expression of target genes [START_REF] Ohto | Cooperation of Six and Eya in Activation of Their Target Genes through Nuclear Translocation of Eya[END_REF][START_REF] Jemc | The eyes absent family of phosphotyrosine phosphatases: properties and roles in developmental regulation of transcription[END_REF][START_REF] Xu | Eya1 Interacts with Six2 and Myc to Regulate Expansion of the Nephron Progenitor Pool during Nephrogenesis[END_REF][START_REF] Xu | Eya-Six are necessary for survival of nephrogenic cord progenitors and inducing nephric duct development prior to ureteric bud formation[END_REF][START_REF] Li | Chromatin Remodelers Interact with Eya1 and Six2 to Target Enhancers to Control Nephron Progenitor Cell Maintenance[END_REF]. Eya1-deficient mouse embryos do not form a morphologically distinct cap mesenchyme [START_REF] Xu | Eya1 -deficient mice lack ears and kidneys and show abnormal apoptosis of organ primordia[END_REF]. Eya1 acts during the early stages of metanephric kidney development to convert nephrogenic cord cells into metanephric mesenchyme [START_REF] Xu | Eya1 -deficient mice lack ears and kidneys and show abnormal apoptosis of organ primordia[END_REF][START_REF] Xu | Eya-Six are necessary for survival of nephrogenic cord progenitors and inducing nephric duct development prior to ureteric bud formation[END_REF].

Moreover, Eya1 interacts with Six2 to promote NPC self-renewal [START_REF] Xu | Eya1 Interacts with Six2 and Myc to Regulate Expansion of the Nephron Progenitor Pool during Nephrogenesis[END_REF][START_REF] Li | Chromatin Remodelers Interact with Eya1 and Six2 to Target Enhancers to Control Nephron Progenitor Cell Maintenance[END_REF].

Lim1/Lhx1 in nephron progenitor cells and epithelization

The Lhx1 gene (previously named Lim1) encodes a member of a large protein family which contains the LIM domain, a unique cysteine-rich zinc-binding domain. The encoded protein is a transcription factor important for the development of the renal and urogenital systems. Lhx1-null mice exhibit renal agenesis (Tsang et al. 2000).

Roles in NPC specification, mesenchymal-to-epithelial transition and in nephric duct survival have been demonstrated [START_REF] Davidson | Mouse kidney development[END_REF]. Lhx1 is also expressed in nascent nephrons during mesonephric and metanephric kidney development and is required at multiple steps of kidney development [START_REF] Davidson | Mouse kidney development[END_REF].

Pax2 and Pax8 in nephron progenitor cells survival and epithelization

Pax2 and Pax8 belong to the Pax genes, or Paired-Box Containing Genes, that play important roles in the development and proliferation of multiple cell lines, development of organs, and development and organization of the central nervous system [START_REF] Mansouri | Pax genes and their roles in cell differentiation and development[END_REF]. Pax2-null mice exhibit renal agenesis (Torres et al. 1995). Pax2

and Pax8 are expressed in early NPCs in mice (Torres et al. 1995[START_REF] Bouchard | Nephric lineage specification by Pax2 and Pax8[END_REF]. Expression persists in the nephric duct as it extends caudally and also appears in the NPCs of the mesonephros and metanephros [START_REF] Plachov | Pax8, a murine paired box gene expressed in the developing excretory system and thyroid gland[END_REF], Torres et al. 1995, Kobayashi et al. 2007[START_REF] Narlis | Pax2 and Pax8 Regulate Branching Morphogenesis and Nephron Differentiation in the Developing Kidney[END_REF]).

To resume, the nephron progenitor cells in mice express several genes that characterize their cell fate (self-renewal / survival and differentiation). These genes are useful molecular tools to track NPC populations in animal models. An exhaustive list of genes and molecules known to play a role in kidney organogenesis can be found in [START_REF] Kopan | Chapter Eleven -Nephron Progenitor Cells: Shifting the Balance of Self-Renewal and Differentiation[END_REF]. Moreover, the transcriptional profiles of NPCs interact with various molecular pathways that play on the balance between self-renewal and differentiation.

b. The signaling pathways that control the fate of mouse nephron progenitor cells:

The next paragraphs aim to illustrate how molecular pathways control nephrogenesis in the mouse nephrogenic mesenchyme. Unsurprisingly, the mTOR pathway has been shown to have an essential role for nephrogenesis: loss of one mTOR allele caused a reduction in nephron numbers and complete deletion leads to severe paucity of glomeruli and early death after birth (Volovelsky et al. 2018). Additionally, the WNT, FGF and When the Frizzled receptor is activated by WNT (ON), Dishevelled (DVL) becomes phosphorylated and is recruited to the receptor. Upon this activation, the GSK-3β/Axin/CK1α complex is disrupted and no longer interacts with βcatenin, allowing its accumulation in the cytoplasm and subsequent translocation into the nucleus. Upon entering the nucleus, β-catenin forms a complex with several proteins including LEF/TCF proteins, initiating transcription of target genes. Modified from [START_REF] Russell | Wnt/β-Catenin Signaling in Liver Development, Homeostasis, and Pathobiology[END_REF]. Right: TORC1 integrates intra-and extracellular environmental cues through discrete signaling modules that sense and relay diverse inputs to a central ''signaling core'' (in green). This figure summarizes biochemical evidence from various studies that have identified the inputs, including WNT signaling and outputs of TORC1. Various outputs (in gray) that keep cellular growth in balance with the environment are regulated by TORC1. Modified from [START_REF] Kapahi | With TOR, less is more: a key role for the conserved nutrient-sensing TOR pathway in aging[END_REF].

In general, low levels of beta-catenin activity maintain renewal targets while high level activity induces differentiation targets in nephron progenitor cells (Ramalingam et al. 2018) (Figure 25). Loss of β-catenin function in nephron progenitors blocks nephrogenesis, while constitutive activation of β-catenin is associated with premature depletion of the progenitor population (reviewed in [START_REF] Schedl | Renal abnormalities and their developmental origin[END_REF]. During development, the ureteric bud expresses

Wnt9b which begins the epithelization signals. Wnt9b is thought to be antagonized by Six2 complexes in nephron progenitor cells that affect the stabilization of β-catenin, resulting in low levels of Wnt signaling [START_REF] Park | Six2 and Wnt Regulate Self-Renewal and Commitment of Nephron Progenitors through Shared Gene Regulatory Networks[END_REF].

Indeed, the epithelialization of NPCs is inhibited by Six2 expression (Kobayashi et al. 2008). Wnt signaling (Wnt9b/Wnt4) is required for the formation of pre-tubular aggregates (PTA) and renal vesicles [START_REF] Stark | Epithelial transformation of metanephric mesenchyme in the developing kidney regulated by Wnt-4[END_REF][START_REF] Kispert | Wnt-4 is a mesenchymal signal for epithelial transformation of metanephric mesenchyme in the developing kidney[END_REF][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]. Thus, it is essential for PTAs to downregulate Six2 while the Wnt9b/Wnt4

signaling axis prompts a mesenchymal-to-epithelial transition (MET) and renal vesicle polarization [START_REF] Chambers | Advances in understanding vertebrate nephrogenesis[END_REF].

Moreover, upstream signals of the Wnt/β-catenin signaling pathway include the R-spondin (Rspo) family of secreted activator proteins [START_REF] Lau | The R-spondin/Lgr5/Rnf43 module: regulator of Wnt signal strength[END_REF]. Vidal et al. (2020) observed that R-spondin signaling is essential for the maintenance and differentiation of mouse nephron progenitor cells (Figure 25). R-spondin molecules (RSPO1-4) bind to Wnt receptor complexes and stabilize their availability, counteracting negative endocytosis regulations (See Figure 24 above). Specifically, the two molecules RSPO1 and RSPO3 were shown to influence stem-cell renewal and MET through Wnt/β-catenin signaling in nephron progenitor cells (Vidal et al. 2020). Firstly, genetic deletion of R-spondins in NPCs caused their rapid decline, showing a role in NPC survival and proliferation mediated through Wnt/β-catenin. Then, expression of Rspo3 in the stroma surrounding the nephron progenitor cells was shown be required to maintain progenitor cell survival. Finally, expression of Rspo1/3 was also required for MET, consistently with the Wnt-dependent induction of nephrogenesis. These results suggest that the dosage of WNT agonists gene products, both in nephron progenitor cells and in the microenvironment, direct progenitor cell maintenance and differentiation.

In addition, interactions between FGF, BMP and Wnt pathways regulate nephron progenitor fate [START_REF] Dudley | Interaction between FGF and BMP signaling pathways regulates development of metanephric mesenchyme[END_REF], Brown et al. 2013) (Figure 25). FGF9/20 are associated to maintenance and self-renewal in nephron progenitors [START_REF] Barak | FGF9 and FGF20 Maintain the Stemness of Nephron Progenitors in Mice and Man[END_REF]. Epithelization is associated to FGF8 signaling and Wnt4 [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].

Fgf8 and Wnt4 are thought to control the de novo activation of Lhx1 [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], further prompting tubulogenesis. Bmp7 functions as a pro-survival factor of nephron progenitor cells in the nephrogenic mesenchyme.

In Bmp7 mutants, the metanephric mesenchyme starts undergoing apoptosis at E13.5 and is lost by E16.5 [START_REF] Dudley | Interaction between FGF and BMP signaling pathways regulates development of metanephric mesenchyme[END_REF]. As a result, Bmp7 deficient embryos exhibit a depletion of nephron progenitor cells, premature termination of kidney development, and reduced UB branching [START_REF] Dudley | Interaction between FGF and BMP signaling pathways regulates development of metanephric mesenchyme[END_REF]. More recently, BMP7 signaling was shown to promote the transition of CITED1+SIX2+ progenitors to CITED1-SIX2+ progenitors [START_REF] Brown | Role for compartmentalization in nephron progenitor differentiation[END_REF]. Additionally, this BMP-dependent transition is described to prime nephron progenitors for induction by Wnt/βcatenin signaling that initiates nephrogenesis [START_REF] Brown | Role for compartmentalization in nephron progenitor differentiation[END_REF]). This proposed model ensures that the CITED1+ progenitor compartments are sequestered from differentiation and maintained for future round of nephrogenesis [START_REF] Brown | Role for compartmentalization in nephron progenitor differentiation[END_REF]. 

c. The signaling pathways involved in the longevity of nephron progenitor cells in mice:

In mammals, Aves and some Sauropsida, nephrogenesis ends at or around birth with the depletion of the nephron progenitor cell population [START_REF] Wideman | Maturation of glomerular size distribution profiles in domestic fowl (Gallus gallus)[END_REF], Hartman et al. 2007, Camarata et al. 2016). This means that nephron endowment during development represents the final number of nephrons that will be functional in the kidneys. This depletion of the nephron progenitor cell populations has been linked to changing molecular signatures. The mTOR signaling pathway has been shown to influence cell and organismal longevity (see Part A) and this has also been the case for NPCs in mice. Additionally, Wnt signaling and metabolism have been correlated

with the ageing NPC molecular signatures.

The mTOR signaling pathway and nephron progenitor longevity Chen et al. (2015) demonstrated that genes/pathways differentiating young (E12,5 in Figure 26A) from old mouse nephron progenitors (P0 in Figure 26A) include pathways with known effects on organism and stem cell ageing, including mTOR and the translational machinery (Figure 26B) from Chen et al. (2015). This is cogent with translation upregulation in differentiating progenitor cells (see Part A). These transcriptomes were then related to functional experiments. Stemness functions were investigated in this paper as the progenitors' capacity to engraft in a niche (Chen et al. 2015). Old and young progenitors showed differences in their ability to stay within the niche over time. These results suggest that intrinsic age-dependent differences exist between the self-renewal properties of progenitors. Old progenitors display different molecular signatures away from stemness and towards epithelial-like signatures through elevated mTOR signaling, reduced FGF20 signaling and higher proliferation and exit rates (Chen et al. 2015). Importantly, old progenitors can engraft if they associate with young cells (Chen et al. 2015). Old nephron progenitors remained in a "young" niche with a 50% net gain of their lifespan but only when they were surrounded by young neighbors. This suggests that the internal "clock" of progenitors can be affected by their environment. The authors make the case for a threshold model: when a critical number of renal progenitor cells have old signatures, the retention signals in the niche become insufficient and global niche exit is promoted (Chen et al. 2015). Additionally, the morphology of the nephrogenic zone with a gradually thinning nephrogenic zone [START_REF] Rumballe | Nephron formation adopts a novel spatial topology at cessation of nephrogenesis[END_REF][START_REF] Short | Global Quantification of Tissue Dynamics in the Developing Mouse Kidney[END_REF]) has been proposed as a possible threshold point at which the final wave of differentiation is triggered [START_REF] Zubkov | A spatially-averaged mathematical model of kidney branching morphogenesis[END_REF].

In addition, hamartin (also called Tsc1 in Figure 24) was shown to impact stemness functions in NPCs in mice (Volovelsky et al., 2018). Tsc1 hemizygote kidneys (Six2 TGC+/tg;Tsc1+/-) showed more nephrons than Six2 TGC+/tg control kidneys. Progenitors from Tsc1 hemizygote kidneys showed better engraftment rates than controls. Both these results suggest that Tsc1 dosage affects nephrogenesis duration and nephron progenitor ageing rate, promoting stem cell maintenance and renewal. Though kidney size and nephron number are sensitive to mTOR dose, the effects of Tsc1 dosage were not impacted by mTOR dosage but were dependent on raptor (see raptor in Figure 24). The authors conclude that a reduction in hamartin has a net positive effect on nephron number by enabling progenitor expansion, acting independently of the mTOR complex but requiring raptor.

To further understand the role of hamartin in nephrogenesis, Jarmas et al. (2021) looked at the translatome in Tsc1 +/-NPCs over time in mice. They compared Six2 TGC+/tg;Tsc1+/-to Six2 TGC+/tg mice and saw changes in translational signatures related to Wnt signaling. In young control niches, WNT agonists are poorly translated resulting in low R-spondin and high FGF20, promoting self-renewal. As progenitors age, translation of WNT agonists (including R-spondin) and low FGF20, promote differentiation. At P0, control progenitors showed an abundance of WNT agonists compared to antagonists while hemizygote Six2 TGC+/tg;Tsc1+/-progenitors showed more antagonists. The authors conclude that the prolonged nephrogenic effect of hamartin is explained by a translational effect on the balance of WNT agonist vs. antagonists. Intriguingly, the regulation of translated transcripts by reduced Tsc1 dosage is not associated with global elevation in mTOR activity in the NPCs. How Tsc1 affects the selective translation of WNT gene products has not been determined yet.

Changes in metabolic signatures were also found in NPCs as they age: young NPCs use glycolysis to a greater extent than old NPCs [START_REF] Liu | Regulation of Nephron Progenitor Cell Self-Renewal by Intermediary Metabolism[END_REF]. Glycolysis is positively regulated by the PI3K/Akt pathway (See this regulation in Figure 24). The inhibition of glycolysis in young NPCs was shown to accelerate differentiationsupporting a link between glycolysis and maintenance of the self-renewing state. The authors demonstrated a link between metabolism and the threshold for differentiation by Wnt/β-catenin signaling. They propose a model (Figure 27) in which NPCs progressively decrease glycolysis metabolism and become sensitized to the Wnt/β-catenin pathways, skewing the balance in favor of differentiation [START_REF] Liu | Regulation of Nephron Progenitor Cell Self-Renewal by Intermediary Metabolism[END_REF]. As such, they determined that glycolysis is a pivotal, cell-intrinsic determinant of NPC longevity, with a high glycolytic flux supporting self-renewal and inhibition of glycolysis stimulating differentiation. The authors comment that progenitor ageing is not accompanied with changes in transcripts of glycolytic genes. They suppose a post-translational regulation for glycolysis downregulation. Here, selective translation of genes involved in glycolysis correlate with stemness functions, in a general context of translation inhibition. The depletion of the embryonic nephron progenitor cells makes the replacement of nephrons impossible in adult mammals with kidney injury or disease. Nephron loss is compensated with nephron hypertrophy which consists of the enlargement of tubular epithelial and glomerular cells of the nephron. Though new nephrons cannot form, some degree of nephron repair is possible with resident and circulating renal stem/progenitor cells in response to daily homeostasis needs or in response to injury in mammals. Different types of adult stem/progenitor cells have been observed to support kidney reparation. They include circulating progenitor cells (originating from the bone marrow) or residential progenitor-cells (in the renal corpuscle, tubule, renal interstitium or renal papilla). [START_REF] Huang | Stem/progenitor cell in kidney: characteristics, homing, coordination, and maintenance[END_REF] review the characteristics, homing, coordination and maintenance of these adult progenitor cells in humans and mice. Intriguingly, SIX2+ urine-derived progenitor cells from healthy human adults were documented in 2020 [START_REF] Rahman | The FGF, TGFβ and WNT axis Modulate Self-renewal of Human SIX2 + Urine Derived Renal Progenitor Cells[END_REF]. These cells express renal stem cell markers (SIX2, CITED1, WT1) and could be differentiated into renal epithelial proximal tubular cells. Nonetheless, evidence of nephron formation after birth in humans is non-existent, pointing to the loss of a highly orchestrated molecular microenvironment necessary for nephrogenesis.

Though the longevity of nephron progenitor cells is limited to embryonic development in mammals, the cessation of nephrogenesis is actually not the norm in the vertebrate tree of life. Many animals continue to form nephrons after embryonic development (neonephrogenesis) with the persistence of nephrogenic tissue into adulthood. Part C below introduces the known histological and molecular features behind adult nephron progenitor cells in Osteichthyes and Chondrichthyes models.

C. The maintenance of nephron progenitor cells after embryonic development

Part B described how nephron progenitor cells become depleted in mammals at birth. Interestingly, postembryonic nephron formation has been documented in certain birds up-to 3 months after birth [START_REF] Wideman | Maturation of glomerular size distribution profiles in domestic fowl (Gallus gallus)[END_REF] and up to 5 years after birth in turtles [START_REF] Solomon | The morphology of the kidney of the green turtle (Chelonia mydas L.)[END_REF]. Notably, many vertebrates show a persistence of nephron formation into adulthood (Figure 28, groups represented in green). This suggests that nephron progenitors are maintained in the kidney. Experimental data about this capacity include histological signs of mesenchymal aggregates and nephrogenesis, adult nephrogenic cells expressing renal-progenitor markers and de novo nephron formation following kidney injury or ablation in juvenile and adult organisms. In this final part of the introduction, the process of post-embryonic nephrogenesis (neonephrogenesis) is illustrated in various vertebrates with molecular data when it is available. Evidence of adult progenitor cells or adult nephron formation has been reported in teleosts (killifish, medaka, toadfish, tomcod, tilapia, rainbow trout and zebrafish), amphibians (frogs), elasmobranch (small-spotted catshark), young testudines (turtles), certain squamates (lizards and snakes) and crocodilian (American alligator). Postembryonic nephron formation has been described in some birds. De novo nephron formation after kidney-injury has been documented in teleosts, elasmobranch (the little skate).

Histological evidence of adult nephron formation in different vertebrate groups

While nephrogenesis stops around birth in mammals, additional nephrons can be produced at the juvenile and adult stage of several vertebrate groups such as teleosts, amphibians, cartilaginous fish, squamates, crocodilia or testudines. Most teleosts continue to form nephrons after mesonephric development [START_REF] Reimschuessel | A Fish Model of Renal Regeneration and Development[END_REF].

Several papers have demonstrated this nephron forming ability in experiments of kidney injury on adult teleosts such as goldfish, medaka, zebrafish or killifish (reviewed in [START_REF] Reimschuessel | A Fish Model of Renal Regeneration and Development[END_REF]. Injury-based kidney regeneration protocols are commonly based on the administration of nephrotoxic substances such as an intraperitoneal injection of gentamicin (an aminoglycoside antibiotic) (Reimschuessel et al. 1990) or partial removal of kidney tissue (Elger et al. 2003). Amphibians like Rana temporaria have also been found to maintain this capacity in the postmetamorphic kidney (Gray 1930). Crocodilia and squamates (the lizard Uromastyx aegyptia and the Boa constrictor) were found to show evidence of adult nephrogenesis (Camarata et al. 2016). Chelonia mydas and Chrysemys picta turtles retain the ability to differentiate new functional nephrons at least until five years old [START_REF] Solomon | The morphology of the kidney of the green turtle (Chelonia mydas L.)[END_REF], Camarata et al. 2016). Finally, elasmobranch cartilaginous fish like the little skate, Leucoraja erinacea, (Elger et al. 2003) as well as in the spiny dogfish, Squalus acanthias (Elger et al. 2003) and small-spotted catshark, Scyliorhinus canicula (Hentschel 1991), were found to have adult nephrogenic tissues.

These documented examples show a conservation of the types of cells involved in post-embryonic nephron formation. In all reported cases, mesenchymal cells can be seen in aggregates in a way that is histologically distinguishable from the rest of the kidney mesenchyme (circled in yellow, Figure 29), reminiscent of embryonic nephron progenitor cells. They give rise to new nephrons through mesenchymal-to-epithelial transitions (Figure 29, 1, 2, 3 in Zebrafish). The molecular properties of these post-embryonic nephron progenitor cells have been studied in the zebrafish and in the American alligator and are presented in the next paragraphs. 

Molecular signatures behind adult nephron progenitor cells: the case of zebrafish

In teleost, the nephrogenesis process is extensive during the juvenile phase and slows down later on when body size and nephron number are adequate [START_REF] Reimschuessel | A Fish Model of Renal Regeneration and Development[END_REF]. Nephron progenitor cells in zebrafish are dispersed within the renal interstitium and aggregate to initiate nephrogenesis (Davidson 2011, see Figure 30).

The latent stem cells responsible of neonephrogenesis are organized as basophilic aggregates (see Figure 29 above) like in embryos and larvae. In zebrafish, several reporter lines were used to track nephron progenitor fate
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and mark new nephrons formed upon kidney damage (Zhou et al. 2010, Diep et al. 2011). After kidney-injury in the zebrafish, mesenchymal cells were found to aggregate, epithelialize into renal vesicle-like bodies and elongate into nascent nephrons on the distal portions of existing nephrons (Diep et al. 2011, Gallegos et al. 2019) (Figure 30, ABCDE). The adult mesenchymal aggregates expressed the same transcriptions factors that define NPCs during embryogenesis, lhx1a, wt1b and pax2a, six2a and were shown to support adult nephrogenesis (Watanabe et al. 2009, Zhou et al. 2010, Diep et al. 2011, Figure 30, abc). This seems to confirm a persistence of embryonic NPCs into adulthood. In addition, NPCs can be transplanted and form new nephrons in the recipient kidneys (Diep et al. 

Molecular signatures behind adult nephron progenitor cells: the case of the American alligator

Several Sauropsida (broadly equivalent to the outdated reptile family) have been shown to display adult nephrogenesis. Histological analysis of adult kidneys of six species have shown the presence of condensed mesenchyme surrounding tips of terminal duct branches (See Figure 29 above, Camarata et al., 2016). In the American alligator, the histological features of the mesenchymal aggregates and of nephrogenesis were similar in the juvenile and adult kidneys to those observed during embryonic development. In contrast with the circulating zebrafish progenitor cells, Sauropsida exhibit residential progenitor cells in specific locations in a highly organized manner (Camarata et al. 2016). Multiple zones of neonephrogenic tissue in alligators were described under the kidney capsule (Figure 31), a tough fibrous layer surrounding the kidney. Asynchronous levels of nephrogenesis could be observed. In the same paper, differences in distribution of nephrogenesis events are discussed. Most Sauropsida species surveyed showed random distribution of nephrogenesis with respect to the surface of the kidney, contrary to the alligator. The authors discuss a link between the structure of the branching duct system and events of nephrogenesis. 4. The case of the persistence of nephron progenitors in adult Chondrichthyes:

Organization of the adult Chondrichthyes kidney

The renal architecture of Scyliorhinus canicula was described by Hentschel (1987) in the Zoomorphology journal. In S. canicula, the mesonephros is a paired and elongated organ located retroperitoneally close to the vertebrate column. While the two kidneys appear as individual structures in the anterior part of the body, these two structures become fused in a compact organ in the caudal region (Hentschel 1987). In the same publication, Hentschel described the kidney as irregular: displaying several lobules that are arranged segmentally (Figure 33, left, from Hentschel, 1991). This metameric structure is not apparent in the thick caudal part of the kidney. Several ureters run parallel to the paired archinephric ducts (or Wolffian ducts). Hentschel supposed that each lobule is individually drained through secondary ureters that flow independently into the urinary bladder at the caudal end of the kidney. He also described a fine and dense capillary network in between the two kidneys, or interrenal organ, which is homologous to the adrenal medulla in other vertebrates.

Using serial paraffin sections, Hentschel described a kidney zonation divided in two major compartments:

the mesial zone and the lateral bundle zone (Figure 33, left). Similar zonation has been described in the kidneys of the little skate (Leucoraja erinacea) and of the spiny dogfish (Squalus acanthias) [START_REF] Lacy | The elasmobranch kidney[END_REF]. Nephrons connect to the collecting duct-ureter system in the bundle zone area. Tubular structures are large in the mesial zone and are smaller and condensed in the lateral bundle zone. Hentschel did extensive work to understand the course of nephrons. Briefly, each nephron achieves two hairpin loops in the lateral bundle zone and two large convolutions in the mesial zone while the renal corpuscle (or glomerulus) stands between the two zones (see Figure 33, left). The bundle zone reflects a unique elasmobranch feature. Each nephron is surrounded by a sheath system that functions as insulating devices to build up gradients along the tubules (Hentschel 1987(Hentschel , 1991)). A bundle consists of 5 canals (occasionally 7 to 9) which are portions of one single nephron. Thus, the classic vertebrate nephron segmentation is conserved but the organization in bundles makes the elasmobranch kidney completely different from all other known groups. This type of organization been only been reported in sharks and skates [START_REF] Lacy | 5 Functional Morphology of the Elasmobranch Nephron and Retention of Urea[END_REF]. Hentschel identified the neonephrogenic zone (Figure 33, right, circled in yellow) in between the mesial and bundle zone in both the left and right kidneys in the adolescent and adult kidneys of S. canicula. In the little skate, the nephrogenic zone is also between the mesial and bundle zone, located ventro-laterally (Elger et al. 2003). 

The nephrogenic zones in elasmobranch kidneys

In elasmobranch, the nephrogenic zone is located in a specific portion of the kidney (between the mesial and bundle zones) as nephrogenic tissue, similar to Sauropsida and in contrast with zebrafish. In young skates, the nephrogenic tissue formed a ribbon-like structure along the entire kidney. In older animals, the band was discontinuous (Elger et al. 2003). The nephrogenic zone in elasmobranch is characterized by mesenchymal aggregates (Figures 34, circled in yellow) in a loose extra-cellular matrix (Hentschel 1991, Elger et al. 2003).

Early stages of nephron development can also be observed (Hentschel 1991, Elger et al. 2003, Figure 34,B: arrowheads). Similar morphological steps of nephrogenesis are described in the little skate (Elger et al. 2003) and in the small-spotted catshark (Hentschel 1991), in accordance with other vertebrates. Additionally, this specific zone could be stimulated for regeneration in a partial nephrectomy model (Elger et al. 2003). Hentschel (1991) and Elger et al. (2003) proposed that the mesenchyme in the nephrogenic zone provides self-renewing cells for ongoing nephrogenesis and is embryonic renal tissue that has persisted in the adult kidney.

The molecular information about the genes expressed in the catshark nephrogenic mesenchyme was first characterized in this manuscript (Results 3: LUND-RICARD et al., in prep). See Figure 35 below for a summary of the documented genes expressed in embryonic and post-embryonic nephron progenitor cells in the gnathostomes groups that have been presented. 

D. PhD objectives:

The cellular and molecular mechanisms behind the control of stemness are active areas of investigation to better understand development, regeneration, evolutionary history and diseases. In the context of my project, the characteristics that influence stem/progenitor cells maintenance constitute a major theme. Near the start of this Generally, low levels of mTOR have been shown to promote stem cell functions while higher levels accompany activation of differentiation in several types of cells (Tahmasebi et al. 2019[START_REF] Saba | Translational control of stem cell function[END_REF]. Indeed, mTOR activity controls cell functions that mediate transitions from stem-states to differentiated states through the modification of translation rates, cell-cycle progression and metabolism, for example. Though TOR signaling is and what genes do they express? Though post-embryonic nephron progenitors are lost in mammals, the genes expressed in adult nephron progenitors had only been described so far in two Osteichthyes organisms, the zebrafish and the American alligator (See Introduction, Part C). We were interested in characterizing the postembryonic progenitors in juvenile catshark kidneys. We described the genes expressed in post-embryonic nephron progenitors and compared this expression with embryonic expression as well as with other vertebrates. We also looked at label-retention, a characteristic of somatic stem cells, to identify slow-cycling cells within the nephrogenic zones. The maintenance of renal progenitor cells in adult catsharks suggests that molecular mechanisms protect the cells' longevity, in contrast with mammals where progenitor functions are lost at birth. We also questioned whether the mTOR pathway and translation rates were part of the molecular landscape associated to the nephron progenitor cells in catshark juveniles. These results about Chondrichthyes kidneys aim to enrich our understanding of the evolution of kidney development and molecular properties in post-embryonic nephron progenitors.

II. RESULTS

Results 1: mTOR Signaling at the Crossroad between Metazoan Regeneration and Human Diseases

As mentioned previously, one of the major themes of this PhD is the characteristics that influence stem and progenitor cell maintenance. The mechanisms controlling stemness (quiescence, self-renewal and differentiation) are under active investigation and contribute to answering questions about development, regeneration, evolutionary biology and diseases. mTOR signaling plays an essential role in stem and progenitor cell self-renewal and differentiation. Indeed, mTOR signaling controls several fundamental cell properties through two complexes, mTORC1 and mTORC2. The roles of this pathway appear to be ancient and conserved: the TOR complex 1 (TORC1) is ubiquitous among eukaryotes including animals, yeast, fungi, protozoa and plants. In addition, the TOR complex 2 (TORC2) is conserved in diverse eukaryotic species including in animals, yeast, fungi and protozoa [START_REF] Tatebe | Evolutionary Conservation of the Components in the TOR Signaling Pathways[END_REF]. Their functions include translation, autophagy, nucleotide synthesis, lipid metabolism for mTORC1 and glucose metabolism, cell survival and cytoskeletal remodeling for mTORC2 (see

Figure 1 in the introduction).

Low levels of mTOR activity have generally been described in stem/progenitor cells and higher levels with The initial steps of appendage regeneration are conserved in mammals (digit tip), salamanders (limb) and teleosts (fin). The steps progress from wound closure, blastema setup, proliferation and differentiation. In teleosts, TOR signaling was shown to be necessary for blastema formation, proliferation and differentiation following fin amputation (Hirose et al. 2014). Additionally, the Wnt/β catenin pathway interacts with the mTOR pathway and enhances the regenerative response in this context (Hirose et al. 2014). Molecular crosstalk is most likely underestimated in our comprehension of stem/ progenitor cell behavior during development, regeneration and diseases.

Then, tissue-specific reports of mTOR activity are exposed. Firstly, muscle regeneration depends on the neoformation and growth of adult myofiber from muscle stem cells / satellite cells (Ge et al. 2009). These types of stem cells are conserved between mammals and arthropods which suggests a conservation of the cellular basis for regeneration (Konstantinides & Averof 2014). Using the mouse model, mTORC1 activity is shown to be necessary for stem cell activation (myogenic programs) while overactivation of TORC1 leads to skeletal muscle hypertrophy (Lai et al. 2004, Zhang et al. 2015, respectively). In satellite cells, mTORC1 roles in protein synthesis and proliferation are required both for proper stem cell activation and cell growth. mTOR-mediated muscle growth has been shown to be enhanced through supplementation of amino acids and growth factors in satellite cells in vitro (Han et al. 2008).

Skeletal muscle repair experiments in mice indicate that kinase-independent mTOR mechanisms can operate during the formation of nascent myofibers from satellite cells (Ge et al. 2009). Additionally, a long noncoding RNA element has been described as a negative regulator of mTORC1 activity in muscle stem cells (Matsumoto et al. 2017). These kinase-independent mTOR mechanisms and non-coding mTOR regulatory elements highlight the complexities of mTOR signaling in the control of stem and progenitor cell behavior during regeneration.

Fascinatingly, mTORC1 has been discovered to control a novel state of quiescence termed Galert (Rodgers et al. 2014). This primed state (based on cell size and cell-cycle entry speed) was observed in contralateral-toinjury muscle tissue in mice and axolotl. This activation is considered to improve competency for regeneration. How mTOR signaling is coordinated across tissues to orchestrate cell-cycle modulations is not yet understood. Overall, mTOR signaling is shown to play roles in differentiation, cell growth and cell-cycle regulation in satellite stem cells.

The signaling cascades behind these functions, with precise activators and effectors are still being modeled.

Next, the case of optic neural stem cells shows additional examples of how mTOR can mediate regeneration. As in muscle stem cells, human retinal ganglion cell progenitors show low mTOR activity relative to differentiated cells (Easley et al. 2010, Zelinka et al. 2016). mTOR activity is upregulated during progenitor cell proliferation and differentiation following retinal damage (Teotia et al. 2019). Deletion of the inhibitory elements upstream of mTOR, such a PTEN or TSC1/2, (see Figure 1 in the introduction) were shown to enhance axon regrowth after section of the optic nerve (Park et al. 2008, Guo et al. 2016). As such, modulations of the inhibitors of the mTOR pathway are therapeutics research avenues for nerve regeneration (Leibinger et al. 2012, Chandran et al. 2016, Morgan-Warren et al. 2016). Moreover, differential involvement of mTORC1 downstream effectors (S6K1 and 4E-BP) have been shown in the mouse optic nerve axon regeneration model (Yang et al. 2014). The mechanics of this differential activation of mTORC1 effectors remain to be explained. With rapamycin treatment in the same model, mTORC2-mediated recovery was observed, most likely through the Akt pathway (Park et al. 2008). These experiments illustrate how regeneration is mediated through specific mTORC1 targets but can be mTORC1-or mTORC2-dependent in stem cells. The precise upstream and downstream signaling that promote regeneration in a tissue-specific context are yet to be completely described.

Importantly, functions of mTOR in varying injury models can be different or even opposing, which might be attributed to the type of cell in which the mTOR activity takes place. Such is the case of mammalian spinal cord injuries. mTOR inhibition in astrocytes prevents scarring and helps successful recovery while mTOR activity in spinal cord neurons enhance axon regeneration [START_REF] Abe | Mammalian Target of Rapamycin (mTOR) Activation Increases Axonal Growth Capacity of Injured Peripheral Nerves[END_REF], Zhang et al. 2010, respectively).

Next, examples of mTOR signaling in epidermis and gut epithelium bring elements of discussion on physiological context and signal duration. Indeed, normal developmental and homeostatic situations do not necessarily allow inference into tissue-repair or regeneration response. Notably, the insulin/PI3K/TOR pathway drive physiological homeostatic growth in the drosophila gut epithelium, but not for gut repair (Xiang et al. 2017).

Regulations in mTOR levels have also been shown to shift cells towards differentiation. TOR activation is necessary for the intestinal stem cells to proliferate but continuous mTOR activation leads to a decline of stem cell pools (Haller et al. 2017). This trade-off between mTORC1-mediated inductions of stem cell proliferation and differentiation-induced loss seems to be widely conserved across cell types (Castilho et al. 2009, Easley et al. 2010, Kharas et al. 2010, Chen et al. 2011, Rodgers et al. 2014, Deng et al. 2015, Haller et al. 2017).

Additional links between cell-cycle and mTOR are then illustrated with liver regeneration (Espeillac et al. 2011, Fouraschen et al. 2013). Following partial hepatectomy, hepatocytes are able to synchronously reenter the cell cycle and proliferate. This process has been shown to be mTOR-dependent. mTOR activity mediates the capdependent translation of cell-cycle proteins that are necessary for hepatocyte reactivation (Rosenwald et al. 1993, Wen et al. 2016). This example illustrates how the mTOR pathway can function to control the translation of cellcycle proteins, a crucial mechanism for tissue regeneration.

Next, roles of mTOR in cell fate and autophagy are discussed in the context of bone development, regeneration and diseases. mTORC1 and mTORC2 activity has been linked to bone anabolism in concert with BMP and Wnt, suggesting roles in differentiation and proliferation (Chen & Long 2018). mTORC2 inactivation was linked to cell fate bias in the mesenchymal stem cells from bone marrow towards adipocytes. Mesenchymal stem cells in teeth also showed a cell fate bias (towards osteogenic/dentinogenic differentiation) when the PI3K-Akt-mTOR pathway was suppressed (Tanaka et al. 2018). How mTOR activity directs cell fate during differentiation is unknown. Pro-regeneration roles of mTOR in autophagy were shown in different disease models (Caramés et al. 2012, Matsuzaki et al. 2014, Takayama et al. 2014, Zhang et al. 2015a, Cheng et al. 2016). In osteoporosis models, drugs inhibiting mTORC1 and enhancing autophagy help correct the skewed balance between bone resorption and formation (Luo et al. 2016). This is also the case in osteoarthritis where mTORC1 is deficient in osteoclast precursors (Sasaki et al. 2012, Cheng et al. 2017). In these models, mTOR-modulated autophagy improves disease symptoms. It seems that mTOR inhibitors can promote functional regeneration by promoting autophagy.

Importantly, the implications of mTOR signaling in kidney tissue regeneration and diseases are exposed.

Following kidney injury, the functional units of the kidney, the nephrons, grow in size to compensate for renal function. This nephron hypertrophy is mTOR-dependent and mTOR inhibitors delay renal recovery after kidney injury in rats (Lieberthal & Levine 2009), pointing to mTOR roles in cell growth. Several kidney diseases have been linked to mTOR activation (Fantus et al. 2016) which brought on clinical trials with mTOR modulators for renal recovery. In addition, the balance of self-renewal and differentiation in the mouse embryonic nephron progenitor cells have been linked to the mTOR pathway (Chen et al. 2015, and Introduction, Part B, c. The signaling pathways involved in the longevity of nephron progenitor cells in mice). Experiments demonstrated that genes/pathways differentiating young from old mouse nephron progenitors include pathways with known effects on stem cell ageing, including mTOR and the translational machinery (Chen et al. 2015). As described in other stem/progenitor cells, mTOR signaling seems to play a role in the global balance between self-renewal and differentiation (See Part A of the introduction).

Lastly, mTOR signaling is shown to be dynamic in whole-body regeneration. Cnidarian and planarian whole-body regeneration and tunicate asexual reproduction are reviewed. After amputation in Hydra, TOR mRNA levels are stable, then decrease and are synthesized again hours later (Chera et al. 2009). It seems likely that this observed autophagic phase (low mTOR) produces the energetic resources from recycled metabolites required to pursue regeneration. This interesting example underlines how mTOR activity is modulated in a specific temporal sequence to coordinate whole-body regeneration. In planarian whole-body regeneration, TOR is necessary for stem cell maintenance and proliferation in the context of amputation but not in intact planarians (Tu et al. 2012). As in the drosophila gut epithelia, context-dependent cues must influence TOR signaling in stem/progenitor cells, though the mechanisms are unknown. Tunicate asexual reproduction (budding) involves autophagic cell remodeling and dedifferentiation of cells (Vessoni et al. 2011). Activation of autophagy-related genes were observed through mTOR inhibition and retinoic acid stimulation in the budding tunicate (Kawamura et al. 1993(Kawamura et al. , 2018)). Dynamic mTOR signaling is seen here with initial inhibition and autophagy followed by activation and body-regeneration.

To resume, mTOR is omnipresent in stem/progenitor cell physiology and by extension in development, regeneration and diseases. Beyond the first observations about mTOR inhibition being necessary for stem/progenitor maintenance and mTOR activation for cell activation and proliferation, current research is starting to show the intricacies of mTOR involvement in regenerative contexts. Cell and tissue-specific requirements for mTOR activities are starting to emerge. Physiological context such as homeostatic growth or regenerative growth, has revealed different implications of mTOR -an important note for developing therapeutics based on mTOR activity. Moreover, the timing of the activity is important to land in a regeneration-competent environment where regeneration competency, determined in time and space, is associated with a dynamic molecular orchestra. mTOR signaling is also more dynamic than previously estimated. In general, many mechanistic gaps remain in our understanding of how mTOR mediates stem and progenitor cells during regeneration. These include the coordination of distinct roles for mTORC1 and mTORC2 in stem cell fate, how extracellular (paracrine signals or microenvironment) and intracellular stimuli affect mTOR activity in stem and progenitor cells and the actors behind dynamic regulations of mTOR signaling.

This review includes diverse animal models that argue for an ancestral and conserved role of mTOR in stem/progenitor cell physiology. These models shed light on the diversity of mechanisms through which mTOR plays a role in development, regeneration and diseases and the evolutionary history of regenerative processes.

Results 1: mTOR Signaling at the Crossroad between Metazoan Regeneration and Human Diseases
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Introduction

The mTOR signaling pathway is highly conserved in eukaryotic organisms including unicellular photosynthetic eukaryotes [START_REF] Shemi | Elucidating the composition and conservation of the autophagy pathway in photosynthetic eukaryotes[END_REF], while the iconic developmental pathways (e.g., FGF, Hedgehog, Wnt/β-catenin, TGF-β, Notch pathways) operating in tissue modeling both at the embryonic and adult stage are only observed in metazoans. With the components of these developmental pathways assembled early in metazoans [START_REF] Adamska | Developmental Signalling and Emergence of Animal Multicellularity[END_REF], the mTOR signaling pathway might have played a more ancestral role in the emergence of the eukaryotic cell and its metabolism. Protein and nucleotide synthesis are important anabolic processes targeted by mTOR signaling together with cell growth, proliferation, cell survival, and migration. The catabolic process of autophagy (Table 1) is another cellular function regulated by mTOR activity. Nutrients, energy, oxygen, growth factors, glucose, cytokines rank among signals within the cell microenvironment that are sensed and integrated by the mTOR pathway to produce a suitable response (Figure 1). TOR is the catalytic subunit of two distinct protein complexes TORC1 and TORC2 containing Raptor (regulatory-associated protein of mammalian target of rapamycin) and Rictor (rapamycin-insensitive companion of mTOR) respectively. Rapamycin (or sirolimus) is a potent inhibitory molecule that targets mTORC1. This small molecule was first identified from a soil bacterium Streptomyces hygroscopicus in 1972 from Rapa Nui (Easter Island). mTORC2 is insensitive to acute rapamycin treatment but chronic exposure can disrupt its structure. Raptor and Rictor protein scaffolds participate in assembling the different constituents of the complexes and binding substrates.

Detailed data about the structure, components and regulation of both TORC1 and TORC2 complexes are available in several recent reviews [3][4][5]. S6K1/2 (S6 kinase 1/2) and 4E-BP (4E binding protein) constitute important substrates phosphorylated by the serine/threonine kinase TOR to initiate protein translation and are commonly used as readout for TORC activity. LST8 (lethal with SEC13 protein 8) and deptor are present in both complexes. PRAS40 (Proline-rich Akt substrate 40 kD) is a specific inhibitor of mTORC1 [6] while Sin1 (stress-activated map kinase-interacting protein 1) is a regulatory component of mTORC2 [START_REF] Yang | Identification of Sin1 as an essential TORC2 component required for complex formation and kinase activity[END_REF] (Figure 1).

was first identified from a soil bacterium Streptomyces hygroscopicus in 1972 from Rapa Nui (Easter Island). mTORC2 is insensitive to acute rapamycin treatment but chronic exposure can disrupt its structure. Raptor and Rictor protein scaffolds participate in assembling the different constituents of the complexes and binding substrates.

Detailed data about the structure, components and regulation of both TORC1 and TORC2 complexes are available in several recent reviews [3][4][5]. S6K1/2 (S6 kinase 1/2) and 4E-BP (4E binding protein) constitute important substrates phosphorylated by the serine/threonine kinase TOR to initiate protein translation and are commonly used as readout for TORC activity. LST8 (lethal with SEC13 protein 8) and deptor are present in both complexes. PRAS40 (Proline-rich Akt substrate 40 kD) is a specific inhibitor of mTORC1 [6] while Sin1 (stress-activated map kinase-interacting protein 1) is a regulatory component of mTORC2 [START_REF] Yang | Identification of Sin1 as an essential TORC2 component required for complex formation and kinase activity[END_REF] (Figure 1). Regeneration ability is an endogenous tissue or organ-specific characteristic. In metazoans, a large diversity of mechanisms is involved to repair or regrow the missing structure, organ or body part [8]: For example, the use of resident stem cells and committed progenitors, the transdifferentiation of existing cells that are reprogrammed and finally the cell cycle reactivation of resident differentiated cells (Table 1). During organogenesis, the mTOR pathway is paramount in regulating physiological cell growth and proliferation [3]. In adult animal organisms, mTOR signaling is involved in diverse processes of tissue/body regeneration. Studies that provide a mechanistic understanding of the regeneration processes contribute to the strategies that can stimulate regeneration at sites where regenerative failure is the norm. Regenerative failure has been shown to be linked to the microenvironment of the healing wound and not to an inability of cells to respond in a pro-regenerative manner [9][START_REF] Masaki | Regeneration potency of mouse limbs[END_REF][START_REF] Yu | Angiogenesis is inhibitory for mammalian digit regeneration[END_REF][START_REF] Dawson | The periosteal requirement and temporal dynamics of BMP2-induced middle phalanx regeneration in the adult mouse[END_REF][START_REF] Johnston | Dedifferentiated Schwann Cell Precursors Secreting Paracrine Factors Are Required for Regeneration of the Mammalian Digit Tip[END_REF][START_REF] Lee | SDF-1α/CXCR4 signaling mediates digit tip regeneration promoted by BMP-2[END_REF][START_REF] Ide | Bone pattern formation in mouse limbs after amputation at the forearm level[END_REF]. This review will focus on the role of the mTOR pathway in regeneration. With selected examples from different tissue types, data will be presented on the ways in which mTOR controls cellular behaviors to contribute to regeneration. This will highlight Regeneration ability is an endogenous tissue or organ-specific characteristic. In metazoans, a large diversity of mechanisms is involved to repair or regrow the missing structure, organ or body part [8]: For example, the use of resident stem cells and committed progenitors, the transdifferentiation of existing cells that are reprogrammed and finally the cell cycle reactivation of resident differentiated cells (Table 1). During organogenesis, the mTOR pathway is paramount in regulating physiological cell growth and proliferation [3]. In adult animal organisms, mTOR signaling is involved in diverse processes of tissue/body regeneration. Studies that provide a mechanistic understanding of the regeneration processes contribute to the strategies that can stimulate regeneration at sites where regenerative failure is the norm. Regenerative failure has been shown to be linked to the microenvironment of the healing wound and not to an inability of cells to respond in a pro-regenerative manner [9][START_REF] Masaki | Regeneration potency of mouse limbs[END_REF][START_REF] Yu | Angiogenesis is inhibitory for mammalian digit regeneration[END_REF][START_REF] Dawson | The periosteal requirement and temporal dynamics of BMP2-induced middle phalanx regeneration in the adult mouse[END_REF][START_REF] Johnston | Dedifferentiated Schwann Cell Precursors Secreting Paracrine Factors Are Required for Regeneration of the Mammalian Digit Tip[END_REF][START_REF] Lee | SDF-1α/CXCR4 signaling mediates digit tip regeneration promoted by BMP-2[END_REF][START_REF] Ide | Bone pattern formation in mouse limbs after amputation at the forearm level[END_REF]. This review will focus on the role of the mTOR pathway in regeneration. With selected examples from different tissue types, data will be presented on the ways in which mTOR controls cellular behaviors to contribute to regeneration. This will highlight how and where this pathway could be modulated to improve the restoration of disease-induced damages.

Table 1. Glossary of key terms used in this review.

Definition

Stem cell differentiation is the process where a stem cell acquires a specific cell identity. Cellular transdifferentiation refers to the process whereby a differentiated cell changes into another differentiated cell identity. Cellular dedifferentiation is the process where a terminally differentiated cell reverts to a stem cell-like identity. Regenerative blastema is formed after tissue, body or appendage amputation and is composed of a mass of undifferentiated cells displaying the capacity to grow and regenerate the missing part. Autophagy is a lysosome-dependent degradation pathway that allows cells to recycle damaged or superfluous cytoplasmic content such as proteins, organelles, and lipids. Autophagy acts as an intracellular quality control, promotes the viability of cells deprived of nutrients/growth factors and participates in cell remodeling during differentiation. Asexual reproduction in metazoans is a type of reproduction by which a new individual arises directly from a single organism. It does not involve the fusion of gametes.

mTOR Signaling Involvement during Appendage Regeneration

Many vertebrate species are capable of impressive feats of regeneration such as limb, tail or fin regeneration. Adult salamanders and teleosts have a higher regenerative potential as they are able to regenerate whole limbs and fins, which host a series of specialized tissues such as epidermis, nerves, bone, endothelium, soft mesenchymal cells, and fibroblast-like cells. For limbs, amputation is followed by the migration of epidermal cells to cover the wound and a blastema is formed, reminiscent of the embryonic limb bud. Caudal fin regeneration in zebrafish also implies wound covering by skin cells and blastema setup. Within this blastema, mesenchymal cells and osteoblasts proliferate a few hours after the onset of amputation. In mammals, regeneration in which the structure of lost tissue is recapitulated appears to be limited to the distal tip of the digit [9]. In mouse, the regeneration process has shown the conservation of the same steps of wound closure, blastema setup, cell proliferation and differentiation [9].

A study using the suppression subtraction hybridization (SSH) technique combined with bioinformatics analyses was performed on a freshwater teleost following fin amputation. Genes involved in TOR signaling were identified as differentially expressed during the caudal fin regenerative process [START_REF] Li | Gene expression profiles of fin regeneration in loach (Paramisgurnus dabryanu)[END_REF]. It, therefore, appears that the mTOR pathway is important in controlling the process of appendage regeneration, which involves the proliferation and remodeling of numerous cell types.

Following caudal fin amputation in zebrafish, TOR signaling, reflected by the levels of the phosphorylated form of S6K (S6 Kinase), is active in wound epidermal cells, osteoblasts and proliferative proximal region of the blastema [START_REF] Hirose | Mechanistic target of rapamycin complex 1 signaling regulates cell proliferation, cell survival, and differentiation in regenerating zebrafish fins[END_REF] (Figure 2a). During regenerative outgrowth, mTORC1 inhibition (with rapamycin treatment) suppresses blastema formation. mTORC1 is required for cell proliferation involved in blastema formation and then for cell survival. Additionally, the mTORC1 function was shown as an osteoblast proliferation and differentiation factor. Using the same model, pharmacological inhibitions of Wnt/β catenin and IGF (Insulin-like Growth Factor) pathways block cell proliferation and regeneration indicating that TOR activation is under their control [START_REF] Hirose | Mechanistic target of rapamycin complex 1 signaling regulates cell proliferation, cell survival, and differentiation in regenerating zebrafish fins[END_REF] (Figure 2a). These results show that growth factors like IGF acts as an mTOR activity-promoting signal and that other pathways like the Wnt/β-catenin pathway, can also interact with the mTOR pathway and alter the regenerative response.

In the regeneration examples detailed above, growth factors are efficient mTOR activity-promoting agents. mTOR activity is necessary for cell proliferation, survival, differentiation, and growth during appendage regeneration. Molecular crosstalk such as exists between the Wnt/β catenin and mTOR pathways is an important element to consider in designing drugs that enhance regeneration. These examples of appendage regeneration are on the more spectacular end of the regenerative spectrum of the animal kingdom. Studies with tissue-specific regeneration in animal models after injury have an easier framework for which to extract data useful for treating human diseases. mTOR roles in specific cell types will be investigated separately in the next paragraphs along with how mTOR modulations can alter the microenvironment in a pro-regenerative fashion.

Adult Myofiber Growth and Formation Is Mediated by mTOR Signaling

In muscle tissue, damages and atrophies are caused by mechanical shock or genetic diseases and can seriously disrupt muscle functions. Chronic deterioration of muscular tissue is also observed during the aging process. This makes the development of efficient therapies for muscle regeneration of particular interest. Muscle regeneration is an event that is composed of two main steps: myofiber neoformation and fiber growth [START_REF] Ge | mTOR regulates skeletal muscle regeneration in vivo through kinase-dependent and kinaseindependent mechanisms[END_REF]. In chordates, adult skeletal muscles possess their own stem cell population, the myogenic satellite cells. These cells are positive for the myogenic Pax7 transcription factor and are involved in muscle repair, growth, and regeneration. The existence of Pax3/7-expressing muscle satellite cells has also been discovered in the crustacean Parhyale hawaiensis suggesting that this stem population was present in the bilaterian common ancestor [19]. With the cellular basis for muscle regeneration being evolutionarily conserved between arthropods and mammals, research benefits from the use of animal models with regenerative capacities in deciphering the way in which the mTOR pathway can serve or disserve regeneration. Examples of mTOR involvement in regeneration will be illustrated below with mouse and axolotl (amphibian) models.

mTOR activity is involved in homeostatic myogenesis and is associated with enhanced muscle regeneration. The role of TOR signaling has been genetically demonstrated using a mouse model harboring a conditional deletion of TOR in satellite cells [START_REF] Zhang | mTOR is necessary for proper satellite cell activity and skeletal muscle regeneration[END_REF]. Upon skeletal muscle injury, these mice display necrotic fibers and fail to activate proliferation in satellite cells (Figure 2b). The myogenic program is also affected by TOR deletion as shown by the reduced expression of Myf5, MyoD and MyoG gene products in myoblasts [START_REF] Zhang | mTOR is necessary for proper satellite cell activity and skeletal muscle regeneration[END_REF]. Using transgenic mice in which Akt is constitutively active, Lai et al., investigated changes in muscle mass [START_REF] Lai | Conditional Activation of Akt in Adult Skeletal Muscle Induces Rapid Hypertrophy[END_REF]. Akt (also known as PKB) is a serine/threonine-specific protein kinase that activates mTORC1. Akt participates in several processes such as glucose metabolism, apoptosis, cell proliferation, transcription, and cell migration. Constitutive activation of Akt and by extension mTORC1 in transgenic mice results in skeletal muscle hypertrophy [START_REF] Lai | Conditional Activation of Akt in Adult Skeletal Muscle Induces Rapid Hypertrophy[END_REF].

In contrast, in wild type adult mice, the addition of rapamycin inhibits muscle regeneration after myotoxin exposure. This result shows mTORC1's involvement in muscle regeneration. Investigating the properties of adult pig satellite cells, Han et al. found that muscle growth (protein synthesis and proliferation) in vitro is highly dependent on mTOR signaling activation after leucine and insulin-like growth factor 1 (IGF-1) stimulation [START_REF] Han | Insulin-like growth factor-1 (IGF-1) and leucine activate pig myogenic satellite cells through mammalian target of rapamycin (mTOR) pathway[END_REF] (Figure 2b). Supplementation of amino acids like leucine [23] or delivery of factors containing insulin-like growth factor 1 [START_REF] Borselli | Functional muscle regeneration with combined delivery of angiogenesis and myogenesis factors[END_REF] have been successfully tested on rats and mice as a means to ameliorate muscle regeneration. These studies show the necessity of mTOR activity in adult satellite cells for proper stem cell activation and myofiber growth, which are essential in muscle development and regeneration.

Complementarily to myofiber growth, myofiber formation is an important process in muscle regeneration. To dissect out the kinase activity of TOR in skeletal muscle repair, transgenic mice with an inactive TOR kinase in skeletal muscles were designed [START_REF] Ge | mTOR regulates skeletal muscle regeneration in vivo through kinase-dependent and kinaseindependent mechanisms[END_REF]. This study revealed that myofiber growth was impaired but not the formation of nascent myofibers. These data suggest that TOR-regulated muscle regeneration displays kinase-dependent and -independent mechanisms [START_REF] Ge | mTOR regulates skeletal muscle regeneration in vivo through kinase-dependent and kinaseindependent mechanisms[END_REF] (see Figure 2b).

More recently, a long non-coding RNA (lncRNA), highly expressed in mouse skeletal muscles, was found to have the property to modulate TORC1 complex activity [START_REF] Matsumoto | mTORC1 and muscle regeneration are regulated by the LINC00961-encoded SPAR polypeptide[END_REF]. This lncRNA, called LINC00961, is conserved in mice and humans [START_REF] Matsumoto | mTORC1 and muscle regeneration are regulated by the LINC00961-encoded SPAR polypeptide[END_REF] and has the particularity to host a small open reading frame that is translated into a protein (SPAR, small regulatory polypeptide of amino acid response) displaying co-localization with late endosome and lysosome markers in both HeLa and prostate cancer cell lines. The TORC1 complex is a nutrient sensor, able to move from the cytoplasm to the lysosome after amino acid stimulation. Investigating the effect of SPAR on amino acid-induced TORC1 activation, SPAR was discovered to impair mTORC1 correct localization to the lysosomes [START_REF] Matsumoto | mTORC1 and muscle regeneration are regulated by the LINC00961-encoded SPAR polypeptide[END_REF]. Spar-deficient mice (Spar -/-) display a better record in tibialis anterior muscle regeneration compared to wild type mice (larger and more mature myofibers) and showed increased phosphorylation of S6K1/2 and S6 (see Figure 2b) [START_REF] Matsumoto | mTORC1 and muscle regeneration are regulated by the LINC00961-encoded SPAR polypeptide[END_REF]. This reflects a hyperactivation of mTORC1 complex when SPAR is knocked out in skeletal muscles. SPAR functions to negatively regulate mTORC1 recruitment, through interaction with v-ATPase. The modulation of regulatory elements of mTOR activity represents another possible method to enhance endogenous regeneration. A way to therapeutically boost myofiber proliferation and growth during muscle repair could then be to negatively target this atypical polypeptide hidden in long non-coding RNA. 

The mTOR Signaling Roles during Axon Regeneration

The mTOR Signaling Roles in Vertebrate Retinal Neuron Regrowth after Axotomy

In general, axons after injury do not spontaneously regenerate in the adult mammalian central nervous system. Interestingly, the mTOR pathway is involved in the differentiation of human retinal ganglion cells from induced pluripotent stem cells (iPS cells) [START_REF] Rodgers | mTORC1 controls the adaptive transition of quiescent stem cells from G0 to GAlert[END_REF]. This model of neurogenesis has made evident that function and neuritogenesis of human retinal ganglion cells (RGCs) are dependent on mTOR [START_REF] Teotia | Human retinal ganglion cell axon regeneration by recapitulating developmental mechanisms: Effects of recruitment of the mTOR pathway[END_REF][START_REF] Easley | mTOR-mediated activation of p70 S6K induces differentiation of pluripotent human embryonic stem cells[END_REF]. In addition, high levels of the phosphorylated form of S6 (pS6) are observed in the embryonic chick retina as progenitors cells differentiate [START_REF] Zelinka | mTor signaling is required for the formation of proliferating Müller glia-derived progenitor cells in the chick retina[END_REF]. These studies show that mTOR Finally, in a study analyzing mouse satellite cells located in the contralateral muscle after injury with myotoxins, mTORC1 was discovered to control a novel state within the G 0 quiescence phase newly termed G alert [START_REF] Rodgers | mTORC1 controls the adaptive transition of quiescent stem cells from G0 to GAlert[END_REF]. Two cell populations were compared; the muscle stem cells from the site of injury and those of the contralateral limb. This study found that these cells enter the cell cycle more rapidly and display an increase in cell size compared to quiescent satellite cells. These two parameters (cell size and cell cycle entry speed) are not as elevated as in satellite cells from the injured muscle but in a kind of intermediate state (G alert ) (see Figure 2c). mTORC1 signaling is necessary and sufficient to induce this "alert" response in satellite cells. The authors proposed that the quiescence status of stem cells actually comprises several phases. This G alert state might allow stem cells to respond more rapidly in case of injury and would then constitute a form of cellular memory as the one observed in cell-mediated immune response [START_REF] Rodgers | mTORC1 controls the adaptive transition of quiescent stem cells from G0 to GAlert[END_REF].

Interestingly, similar contralateral activation of mTOR was observed in the axolotl limb amputation model [START_REF] Johnson | Systemic cell cycle activation is induced following complex tissue injury in axolotl[END_REF]. The phosphorylation of S6 ribosomal protein, one of the main substrate of S6K1, is slightly but significantly increased in the satellite cells of the contralateral intact limb compared to levels observed in the limb of non-amputated animal [START_REF] Johnson | Systemic cell cycle activation is induced following complex tissue injury in axolotl[END_REF]. The precise upstream signals, which activate mTORC1 and enable cell-state transition, remain to be deciphered. Nonetheless, these remarkable findings on an apparent systemic cellular activation response that occurs distant to the site of injury could guide future research in regenerative medicine.

Altogether, these data demonstrate that TORC1 activity is necessary to achieve the correct process of muscle regeneration for cell growth and cell proliferation. The regeneration-competency of satellite cells is also a factor that will influence the degree of recovery. The previously described G alert cell state, which is under the control of mTOR activity, serves as an illustration for improved competency. Any diseases displaying chronic muscle degradation might, therefore, consider inducible activators of TORC1 as suitable therapeutic molecules such as growth factors, amino acids or modulators of the regulatory elements of mTOR.

The mTOR Signaling Roles during Axon Regeneration

The mTOR Signaling Roles in Vertebrate Retinal Neuron Regrowth after Axotomy

In general, axons after injury do not spontaneously regenerate in the adult mammalian central nervous system. Interestingly, the mTOR pathway is involved in the differentiation of human retinal ganglion cells from induced pluripotent stem cells (iPS cells) [START_REF] Rodgers | mTORC1 controls the adaptive transition of quiescent stem cells from G0 to GAlert[END_REF]. This model of neurogenesis has made evident that function and neuritogenesis of human retinal ganglion cells (RGCs) are dependent on mTOR [START_REF] Teotia | Human retinal ganglion cell axon regeneration by recapitulating developmental mechanisms: Effects of recruitment of the mTOR pathway[END_REF][START_REF] Easley | mTOR-mediated activation of p70 S6K induces differentiation of pluripotent human embryonic stem cells[END_REF]. In addition, high levels of the phosphorylated form of S6 (pS6) are observed in the embryonic chick retina as progenitors cells differentiate [START_REF] Zelinka | mTor signaling is required for the formation of proliferating Müller glia-derived progenitor cells in the chick retina[END_REF]. These studies show that mTOR signaling participates in the in vitro proliferation and differentiation of retinal stem cells. Upon retinal injury in adult chicks, Müller glia cells (a type of retinal glial cell) can proliferate and give rise to a population of progenitors (Müller glia-derived progenitor cells, MGPCs) that can be converted into retinal neurons. This valuable property of Müller cells is observed in teleosts but strongly reduced in amniotes. In adult chicks, retinal damage induced by NMDA (N-methyl-d-aspartate) is followed by the activation of TOR signaling in Müller glia and this activation is necessary for Müller glia-derived progenitor cells' proliferation [START_REF] Zelinka | mTor signaling is required for the formation of proliferating Müller glia-derived progenitor cells in the chick retina[END_REF]. This suggests that regeneration mechanisms observed in adult nerve cells are reminiscent of the machinery running during development. Targeting mTOR signaling in adult cells could thus potentially stimulate this developmental reactivation.

PTEN and TSC1/2 are two important molecular actors regulating the mTOR pathway. PTEN is a phosphate and tensin homolog, which acts upstream of mTOR as an inhibitor. TSC1/TSC2 or Tuberous sclerosis proteins 1 and 2 form a protein complex that inhibits mTOR activity. Retinal ganglion cells (RGCs) in the adult mouse normally degenerate after section of the optic nerve. Hypothesizing that manipulation of the intrinsic properties of retinal neurons can change their ability to regrow after axotomy, mice carrying the deletion of the lipid phosphatase PTEN in adult retinal ganglion cells were generated [START_REF] Park | Promoting Axon Regeneration in the Adult CNS by Modulation of the PTEN/mTOR Pathway[END_REF]. These mice were able to regrow their optic axon indicating that TOR activation might be a crucial step in this process. According to molecular crosstalk, the mTOR pathway is englobed by a larger PI3K/AKT/mTOR pathway. Thus, as a consequence of PTEN deletion, Akt is strongly activated and the kinase GSK3β appears to be a core component of the Akt-induced axon regeneration [START_REF] Guo | GSK3β regulates AKT-induced central nervous system axon regeneration via an eIF2Bε-dependent, mTORC1-independent pathway[END_REF] (Figure 3a). Similarly, another study used small interfering RNA (siRNA) to invalidate RTP801 (another inhibitor of TOR induced upon hypoxia and stress conditions) (Figure 3a). RTP801 (also known as Redd1) is a stress-induced protein that suppresses mTOR signaling by stabilizing TSC1/TSC2 (inhibitors of mTORC1/2). Intravitreal injection of this mTOR activating siRNA was found to promote the release of several neurotrophins and RGC neuroprotection [START_REF] Morgan-Warren | siRNA-Mediated Knockdown of the mTOR Inhibitor RTP801 Promotes Retinal Ganglion Cell Survival and Axon Elongation by Direct and Indirect Mechanisms[END_REF]. A study combining PTEN inhibition (PTEN KO mice) with ambroxol treatment demonstrated significant enhancement of axonal outgrowth in dorsal root ganglion (DRG) neurons [START_REF] Chandran | A Systems-Level Analysis of the Peripheral Nerve Intrinsic Axonal Growth Program[END_REF]. Ambroxol was shown to increase the expression of a transcriptional network that coordinates central nervous system regeneration [START_REF] Chandran | A Systems-Level Analysis of the Peripheral Nerve Intrinsic Axonal Growth Program[END_REF]. Altogether, these data show that a constitutive activation of the mTOR pathway promotes both retinal ganglion cell survival and axon regrowth.

In adult mice, inflammatory stimuli that activate resident retinal glial cells (astrocytes/Müller cells) greatly favor axon regeneration of retinal ganglion cells [START_REF] Leibinger | Role of mTOR in neuroprotection and axon regeneration after inflammatory stimulation[END_REF]. Indeed intravitreal application of Pam 3 Cys, an agonist of toll-like receptor that constitutes an inflammatory stimulus, impairs the decrease of TOR activity normally observed after optic nerve crush in wild type mouse (Figure 3a). Surprisingly the inhibition of TOR (rapamycin treatment) does not modify the conversion of optic neurons from a non-regenerative to a regenerative status upon inflammatory stimulation meaning that additional signaling pathways can take over this intrinsic neuron property. Thus, mTOR activity is not generally required for neuroprotection or switching mature neurons into an active regenerative state, but it is important for the maintenance of the axonal growth state [START_REF] Leibinger | Role of mTOR in neuroprotection and axon regeneration after inflammatory stimulation[END_REF].

Studies that focus on the mechanistic explanations behind optic nerve axon regeneration have revealed which mTOR components are most likely involved. In the mouse optic nerve crush model, mTORC1 downstream effectors (S6K1 and 4E-BP) are differentially involved. S6K1 activation after crush clearly induced axon elongation and survival of optic neurons. In contrast, the deletion of 4E-BP (4E-BP1/2 double KO mice), which is normally phosphorylated and inhibited upon TOR activity, had no effect on regrowth [START_REF] Yang | The mTORC1 effectors S6K1 and 4E-BP play different roles in CNS axon regeneration[END_REF] suggesting that S6K1 or other TOR substrates are operating. It is also worth mentioning that axon recovery upon optic nerve damage is still observed on PTEN deleted neurons when they are treated with rapamycin suggesting the implication of mTORC1-independent pathways [START_REF] Park | Promoting Axon Regeneration in the Adult CNS by Modulation of the PTEN/mTOR Pathway[END_REF]. Since PTEN deletion constitutively activates mTOR signaling but rapamycin inhibits mTORC1 activity, this suggests an mTORC2-mediated recovery (Figure 3a). mTORC2 controls Akt, which regulates cellular processes such as metabolism, survival, apoptosis, growth, and proliferation. Rapamycin-resistant axon recovery and TOR-independent mechanisms of axogenesis are also observed in peripheral sensory neurons [23,[START_REF] Borselli | Functional muscle regeneration with combined delivery of angiogenesis and myogenesis factors[END_REF].

Finally, when considering retinal neuron axon regeneration, outgrowth following injury cannot be the only investigated parameter in a human disease-context. Juvenile and adult mice with either PTEN and SOCS3 (suppressor of cytokine signaling 3) co-deletion, or co-overexpression of osteopontin (OPN)/insulin-like growth factor 1 (IGF1)/ciliary neurotrophic factor (CNTF), showed regrowth of retinal axons and formation of functional synapses in the superior colliculus (SC), but not significant recovery of visual function [START_REF] Bei | Restoration of Visual Function by Enhancing Conduction in Regenerated Axons[END_REF]. PTEN and SOCS3 deletions as well as the growth factors' (OPN, IGF1 and CNTF) overexpression activate mTOR signaling (Figure 3a). The regenerated axons failed to conduct axon potentials from the eye to the brain. With functional recovery in mind, the administration of voltage-gated potassium channel blockers was shown to restore conduction and results in increased visual acuity [START_REF] Bei | Restoration of Visual Function by Enhancing Conduction in Regenerated Axons[END_REF]. When rebuilding circuits and evaluating regeneration after optic nerve injury, both the axon regrowth and proper myelination seem to be required. In general, for each regeneration challenge, attention must be paid in the specificities required for functional regeneration.

The medical challenge resides in finding the exact ways to stimulate mTOR activity to maximize the optic nerve's regenerative properties. As exposed in this review, current leads include inhibitors of mTOR inhibitors (PTEN, RTP801 or TSC1/TSC2), mTOR activators and growth factors. Conditions like glaucoma where the optic nerve is damaged and which is the leading cause of blindness in people over 60 could benefit from such treatments.

The mTOR Pathway Mediates Drosophila Neuron Regrowth and Remodeling during Metamorphosis

The TOR pathway is also involved in axon regrowth in Drosophila. During metamorphosis, neurons from the mushroom body are reshaped. This consists in parceling exiting axons followed by the re-extension of new ones from the cellular body. This phenomenon mimics cellular events occurring after axotomy in neuron and is different from initial axon growth from a newborn neuron. During mushroom body remodeling, axon regrowth is mediated via the TSC-Rheb-TOR pathway, which is activated by the nuclear receptor UNF [START_REF] Yaniv | Axon Regrowth during Development and Regeneration Following Injury Share Molecular Mechanisms[END_REF]. In this system, TOR is also regulating neurite sprouting but its activation is under the control of PI3K/PTEN [START_REF] Marmor-Kollet | Contrasting developmental axon regrowth and neurite sprouting of Drosophila mushroom body neurons reveals shared and unique molecular mechanisms[END_REF]. 

The mTOR Signaling Roles in Wound Healing during Epidermis Regeneration

The Drosophila monolayered epidermis is also a good system to study tissue repair after injury. One of the first events after injury is the formation of an actomyosin cable that will tighten around the wound. Then, the wound closure is ensured by the association of crawling cells to lamellipodiacarrying cells surrounding the wound. In the next experiments, Drosophila larvae were subjected to a laser beam that ablated cells of the epidermis. Wound closure clearly involves Insulin/IGF signaling (IIS) as shown in flies carrying the deletion of three insulin ligands or the expression of a dominantnegative version of the insulin receptor [START_REF] Kakanj | Insulin and TOR signal in parallel through FOXO and S6K to promote epithelial wound healing[END_REF][45][START_REF] Castilho | Exploiting PI3K/mTOR signaling to accelerate epithelial wound healing[END_REF]. Wound healing in Drosophila is also delayed in the presence of rapamycin [START_REF] Kakanj | Insulin and TOR signal in parallel through FOXO and S6K to promote epithelial wound healing[END_REF] (Figure 4a). Similarly, targeted inhibition of mTORC1 in transgenic mice overexpressing PRAS40 in basal keratinocytes resulted in delayed wound healing [45] (Figure 4a). 

The Cell-Specific mTOR Signaling Roles in Mammalian Spinal Cord Neurons

Spinal cord injuries (SCI) have been connected to mTOR signaling in different ways. The spinal cord connects the brain to the peripheral nervous system. The mTOR pathway has been shown to promote or inhibit axon regeneration in SCI animal models. Most frequently, two types of SCI animal models are used; spinal cord injury and spinal cord hemisection with the former aiming for complete anatomical and functional damage of the spinal cord while the latter is an incomplete injury with a certain remaining nerve connectivity. Glial scars, formed by the activation of inactive astrocytes, involve the proliferation or hypertrophy of astrocytes, which create a physical and chemical barrier that hinders neuronal recovery [START_REF] Zhang | Astrogliosis in CNS Pathologies: Is There A Role for Microglia?[END_REF]. The conversion of astrocytes depends on epidermal growth factors (EGF), which activates the Rheb/mTOR pathway [5]. Overexpressed PTEN attenuates gliosis at three days after SCI and enhances motor functional recovery [5] (Figure 3b). In general, in astrocytes, a hyperactive mTOR is a negative regulator for recovery following SCI [START_REF] Kanno | The role of mTOR signaling pathway in spinal cord injury[END_REF]. Restravol is an example of an mTOR inhibiting drug that has been successful in restoring nerve function following SCI [START_REF] Zhou | Beneficial Effects of Resveratrol-Mediated Inhibition of the mTOR Pathway in Spinal Cord Injury[END_REF]. However, in spinal cord hemisection, mTOR activation efficiently promotes regrowth and regeneration of the corticospinal tract [5] (Figure 3c). In dorsal root ganglion neurons, mTOR activation increases regrowth and recovery following peripheral nervous system injury [START_REF] Abe | Mammalian Target of Rapamycin (mTOR) Activation Increases Axonal Growth Capacity of Injured Peripheral Nerves[END_REF]. Diseases like amyotrophic lateral sclerosis (ALS), which specifically affects motoneurons, could gain from treatments which alter mTOR activity in the spinal cord. To recapitulate, hyperactivity of mTOR in astrocytes is correlated to an inflammatory response that is deleterious for neuron recovery while mTOR activation in spinal cord neurons enhances axon regeneration. Importantly, functions of mTOR in varying neuronal injury models can be different or even opposing, which might be attributed to the type of cell in which the mTOR activity takes place.

The mTOR Signaling Roles in Wound Healing during Epidermis Regeneration

The Drosophila monolayered epidermis is also a good system to study tissue repair after injury. One of the first events after injury is the formation of an actomyosin cable that will tighten around the wound. Then, the wound closure is ensured by the association of crawling cells to lamellipodia-carrying cells surrounding the wound. In the next experiments, Drosophila larvae were subjected to a laser beam that ablated cells of the epidermis. Wound closure clearly involves Insulin/IGF signaling (IIS) as shown in flies carrying the deletion of three insulin ligands or the expression of a dominant-negative version of the insulin receptor [START_REF] Kakanj | Insulin and TOR signal in parallel through FOXO and S6K to promote epithelial wound healing[END_REF][45][START_REF] Castilho | Exploiting PI3K/mTOR signaling to accelerate epithelial wound healing[END_REF]. Wound healing in Drosophila is also delayed in the presence of rapamycin [START_REF] Kakanj | Insulin and TOR signal in parallel through FOXO and S6K to promote epithelial wound healing[END_REF] (Figure 4a). Similarly, targeted inhibition of mTORC1 in transgenic mice overexpressing PRAS40 in basal keratinocytes resulted in delayed wound healing [45] (Figure 4a). These animal model studies show that mTOR activity at the site of the wound is required for cell migration and wound healing. The exploitation of the mTOR pathway as a source of novel pharmacological strategies for wound healing is ongoing and is reviewed by Castilho et al. [START_REF] Castilho | Exploiting PI3K/mTOR signaling to accelerate epithelial wound healing[END_REF].

The mTOR Signaling Roles during Homeostatic Growth and Stem Cell Maintenance in the Gut Epithelium

Barrier epithelia such as the posterior midgut epithelium of Drosophila is another paradigm for the study of tissue repair. One of the steps of Drosophila's midgut regenerative mechanism is the endoreplication of enterocytes (EC). Intestinal stem cells of the gut proliferate to form an enteroblast (EB) population in which cells are able to differentiate into enterocytes (EC) or enteroendocrine cells. As they differentiate, EC undergo endoreplication which contributes to an increase in cell size. The endocycle is different from the mitotic cycle as DNA replication occurs without nuclear division resulting in polyploid cells with increased cell size. Analyzing how endocycling-induced EC growth is used during fly gut epithelium repair following stress, EC endoreplication was shown to be controlled by EGFR/MAPK (epidermal growth factor receptor and mitogen-activated protein kinases respectively) but not by TOR signaling [START_REF] Xiang | EGFR-dependent TOR-independent endocycles support Drosophila gut epithelial regeneration[END_REF]. The EGFR/MAPK pathway promotes cell growth and proliferation. In normal conditions, however, the fly posterior midgut will use the Insulin/PI3K/TOR pathway for EC endocycling and growth [START_REF] Xiang | EGFR-dependent TOR-independent endocycles support Drosophila gut epithelial regeneration[END_REF]. These data serve as an illustration for mTOR being implicated in the physiological homeostatic growth of the gut but not in the regenerative process following epithelium stress. In consequence, the therapeutic activation of mTOR aiming at promoting gut regeneration after mechanical or chemical injury might induce a deleterious effect on the non-affected gut epithelium portion undergoing physiological cell turn-over. This highlights the importance to favor the local administration of drugs over a wide-spread action. This strategy might better target the damaged tissue and preserve the intact epithelium.

The fruit fly intestine hosts intestinal stem cells (ISCs) that proliferate in response to regenerative stimuli. Using enteropathogen infection to mimic regenerative stimuli, fly guts were then dissected and labeled with anti-phospho-4E-BP antibodies. TOR activation was found to be necessary for the quick activation of the proliferation of ISCs [START_REF] Haller | mTORC1 Activation during Repeated Regeneration Impairs Somatic Stem Cell Maintenance[END_REF]. However, the pool of ISCs is significantly reduced when TOR is continuously activated after several rounds of regenerative inputs in the posterior midgut. This decline is explained by an accelerated differentiation of intestinal stem cells into enterocytes and enteroendocrine cells [START_REF] Haller | mTORC1 Activation during Repeated Regeneration Impairs Somatic Stem Cell Maintenance[END_REF]. Similar findings have been observed on stem cells (basal cells) of the mouse tracheal epithelium upon SO 2 exposure-induced injury: TOR is transiently activated upon chemical-induced damage but chronic activation of TOR induced a decline of basal cells population [START_REF] Haller | mTORC1 Activation during Repeated Regeneration Impairs Somatic Stem Cell Maintenance[END_REF] (Figure 4b). These results outline the dual role of TOR in stem cell homeostasis. It is important to trigger proliferation immediately after damage but a low-grade activity is necessary to ensure long stem cell longevity. This trade-off between mTORC1-mediated inductions of stem cell proliferation and differentiation-induced loss seems to be widely conserved across cell types [START_REF] Rodgers | mTORC1 controls the adaptive transition of quiescent stem cells from G0 to GAlert[END_REF][START_REF] Easley | mTOR-mediated activation of p70 S6K induces differentiation of pluripotent human embryonic stem cells[END_REF][START_REF] Haller | mTORC1 Activation during Repeated Regeneration Impairs Somatic Stem Cell Maintenance[END_REF][START_REF] Castilho | mTOR mediates Wnt-induced epidermal stem cell exhaustion and aging[END_REF][START_REF] Chen | Rapamycin and other longevity-promoting compounds enhance the generation of mouse induced pluripotent stem cells[END_REF][START_REF] Deng | mTOR signaling promotes stem cell activation via counterbalancing BMP-mediated suppression during hair regeneration[END_REF][START_REF] Kharas | Constitutively active AKT depletes hematopoietic stem cells and induces leukemia in mice[END_REF]. Pharmaceutical alterations of the mTOR pathway have to be designed accordingly so as not to deplete adult stem cell populations. thirds ablation, livers that have suffered 90% hepatectomy are not able to regrow. Unsurprisingly, TOR is not activated in the remnant liver after such massive resection [START_REF] Zhang | mTOR-Dependent Suppression of Remnant Liver Regeneration in Liver Failure After Massive Liver Resection in Rats[END_REF].

Liver diseases stem from various etiologies and can be fatal. Therapies enhancing endogenous regeneration following resection should inescapably focus on the activation of the mTOR pathway to create a more favorable microenvironment for hepatocyte reactivation. A recent review cites some of the chemical drugs that stimulate mTOR signaling to improve liver regeneration after partial hepatectomy [5]. 

The mTOR Signaling Roles during Bone Formation and Resorption

Bone regeneration is a physiological process of bone formation and is observed during normal fracture healing and in continuous remodeling and growth throughout an organism's lifespan. Chen and Long describe the roles of mTOR signaling in skeletal development and disease in a recent review [START_REF] Chen | mTOR signaling in skeletal development and disease[END_REF]. Osteoblasts are specialized mesenchymal stem cells that differentiate into the major cellular 

The mTOR Signaling Role in Hepatocyte Proliferation during Liver Regeneration

Upon partial hepatectomy, the remaining and quiescent mammalian hepatocytes are able to reenter the cell cycle synchronously and proliferate to restore liver volume. The liver does not rely on a resident stem cell population but on the aptitude of its hepatocytes to reactivate proliferation after local signals such as tissue resection. The use of mice mutants (S6K1 -/-, S6K2 -/-) and rapamycin intraperitoneal injection to abrogate TOR activity in a 70% partial hepatectomy (PH) mouse model demonstrated the importance of the TOR pathway in the initial proliferation phase after resection [START_REF] Espeillac | S6 kinase 1 is required for rapamycin-sensitive liver proliferation after mouse hepatectomy[END_REF][START_REF] Fouraschen | mTOR signaling in liver regeneration: Rapamycin combined with growth factor treatment[END_REF]. More specifically decrease in levels of Cyclin D1, a cyclin known to be involved in the G1-S phase transition, is observed in S6K1 -/-, S6K2 -/-hepatocytes accounting for the cell cycle progression delay reported in these genetically modified hepatocytes. In addition, rescue experiments using Cyclin D1 overexpression in S6K1 -/-, S6K2 -/-hepatocytes showed that cell cycle entry timing can be rectified after PH [START_REF] Espeillac | S6 kinase 1 is required for rapamycin-sensitive liver proliferation after mouse hepatectomy[END_REF]. The link between mTOR and cell cycle entry can be explained by the fact that mTOR inhibition induces phosphorylation of eIF4E (eukaryotic initiation factor 4E) [START_REF] Wen | CGP57380 enhances efficacy of RAD001 in non-small cell lung cancer through abrogating mTOR inhibition-induced phosphorylation of eIF4E and activating mitochondrial apoptotic pathway[END_REF] that participates in the synthesis of the Cyclin D1 protein [START_REF] Rosenwald | Elevated levels of cyclin D1 protein in response to increased expression of eukaryotic initiation factor 4E[END_REF]. In a context of mTOR inhibition, eIF4E-dependant translation is inhibited [START_REF] Wen | CGP57380 enhances efficacy of RAD001 in non-small cell lung cancer through abrogating mTOR inhibition-induced phosphorylation of eIF4E and activating mitochondrial apoptotic pathway[END_REF] which results in the decrease of Cyclin D1 protein levels and cell cycle progression delay (Figure 4c). Nevertheless, liver regeneration can happen to a limited extent only. While TOR-mediated proliferation of hepatocytes allows liver regeneration after two-thirds ablation, livers that have suffered 90% hepatectomy are not able to regrow. Unsurprisingly, TOR is not activated in the remnant liver after such massive resection [START_REF] Zhang | mTOR-Dependent Suppression of Remnant Liver Regeneration in Liver Failure After Massive Liver Resection in Rats[END_REF].

Liver diseases stem from various etiologies and can be fatal. Therapies enhancing endogenous regeneration following resection should inescapably focus on the activation of the mTOR pathway to create a more favorable microenvironment for hepatocyte reactivation. A recent review cites some of the chemical drugs that stimulate mTOR signaling to improve liver regeneration after partial hepatectomy [5].

The mTOR Signaling Roles during Bone Formation and Resorption

Bone regeneration is a physiological process of bone formation and is observed during normal fracture healing and in continuous remodeling and growth throughout an organism's lifespan. Chen and Long describe the roles of mTOR signaling in skeletal development and disease in a recent review [START_REF] Chen | mTOR signaling in skeletal development and disease[END_REF]. Osteoblasts are specialized mesenchymal stem cells that differentiate into the major cellular components of bone. Additionally, osteoclasts derive from hematopoietic progenitors from the bone marrow and form the structural components of bone with osteoblasts. Stimulation of osteoblast differentiation has been attributed to mTORC1 as a common effector mediating the bone anabolic effect of insulin-like growth factor-1, Wnt and bone morphogenetic protein (BMP). mTORC1 activity drives bone anabolism by stimulating osteoclast differentiation (Figure 5a). mTORC2 too has been found to promote osteoblast differentiation and function [START_REF] Chen | mTOR signaling in skeletal development and disease[END_REF] (Figure 5a). In ovariectomized rats, bone marrow stromal cells (BMSC) lacking Rictor gene exhibited reduced osteogenic potential, but an increased capacity to undergo adipogenic differentiation in vitro [START_REF] Chen | mTORC2 Signaling Promotes Skeletal Growth and Bone Formation in Mice[END_REF]. Thus, mTORC2 may serve as a potential therapeutic target for treating age-related bone loss.

mTOR modulation has been linked to improve symptoms in certain bone diseases. Bone health is determined by the correct balance of bone resorption and bone formation. Osteoporosis and osteoarthritis are two chronic diseases, which show an imbalance between bone resorption and formation. Osteoarthritis (OA) is a chronic degenerative joint disease characterized by gradual loss of articular cartilage, synovial inflammation, and subchondral bone remodeling. The mTOR pathway has been shown to be overexpressed in human OA chondrocytes [START_REF] Zhang | Cartilage-specific deletion of mTOR upregulates autophagy and protects mice from osteoarthritis[END_REF]. Drugs inhibiting mTORC1 (local application of rapamycin or torin) have shown therapeutic promise [START_REF] Zhang | mTORC1 Inhibits NF-κB/NFATc1 Signaling and Prevents Osteoclast Precursor Differentiation, In Vitro and In Mice[END_REF][START_REF] Matsuzaki | Intra-articular administration of gelatin hydrogels incorporating rapamycin-micelles reduces the development of experimental osteoarthritis in a murine model[END_REF][START_REF] Takayama | Local intra-articular injection of rapamycin delays articular cartilage degeneration in a murine model of osteoarthritis[END_REF][START_REF] Caramés | Autophagy activation by rapamycin reduces severity of experimental osteoarthritis[END_REF][START_REF] Cheng | Intra-articular injection of Torin 1 reduces degeneration of articular cartilage in a rabbit osteoarthritis model[END_REF]. One explanation for the pathology is proposed to be linked to the overexpression of mTOR and its induced repression of autophagy [START_REF] Zhang | Cartilage-specific deletion of mTOR upregulates autophagy and protects mice from osteoarthritis[END_REF][START_REF] Caramés | Autophagy activation by rapamycin reduces severity of experimental osteoarthritis[END_REF]. The expression of autophagy markers is suppressed in human OA cartilages as well as animals models of OA and the inhibition of autophagy causes chondrocyte apoptosis and OA-like pathogenesis in vitro and in vivo [START_REF] Sasaki | Autophagy modulates osteoarthritis-related gene expression in human chondrocytes[END_REF][START_REF] Cheng | Role of autophagy in the progression of osteoarthritis: The autophagy inhibitor, 3-methyladenine, aggravates the severity of experimental osteoarthritis[END_REF].

Osteoporosis (OP) is a disease in which the density and quality of bone are reduced. A study in rats showed that rapamycin treatment reduced senile osteoporosis by activating osteocyte autophagy and preserving osteocytes and by a decrease in apoptosis of osteocytes and a decrease in number of osteoclasts [START_REF] Luo | Rapamycin reduces severity of senile osteoporosis by activating osteocyte autophagy[END_REF]. Another study with Everolimus (equivalent to rapamycin) in rats showed a decrease of 60% in cancellous bone loss, the first type of bone structure, which is affected in osteoporosis. Both studies showed that rapamycin or a rapalog decrease osteoporosis by blocking mTOR and decreasing the activity of osteoclasts and the preservation of osteocytes by increasing autophagy. In general, mTORC1 deficiency in osteoclast precursors may promote both osteoclast formation and bone resorption [START_REF] Zhang | mTORC1 Inhibits NF-κB/NFATc1 Signaling and Prevents Osteoclast Precursor Differentiation, In Vitro and In Mice[END_REF].

Bone and dentin derive from stem cells from the apical papilla (SCAP) which are a subpopulation of mesenchymal stem cells (MSCs). SCAP are identified as a population of postnatal mesenchymal stem cells with the capacity for self-renewal and multipotent differentiation into osteoblasts/odontoblasts, adipocytes, and neural cells. Looking specifically at the Phosphoinositide 3 kinase (PI3K)-Akt-mTOR pathway, it was found that its suppression played a role in enhancing the in vivo and in vitro osteogenic/dentinogenic differentiation of stem cells from the apical papilla [START_REF] Tanaka | Suppression of AKT-mTOR signal pathway enhances osteogenic/dentinogenic capacity of stem cells from apical papilla[END_REF]. A novel approach for SCAP-based bone and dentin regeneration could then involve a suppressive regulation of PI3K-Akt-mTOR signal pathway. This study showed the role of the PI3K-Akt-mTOR pathway in cell fate and stem cell differentiation capacity (Figure 5a). Such data should be taken into account when elaborating possible therapeutic treatments as the mTOR pathway can also play a role in cell fate.

The mTOR Signaling Roles during Kidney Repair, Disease and Stem Cell Maintenance

The functional unit of the kidney is the nephron and adult neonephrogenesis is unequally distributed in the animal kingdom. The nephron is composed of a glomerulus and a tubule. The glomerulus contains podocytes, which help carry out the initial blood filtration. The tubule is where diverse molecules are secreted and reabsorbed. Adult mammals cannot form new nephrons contrary to cartilaginous fish, bony fish or certain amphibians [START_REF] Elger | Nephrogenesis Is Induced by Partial Nephrectomy in the Elasmobranch Leucoraja erinacea[END_REF][START_REF] Diep | Identification of adult nephron progenitors capable of kidney regeneration in zebrafish[END_REF][START_REF] Hentschel | Developing nephrons in adolescent dogfish, Scyliorhinus caniculus (L.), with reference to ultrastructure of early stages, histogenesis of the renal countercurrent system, and nephron segmentation in marine elasmobranchs[END_REF][START_REF] Camarata | Postembryonic Nephrogenesis and Persistence of Six2-Expressing Nephron Progenitor Cells in the Reptilian Kidney[END_REF]. However, cellular mechanisms can contribute to the reparation of mammalian renal structures. More specifically, this consists in proliferation of epithelial cells in the tubules-which can originate from dedifferentiated cells (Table 1) or recruited resident progenitor cells-leading to nephron hypertrophy. This repair depends on the ability of the remaining tubular cells to proliferate and restore the injured tubular epithelium [START_REF] Bonventre | Dedifferentiation and Proliferation of Surviving Epithelial Cells in Acute Renal Failure[END_REF]. However, the increased intracapillary pressures and flows associated with adaptive glomerular hypertrophy in humans can ultimately lead to podocyte injury and proteinuria [START_REF] Lieberthal | The Role of the Mammalian Target of Rapamycin (mTOR) in Renal Disease[END_REF]. Proper glomerular filtration which regulates blood homeostasis is paramount for functional kidney regeneration. Nephron hypertrophy is mTOR-dependent and rapamycin treatment delays recovery of renal function after acute kidney injury in rats [START_REF] Lieberthal | The Role of the Mammalian Target of Rapamycin (mTOR) in Renal Disease[END_REF]. The effect of rapamycin might be due to the dual effects of inhibition of proliferation and induction of apoptosis of tubular cells.

Medical approaches for treating kidney diseases have been focusing on the stimulation of endogenous reparative mechanisms or on stem cell therapies [START_REF] Marcheque | Concise Reviews: Stem Cells and Kidney Regeneration: An Update[END_REF] and the use of organoids [START_REF] Takasato | A strategy for generating kidney organoids: Recapitulating the development in human pluripotent stem cells[END_REF]. mTOR has emerged as an important modulator of several forms of renal diseases [START_REF] Fantus | Roles of mTOR complexes in the kidney: Implications for renal disease and transplantation[END_REF]. Activation of mTOR within the kidney occurs in animal models of diabetic nephropathy and other causes of progressive kidney disease. This kinase has also been implicated in the development of glomerular disease, polycystic kidney disease and kidney transplant rejection [START_REF] Fantus | Roles of mTOR complexes in the kidney: Implications for renal disease and transplantation[END_REF]. Rapamycin ameliorates several key mechanisms believed to mediate changes associated with the progressive loss of glomerular filtration rate in chronic kidney disease [START_REF] Lieberthal | The Role of the Mammalian Target of Rapamycin (mTOR) in Renal Disease[END_REF]. These include glomerular hypertrophy, intrarenal inflammation, and interstitial fibrosis. mTOR also plays an important role in mediating cyst formation and enlargement in autosomal dominant polycystic kidney disease [START_REF] Lieberthal | The Role of the Mammalian Target of Rapamycin (mTOR) in Renal Disease[END_REF]. Inhibition of mTOR by rapamycin or one of its analogues represents a potentially novel treatment for autosomal dominant polycystic kidney disease. mTOR modulators for renal recovery are already ongoing clinical trials and were reviewed in 2018 [START_REF] Viana | Therapeutic Use of mTOR Inhibitors in Renal Diseases: Advances, Drawbacks, and Challenges[END_REF].

During embryogenesis, nephrons are derived from a pool of self-renewing progenitors. Mammalian nephron progenitors stop propagation and are terminally differentiated within a few days after birth [START_REF] Saxén | Early organogenesis of the kidney[END_REF] indicating that neonephrogenesis is not possible in the adult as mentioned above. In contrast, formation of nephrons de novo has been reported in the adult little skate, Leucoraja erinacea, an elasmobranch cartilaginous fish, after partial nephrectomy [START_REF] Elger | Nephrogenesis Is Induced by Partial Nephrectomy in the Elasmobranch Leucoraja erinacea[END_REF]. Similarly, in the adult zebrafish kidney and using transplantation experiments, a small group of cells were discovered as able to form functional nephrons [START_REF] Diep | Identification of adult nephron progenitors capable of kidney regeneration in zebrafish[END_REF][START_REF] Camarata | Postembryonic Nephrogenesis and Persistence of Six2-Expressing Nephron Progenitor Cells in the Reptilian Kidney[END_REF]. In the skate, histological analysis revealed an enhancement of nephron growth in the nephrogenic zone, both in the remnant tissue and in the contralateral kidney. In addition, stem cell-like mesenchymal cells were identified in the nephrogenic zone [START_REF] Elger | Nephrogenesis Is Induced by Partial Nephrectomy in the Elasmobranch Leucoraja erinacea[END_REF]. This strongly suggests that a pool of nephron progenitors is maintained in the renal tissue of adult cartilaginous fish giving them the possibility to form new nephrons. What are the molecular properties that allow these renal progenitors to be maintained in the adult? One hypothesis might be that these cells display low rates of protein synthesis. Interestingly, genes/pathways that are differentially expressed in young versus old renal progenitors include pathways with known effects on organism/stem cells aging (such as TOR) and the translational machinery [START_REF] Chen | Intrinsic age-dependent changes and cell-cell contacts regulate nephron progenitor lifespan[END_REF] (Figure 5b). More generally, recent reviews have highlighted that both embryonic and adult stem cells are dependent on low rates of translation to maintain an undifferentiated state [4,[START_REF] Tahmasebi | Translational Control in Stem Cells[END_REF]. Pathways controlling protein synthesis such as the mTOR pathway might then have a crucial role in maintaining renal progenitors in adult cartilaginous fish. Retaining a low rate of protein synthesis and more specifically mTOR activity might then be a way to keep renal stem cells in the mammalian adult kidney and to avoid the decline of the progenitor pool around birth. As described in the examples in the bone subsection, mTOR activity effects are characterized by a certain trade-off between stem cell maintenance and differentiation. The capability to regenerate the entire body is observed in a wide range of metazoans (mainly 

The mTOR Signaling Roles during Whole-Body Regeneration and Asexual Reproduction in Cnidarians, Planarians, and Tunicates

The capability to regenerate the entire body is observed in a wide range of metazoans (mainly platyhelminthes, annelids, echinoderms, tunicates, and cnidarians) but few studies have investigated the role of TOR in this process. This last part of the review will explore mTOR signaling in whole-body regeneration (cnidarian and planarian) and asexual reproduction (tunicate). The freshwater cnidarian Hydra is a polyp displaying an oral edge surrounded by tentacles and an aboral, flattened tip permitting substrate attachment. After bisection, this polyp can regrow missing structures through cellular rearrangement and transdifferentiation (see Table 1). With the mTOR complex acting as a nutrient sensor, the mTOR pathway influences cell survival, cell growth, and proliferation as we have illustrated previously. As defined earlier on, autophagy is a catabolic process of cell-component recycling and it plays a fundamental role in cellular, tissular, and organismal homeostasis and has been shown to be involved in regeneration. It is correlated with inhibition of the mTOR pathway or with rapamycin treatment. Like the mTOR pathway components, autophagy proteins are highly conserved in eukaryotic organisms [START_REF] Shemi | Elucidating the composition and conservation of the autophagy pathway in photosynthetic eukaryotes[END_REF].

Initially described as a means of protein degradation [START_REF] De Duve | Tissue fractionation studies. 6. Intracellular distribution patterns of enzymes in rat-liver tissue[END_REF], autophagy is now understood as holding multiple physiological roles. Beyond the recycling of proteins and macromolecules, mTOR and autophagy in the context of regeneration help determine stem cell maintenance and cell identity [START_REF] Vessoni | Autophagy in Stem Cell Maintenance and Differentiation[END_REF]. Investigating the role of autophagy during regeneration in Hydra, a kinetics of TOR mRNA by semi-quantitative RT-PCR at several time points was performed after amputation [START_REF] Chera | Autophagy in Hydra: A response to starvation and stress in early animal evolution[END_REF]. Indeed, it was previously shown that rapamycin induces autophagy in Hydra and also in Drosophila [START_REF] Buzgariu | Chapter Twenty-Six Methods to Investigate Autophagy During Starvation and Regeneration in Hydra[END_REF][START_REF] Wu | Insulin delays the progression of Drosophila cells through G2/M by activating the dTOR/dRaptor complex[END_REF]. In the regenerative part of Hydra, TOR mRNA levels are maintained stable during the first 4 h post-amputation (hpa) then decrease until 32 hpa which might indicate that autophagy is activated during the first phase of regeneration. TOR mRNA synthesis restarts from 32 to 48 hpa probably reflecting a need for cell growth at this regeneration step [START_REF] Chera | Autophagy in Hydra: A response to starvation and stress in early animal evolution[END_REF]. It seems likely that this observed autophagic phase produces the energetic resources from recycled metabolites required to pursue regeneration. In muscle satellite cells, an autophagic flux is also induced in quiescent cells as they activate and enter the cell cycle [START_REF] Tang | Induction of autophagy supports the bioenergetic demands of quiescent muscle stem cell activation[END_REF]. In general, stem cell activation is associated with a large increase in cellular ATP, which might then come from an initial autophagic phase. In this example, TOR activity is upregulated only after an autophagic and low mTOR activity phase.

Active mTOR signaling has additionally been shown to be required during tissue regeneration by regulating stem cell activation and blastema outgrowth in the planarian regeneration model [START_REF] Peiris | TOR signaling regulates planarian stem cells and controls localized and organismal growth[END_REF][START_REF] Tu | TORC1 is required to balance cell proliferation and cell death in planarians[END_REF][START_REF] Geng | iTRAQ-Based Quantitative Proteomic Analysis of the Initiation of Head Regeneration in Planarians[END_REF]. Planarian flatworms possess an iconic adult stem cell population composed of neoblasts. Following amputation, these neoblasts undergo two rounds of proliferation and migrate to the wound site to form a blastema. Neoblasts then reform missing tissue by differentiation in this blastema which becomes gradually pigmented. In Schmidtea mediterranea, TOR and raptor are expressed in neoblasts and their knock-down by RNAi affect the initial mitotic response and blastema formation but not the differentiation that is taking place in existing tissues [START_REF] Peiris | TOR signaling regulates planarian stem cells and controls localized and organismal growth[END_REF][START_REF] Tu | TORC1 is required to balance cell proliferation and cell death in planarians[END_REF][START_REF] González-Estévez | Gtdap-1 promotes autophagy and is required for planarian remodeling during regeneration and starvation[END_REF]. In intact planarians, neoblast proliferation and maintenance are not affected by TOR down-regulation [START_REF] Tu | TORC1 is required to balance cell proliferation and cell death in planarians[END_REF] reminding that the effect of TOR on stem cell homeostasis should be interpreted in the context of animal state (normal or regenerating). Finally, a quantitative proteomic analysis has been performed during planarian (Dugesia japonica) head regeneration (2 h and 6 h after injury) and uncovers a set of 162 proteins whose expression is modified. During the initial phase of regeneration, these proteins include several molecules related to protein synthesis and mTOR signaling [START_REF] Geng | iTRAQ-Based Quantitative Proteomic Analysis of the Initiation of Head Regeneration in Planarians[END_REF] which confirms their key role in priming head regeneration. A certain parallel can be drawn between limb regeneration in mice and axolotl and between whole-body regeneration in planarians. While cells distant from the amputation site are cued to re-enter into the cell cycle (G alert ), only those residing locally within the stump of the amputated limb ultimately participate in the regrowth of the new limb. During planarian regeneration, neoblasts throughout the body are initially activated, but eventually, this activation becomes refined to the site of injury and blastema growth like in the axolotl or mice models [START_REF] Wenemoser | Planarian regeneration involves distinct stem cell responses to wounds and tissue absence[END_REF]. Whole-body regeneration, as described here with the planarians, informs us that mTOR signaling is a necessary part of the pro-regenerative environment following amputation and that this signaling has a precise temporal dynamic.

Like in Hydra, autophagy is activated during the process of regeneration in planarians. Cells that undergo autophagy express Dap-1 (death-associated protein). Loss-of-function experiments of the planarian ortholog of DAP-1 using RNAi were designed to investigate the role of autophagy for regeneration in Girardia tigrina. The experiments demonstrated that regeneration is affected in Dap-1 (RNAi) animals [START_REF] González-Estévez | Gtdap-1 promotes autophagy and is required for planarian remodeling during regeneration and starvation[END_REF]. Interestingly, Dap-1 is a suppressor of autophagy and also a direct substrate of mTOR [START_REF] Koren | Autophagy gets a brake[END_REF]. During conditions of nutrient deprivation, mTOR activity is turned off and this causes a reduction in the inhibitory phosphorylation of Dap-1. The mTOR pathway thus contains a brake system in which mTOR inhibition also controls a buffering system that prevents the overactivation of autophagy under nutrient deprivation [START_REF] Koren | Autophagy gets a brake[END_REF] (Figure 6). This type of self-regulating molecular control mechanism is probably key in deciding cell survival, proliferation and fate for functional regeneration and can represent a challenge in the development of pro-regenerative pharmaceutical strategies. and organogenesis. RA stimulation in tunicates induces transdifferentiation-related genes [START_REF] Kawamura | Autophagic dedifferentiation induced by cooperation between TOR inhibitor and retinoic acid signals in budding tunicates[END_REF] and secondary bud axis formation [START_REF] Kawamura | Developmental role of endogenous retinoids in the determination of morphallactic field in budding tunicates[END_REF]. The mTOR and retinoic acid pathways might then act synergistically on bud tissues to coordinate the autophagic events that precede regeneration [START_REF] Kawamura | Autophagic dedifferentiation induced by cooperation between TOR inhibitor and retinoic acid signals in budding tunicates[END_REF].

Once again, molecular crosstalk is an inevitable issue in drug development and only in vivo experiments for human disease-related treatments can validate new molecules as efficient. In this example of the interplay between autophagy and dedifferentiation, mTOR is illustrated as the orchestrator of various cellular events, which can lead to regeneration in combination with other pathways (Figure 6). 

Conclusions

mTOR signaling has emerged as a pivotal pathway in regulating cell proliferation and differentiation in a wide variety of cell types. Table 2 summarizes the condensed roles of mTOR signaling in different regenerative processes. It is clear that mTOR has an important role in the regulation of tissue homeostasis, in modulating the balance between self-renewal and differentiation, as well as in autophagy. Consequently, it is necessarily involved in regenerative processes. In this review, mTORC1 is more frequently involved in regeneration but a potential bias exists as mTORC1 is better characterized. This is also due to the absence of mTORC2 specific inhibitors. With aberrations in the mTOR axis frequently reported in cancer and various pathologies, a clear understanding of the up-stream and down-stream effectors of mTOR in a tissue-specific or even cell-specific contexts will be crucial in elaborating efficient treatments. Theoretically, many molecules can impact mTOR signaling: Firstly, upstream signals such as cytokines, growth factors or amino-acids; secondly, agents that interact with the mTOR pathway components themselves and finally molecules, which Budding (also called asexual reproduction, see Table 1) is another way of regeneration that can be observed in cnidarian polyps [START_REF] Galliot | Cnidarians as a model system for understanding evolution and regeneration[END_REF] and urochordates. In the tunicate P. misakiensis, this process of regeneration involves the dedifferentiation of cells within the atrial epithelium. Autophagic events occur during dedifferentiation in budding urochordates and could participate in cell remodeling [START_REF] Vessoni | Autophagy in Stem Cell Maintenance and Differentiation[END_REF]. It has been found that chemical treatment with TOR inhibitors (both PP242 and rapamycin) induced autophagosome formation [START_REF] Kawamura | Autophagic dedifferentiation induced by cooperation between TOR inhibitor and retinoic acid signals in budding tunicates[END_REF]. The activation of Autophagy-related genes such as Atg7 was only observed when TOR inhibition was combined with retinoic acid (RA) stimulation. Retinoic acid is a morphogen derived from retinol (vitamin A) that plays important role in cell growth, differentiation, and organogenesis. RA stimulation in tunicates induces transdifferentiation-related genes [START_REF] Kawamura | Autophagic dedifferentiation induced by cooperation between TOR inhibitor and retinoic acid signals in budding tunicates[END_REF] and secondary bud axis formation [START_REF] Kawamura | Developmental role of endogenous retinoids in the determination of morphallactic field in budding tunicates[END_REF]. The mTOR and retinoic acid pathways might then act synergistically on bud tissues to coordinate the autophagic events that precede regeneration [START_REF] Kawamura | Autophagic dedifferentiation induced by cooperation between TOR inhibitor and retinoic acid signals in budding tunicates[END_REF]. Once again, molecular crosstalk is an inevitable issue in drug development and only in vivo experiments for human disease-related treatments can validate new molecules as efficient. In this example of the interplay between autophagy and dedifferentiation, mTOR is illustrated as the orchestrator of various cellular events, which can lead to regeneration in combination with other pathways (Figure 6).

Conclusions

mTOR signaling has emerged as a pivotal pathway in regulating cell proliferation and differentiation in a wide variety of cell types. Table 2 summarizes the condensed roles of mTOR signaling in different regenerative processes. It is clear that mTOR has an important role in the regulation of tissue homeostasis, in modulating the balance between self-renewal and differentiation, as well as in autophagy. Consequently, it is necessarily involved in regenerative processes. In this review, mTORC1 is more frequently involved in regeneration but a potential bias exists as mTORC1 is better characterized. This is also due to the absence of mTORC2 specific inhibitors. With aberrations in the mTOR axis frequently reported in cancer and various pathologies, a clear understanding of the up-stream and down-stream effectors of mTOR in a tissue-specific or even cell-specific contexts will be crucial in elaborating efficient treatments. Theoretically, many molecules can impact mTOR signaling: Firstly, upstream signals such as cytokines, growth factors or amino-acids; secondly, agents that interact with the mTOR pathway components themselves and finally molecules, which regulate TOR targets. Suitable drugs targeting the mTOR pathway might be designed to work on a specific cell type to avoid side effects. Indeed, an overactivation of mTOR could be responsible for inflammatory reactions such as gliosis in neural parenchyma or inflammatory response associated with chronic kidney diseases. Methods for targeted delivery include nanoparticles with specific coatings such a cell-specific ligands or pH sensitive-molecules [START_REF] Galvin | Nanoparticle-based drug delivery: Case studies for cancer and cardiovascular applications[END_REF]. The use of liposomes is another way to target a specific tissue with a drug [START_REF] Tiwari | Drug delivery systems: An updated review[END_REF]. On the other hand, continuous activation of mTOR in stem cell populations can lead to premature differentiation and a complete depletion of the stem cell pool while a targeted activation of mTOR in neurons or muscle cells will definitively help these cells to regenerate. The possibility to control when and for how long the drug will be active once administrated should, therefore, be a valuable parameter of its design. Furthermore, understanding the regeneration window, depending on the medical challenge, is also important as treatments need to occur in a regeneration-competent environment. In addition, some regenerative processes seem to involve a dynamic regulation of mTOR activity. This is the case when autophagy is involved in the initial step of tissue recovery. These observations resonate with the concept of the regeneration window described by Dolan et al. [9], where regeneration competency, determined in time and space, is associated with a dynamic molecular orchestra. Finally, the specificities which underlie functional regeneration (conduction, ionic transport, contractility for example) must be taken into account when elaborating treatments for the regrowth of structures lost to human diseases.

From the evolutionary point of view, it is clear that some species are provided with extreme regenerative capacity while others display a more limited aptitude to regrow tissues and structures after amputation or surgical resection. This difference might be explained by the cooption of certain inhibitors of mTOR such as the one hidden in the long non-coding RNA, LINC00961, in damaged mammalian muscles. In contrast, a gradual accumulation of TOR activators by the renal stem cells around birth can explain why the maintenance of this population in the adult mammalian kidney is impaired. The diversity of regeneration processes displayed in the animal kingdom might conclusively constitute a tank for the identification of new TOR modulators that can be next adapted to medical treatments for human diseases. 

Regenerative Process Role of mTOR in Regeneration Animal Model and References

Appendage mTORC1 is required and mTOR genes are differentially expressed during regeneration.

Teleost [START_REF] Li | Gene expression profiles of fin regeneration in loach (Paramisgurnus dabryanu)[END_REF][START_REF] Hirose | Mechanistic target of rapamycin complex 1 signaling regulates cell proliferation, cell survival, and differentiation in regenerating zebrafish fins[END_REF] Muscle mTORC1 controls an alert satellite cell state, is required for cell proliferation and differentiation and for myofiber growth.

Mouse [START_REF] Ge | mTOR regulates skeletal muscle regeneration in vivo through kinase-dependent and kinaseindependent mechanisms[END_REF][START_REF] Zhang | mTOR is necessary for proper satellite cell activity and skeletal muscle regeneration[END_REF][START_REF] Lai | Conditional Activation of Akt in Adult Skeletal Muscle Induces Rapid Hypertrophy[END_REF][23][START_REF] Borselli | Functional muscle regeneration with combined delivery of angiogenesis and myogenesis factors[END_REF][START_REF] Matsumoto | mTORC1 and muscle regeneration are regulated by the LINC00961-encoded SPAR polypeptide[END_REF][START_REF] Rodgers | mTORC1 controls the adaptive transition of quiescent stem cells from G0 to GAlert[END_REF], Pig [START_REF] Han | Insulin-like growth factor-1 (IGF-1) and leucine activate pig myogenic satellite cells through mammalian target of rapamycin (mTOR) pathway[END_REF], Axolotl [START_REF] Johnson | Systemic cell cycle activation is induced following complex tissue injury in axolotl[END_REF] Axon mTORC1 activity stimulates axon survival, growth and functional recovery after injury of the central nervous system. mTOR inhibition serves regeneration by inhibiting gliosis.

Mouse [START_REF] Park | Promoting Axon Regeneration in the Adult CNS by Modulation of the PTEN/mTOR Pathway[END_REF][START_REF] Guo | GSK3β regulates AKT-induced central nervous system axon regeneration via an eIF2Bε-dependent, mTORC1-independent pathway[END_REF][START_REF] Morgan-Warren | siRNA-Mediated Knockdown of the mTOR Inhibitor RTP801 Promotes Retinal Ganglion Cell Survival and Axon Elongation by Direct and Indirect Mechanisms[END_REF][START_REF] Leibinger | Role of mTOR in neuroprotection and axon regeneration after inflammatory stimulation[END_REF][START_REF] Yang | The mTORC1 effectors S6K1 and 4E-BP play different roles in CNS axon regeneration[END_REF][START_REF] Kanno | The role of mTOR signaling pathway in spinal cord injury[END_REF][START_REF] Abe | Mammalian Target of Rapamycin (mTOR) Activation Increases Axonal Growth Capacity of Injured Peripheral Nerves[END_REF], Chick [START_REF] Zelinka | mTor signaling is required for the formation of proliferating Müller glia-derived progenitor cells in the chick retina[END_REF], Human [START_REF] Teotia | Human retinal ganglion cell axon regeneration by recapitulating developmental mechanisms: Effects of recruitment of the mTOR pathway[END_REF][START_REF] Easley | mTOR-mediated activation of p70 S6K induces differentiation of pluripotent human embryonic stem cells[END_REF] Rat [START_REF] Morgan-Warren | siRNA-Mediated Knockdown of the mTOR Inhibitor RTP801 Promotes Retinal Ganglion Cell Survival and Axon Elongation by Direct and Indirect Mechanisms[END_REF], Drosophila [START_REF] Yaniv | Axon Regrowth during Development and Regeneration Following Injury Share Molecular Mechanisms[END_REF][START_REF] Marmor-Kollet | Contrasting developmental axon regrowth and neurite sprouting of Drosophila mushroom body neurons reveals shared and unique molecular mechanisms[END_REF],

Epidermis mTORC1 activity activates cell proliferation and wound repair.

Drosophila [START_REF] Kakanj | Insulin and TOR signal in parallel through FOXO and S6K to promote epithelial wound healing[END_REF]45] Gut mTOR activity is necessary for gut cell growth and proliferation but continued activation leads to stem cell exhaustion.

Drosophila [START_REF] Xiang | EGFR-dependent TOR-independent endocycles support Drosophila gut epithelial regeneration[END_REF][START_REF] Haller | mTORC1 Activation during Repeated Regeneration Impairs Somatic Stem Cell Maintenance[END_REF],

Mouse [START_REF] Haller | mTORC1 Activation during Repeated Regeneration Impairs Somatic Stem Cell Maintenance[END_REF] Liver mTOR activity is required for hepatocyte proliferation and leads to functional recovery for up to 70% partial hepactectomy.

Mouse [START_REF] Espeillac | S6 kinase 1 is required for rapamycin-sensitive liver proliferation after mouse hepatectomy[END_REF][START_REF] Fouraschen | mTOR signaling in liver regeneration: Rapamycin combined with growth factor treatment[END_REF][START_REF] Zhang | mTOR-Dependent Suppression of Remnant Liver Regeneration in Liver Failure After Massive Liver Resection in Rats[END_REF], Zebrafish [100] Bone mTORC1 activity mediates osteoblast and osteoclast differentiation and stem cell maintenance. mTORC2 activity influences cell fate.

Mouse [START_REF] Chen | mTOR signaling in skeletal development and disease[END_REF][START_REF] Chen | mTORC2 Signaling Promotes Skeletal Growth and Bone Formation in Mice[END_REF][START_REF] Zhang | mTORC1 Inhibits NF-κB/NFATc1 Signaling and Prevents Osteoclast Precursor Differentiation, In Vitro and In Mice[END_REF], Human [START_REF] Tanaka | Suppression of AKT-mTOR signal pathway enhances osteogenic/dentinogenic capacity of stem cells from apical papilla[END_REF] Kidney mTORC1 mediates hypertrophic response following kidney injuries. Rat [START_REF] Lieberthal | The Role of the Mammalian Target of Rapamycin (mTOR) in Renal Disease[END_REF][START_REF] Viana | Therapeutic Use of mTOR Inhibitors in Renal Diseases: Advances, Drawbacks, and Challenges[END_REF] Whole-body mTOR genes are downregulated during pre-regenerative autophagy but activity is required for initial mitotic response and blastema formation.

Hydra [START_REF] Chera | Autophagy in Hydra: A response to starvation and stress in early animal evolution[END_REF][START_REF] Buzgariu | Chapter Twenty-Six Methods to Investigate Autophagy During Starvation and Regeneration in Hydra[END_REF], Planarian [START_REF] Peiris | TOR signaling regulates planarian stem cells and controls localized and organismal growth[END_REF][START_REF] Tu | TORC1 is required to balance cell proliferation and cell death in planarians[END_REF][START_REF] Geng | iTRAQ-Based Quantitative Proteomic Analysis of the Initiation of Head Regeneration in Planarians[END_REF][START_REF] González-Estévez | Gtdap-1 promotes autophagy and is required for planarian remodeling during regeneration and starvation[END_REF], Urochordate [START_REF] Cheng | Intra-articular injection of Torin 1 reduces degeneration of articular cartilage in a rabbit osteoarthritis model[END_REF] Author Contributions: Firstly, we make the case for cartilaginous fish models as part of the first models in experimental biology.

Sharks and skates were studied by Aristotle who described their reproductive modes (oviparity, viviparity), male and female reproductive systems, egg structures and embryonic development (Demski & Wourms 2013). S.

canicula and other Chondrichthyes models were then part of the comparative embryology and anatomy movement in the 19th century and part of the rise of experimental and physiological study of development (Wourms 1997).

Notably, the chapter describes the advantages of S. canicula as a model organism. The small-spotted catshark is one of the most abundant elasmobranchs in the Northeast Atlantic and Mediterranean Sea, and is assessed as Least Concern by the International Union for the Conservation of Nature. Though all types of reproductive strategies are found in the Chondrichthyes group, the catshark is oviparous, a feature that is highly advantageous for experimental biology. Oviparous species allow a steady source of embryos without sacrificing the mothers and many species will lay eggs in captivity, throughout an annual season. S. canicula females are able to store sperm, allowing wild-caught females to lay eggs for several months without requiring males or captive mating events. Eggs, juveniles and adults can be kept in laboratory facilities, a crucial and otherwise limiting requirement for organismal biology.

Though the small-spotted catshark is not threatened, adapted from previous articles (Balfour 1878, Vandebroek 1936[START_REF] Ballard | A Series of Normal Stages for Development of Scyliorhinus canicula, the Lesser Spotted Dogfish (Chondrichthyes: Scyliorhinidae)[END_REF]. Molecular description of early ontogeny remains to be described.

Next, specific features about external and internal anatomy in Chondrichthyes are detailed. This allows the reader to better understand the diversity of body organizations in this group as well as the shared commonalities.

In this part, the ability to continuously create kidney structures in sharks and rays is introduced (Hentschel 1991, Elger et al. 2003). The potential of discovering the orchestrating factors behind the maintenance of this capacity after birth is highlighted here. Then, recent aspects of sensory biology in Chondrichthyes are presented, including photoreception, audition, mechanosensation, chemoreception and magnetoreception.

When using an organism for experimental biology, genomes and transcriptomes become important tools in experiment design. This publication brought together the existing genomes and transcriptomes of Chondrichthyes species to give a sense of how well these organisms are genetically characterized. Concerning the small-spotted catshark, the genome and several transcriptomes were made available these last years. Strikingly, the heart transcriptome of the great white shark revealed that the percentage of annotated transcripts involved in metabolic processes was more similar between the white shark and humans than between the white shark and a teleost (Richards et al. 2013). More generally, genomic data gives a lot of insight into the evolutionary history of various processes linked to the vertebrate gene repertoires. Indeed, the Chondrichthyes group occupies a key phylogenetic position to shed light on the origin of the main features of gnathostomes (jawed vertebrates) (Coolen et al. 2008).

Accordingly, Chondrichthyes are particularly interesting models for evo-devo studies. However, this requires the generation of molecular developmental data. The genetic and molecular tools that allow descriptive and functional approaches in these models are regrouped and listed in this publication. These proposed methods Finally, this chapter details the current trends in Chondrichthyes research in biomedical fields. For example, cartilaginous fish possess molecules that display antibiotic properties either produced by the bacterial communities of their epidermal mucus (Ritchie et al. 2017) or endogenously like squalamine, first extracted from the stomach of a shark (Moore et al. 1993). Several viral pathogens exhibit susceptibility to squalamine in vitro and in vivo tests (Zasloff et al. 2011). Therapeutic roles for this molecule have also been tried in neurodegenerative diseases and in cancer research (Perni et al. 2017). Furthermore, Chondrichthyes exhibit particular antibodies:

IgNARS for immunoglobulin novel antigen receptors (Greenberg et al. 1995, Roux et al. 1998). They display one antigen recognition site instead of two, contrary to most jawed vertebrates. IgNARs have raised important interest in the area of drug development (Kovaleva et al. 2014), highlighting the importance of diverse models for uncovering new tools in the biomedical field.

This chapter portrays the ways in which Chondrichthyes have accompanied experimental biology since its dawn. The place they occupy in the vertebrate phylogenetic tree and their particular physiological and biological properties, such as the possibility to regenerate the adult kidney or unique antibody structures make cartilaginous fish metazoans of great interest. The small-spotted catshark is an example of how Chondrichthyes offer new perspectives for comparative studies of vertebrate development relative to the more traditional zebrafish, Xenopus, avian and mammalian developmental models. Importantly, embryonic and molecular results raised from a wide range of models and scattered over several taxa, contribute to broadening our knowledge concerning developmental and evolutionary biology. The chapter and entire handbook are open access and have also been adapted for the online learning platform, DigitalMarine (digital-marine.sorbonne-universite.fr) dedicated to the use to marine model organisms in life sciences.

INTRODUCTION TO CHONDRICHTHYES MODELS

PHYLOGENY

Chondrichthyes (cartilaginous fish) belong to gnathos tomes (jawed vertebrates) and constitute the sister group of Osteichthyes (bony vertebrates). This monophyletic group diverged from a common ancestor with the Osteichthyes lineage about 420 million year ago (mya) (Brazeau and Friedman 2015) and occupies a pivotal position in gna thostomes. Within the Chondrichthyes class, there exists two sub-classes, Elasmobranchii (sharks, rays, skates and sawfish) and Holocephali (chimeras) (see Figure 23.1 to follow the description of Chondrichthyes phylogeny). The earliest trace of Holocephali can be found around 420 mya [START_REF] Inoue | Evolutionary origin and phylogeny of the modern holocephalans (Chondrichthyes: Chimaeriformes): A mitogenomic perspective[END_REF]. Holocephali include a single surviving order, Chimaeriformes (chimeras), with 39 extant species. One popular chimera is Callorhinchus milii, also known as the Australian ghost-shark. The elasmobranch subclass includes more than 1,000 species of sharks, skates and rays. Elasmobranchs are composed of eight orders of Selachii (modern sharks) and four orders of Batoidea (rays, skates, guitarfish and sawfish). Figure 23.1 recapitulates the main Chondrichthyes groups and mentions the species that will be discussed in this chapter. It is interesting to note that the Chondrichthyes group has survived the five mass extinc tions over the last 400 million years. Because of their phylogenetic position, Chondrichthyes have been used to shed light on the origin of gnathostomes. How the last common ancestor of all gnathostomes looked like is the subject of intense debate. Beside Chondrichthyes and Osteichthyes, jawed vertebrates comprise two paraphy letic groups of extinct animals, placoderms and acanthodians, whose fossils help specify the relationship of this common ancestor with cartilaginous and bony fi sh. Morphological data from fossil brain cases [START_REF] Davis | Acanthodes and shark-like conditions in the last common ancestor of modern gnathostomes[END_REF][START_REF] Giles | Osteichthyan-like cranial conditions in an Early Devonian stem gnathostome[END_REF] and dermal skeletons [START_REF] Zhu | A Silurian plac oderm with osteichthyan-like marginal jaw bones[END_REF]) have been used to build these hypotheses. In the study conducted by [START_REF] Davis | Acanthodes and shark-like conditions in the last common ancestor of modern gnathostomes[END_REF], modern jawed vertebrates are proposed to be the result of the diversification of Osteichthyes away from an ancestral form similar to Chondrichthyes, to which acanthodians belonged. A study analyzing a shark-like Elasmobranchii include Selachii and Batoidea. The Selachii superorder encompasses eight orders: Carcharhiniformes (ground sharks), Heterodontiformes (bullhead sharks), Hexanchiformes (frilled and cow sharks), Lamniformes (mackerel sharks), Orectolobiformes (carpet sharks), Pristiophoriformes (sawsharks), Squaliformes (dogfish sharks) and Squatiniformes (angel sharks). The Batoidea superorder includes Myliobatiformes (stingrays and relatives), Rajiformes (skates and guitarfish), Torpediniformes (electric rays) and Rhinopristiformes (sawfi sh).

fossil concluded that the ancestral gnathostome condi tion for branchial arches was Osteichthyes -like [START_REF] Pradel | A Palaeozoic shark with osteichthyan-like branchial arches[END_REF]. Another study described an unexpected contrast between the endoskeletal structure in Janusiscus (an early Devonian gnathostome) and its superfi cially Osteichthyes like dermal skeleton [START_REF] Giles | Osteichthyan-like cranial conditions in an Early Devonian stem gnathostome[END_REF]. The evolutionary history of jawed vertebrates is still debated, as newly uncov ered fossils of early gnathostomes show unseen combina tions of primitive and derived characters [START_REF] Patterson | Significance of fossils in determining evolu tionary relationships[END_REF]. For a detailed recent discussion about the evolution of jawed vertebrates, the reader can refer to the review from Brazeau and Friedman (2015).

CHONDRICHTHYES IN THE PAST AND PRESENT

Historically, scientific knowledge about Chondrichthyes remained limited compared to other vertebrates. Indeed, studying highly mobile animals in vast marine environments remained a challenge until the proper technologies were developed [START_REF] Castro | The origins and rise of shark biology in the 20th century[END_REF]. In 1868, Jonathan Couch reported descriptions and drawings of 35 Chondrichthyes species in the book History of the Fishes of the British Islands ( 1863 , Figure 23.2), which constitutes one of the first atlases of the group. This diverse class contains some of the fi rst animal models in experimental biology.

THE RISE OF CHONDRICHTHYES AS MODELS IN EXPERIMENTAL BIOLOGY

The earliest mention of Chondrichthyes by scientists dates back to Aristotle (Demski and Wourms 2013). His observations include i) the distinction between oviparous and viviparous modes of reproduction in sharks, skates and rays; ii) description of the female and male reproduc tive system; iii) description of the shark and skate egg case structure and observations on embryonic develop ment; and iv) notes on breeding seasons and migrations for "pupping" (Demski and Wourms 2013). Wourms (1997) extensively described the history of the rise of both Osteichthyes and Chondrichthyes embryology. He argues that the progressive development of knowledge of teleosts and Chondrichthyes embryology during the 19th century drove the birth of modern descriptive embryology. This led to the rise of comparative embryology associated with evo lutionary studies and then to the experimental and physio logical study of development (Wourms 1997 ). For example, Kastschenko (1888) used catshark embryos (Scyliorhinus 

THE STUDY OF CHONDRICHTHYES BEHAVIOR

The first reported studies on Chondrichthyes behavior emerged later. The initial studies on shark behavior include those carried out by [START_REF] Sheldon | The reactions of the dogfish to chemical stim uli[END_REF][START_REF] Sheldon | The sense of smell in Selachians[END_REF] and by [START_REF] Parker | The directive infl uence of the sense of smell in the dogfi sh[END_REF]. The focus of these studies was the influence of the eyes, ears and other allied sense organs on the movements of the dogfi sh Mustelus canis. Remarkably, a military project entitled "Project Headgear" (1958)(1959)(1960)(1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968)(1969)(1970)(1971) 

CURRENT TRENDS IN CHONDRICHTHYES RESEARCH

Current trends in Chondrichthyes research were analyzed in a recent review [START_REF] Shiffman | Trends in chondrichthyan research: An analysis of three decades of conference abstracts[END_REF]. This review depicts the trends in research efforts over three decades by analyzing the content of all the abstracts presented at the annual conferences of the American Elasmobranch Society (AES), the oldest and largest professional society for the scientific study and management of these fish [START_REF] Shiffman | Trends in chondrichthyan research: An analysis of three decades of conference abstracts[END_REF]. AES research was most frequently on movement/ telemetry, age and growth, population genetics, reproduc tive biology and diet/feeding ecology, with different areas of focus for different species or families. Certain biases exist in areas of investigations such as species "charisma" (e.g. white shark, Carcharodon carcharias ), accessibil ity to long-term established field research programs (e.g. lemon shark, Negaprion brevirostris, and sandbar shark, Carcharhinus plumbeus) or ease of model maintenance for lab-based research (e.g. bonnethead shark, Sphyrna tiburo) [START_REF] Shiffman | Trends in chondrichthyan research: An analysis of three decades of conference abstracts[END_REF]. Nearly 90% of all described Chondrichthyes species have never been mentioned in an AES abstract, including some of the most threatened species in the Americas [START_REF] Shiffman | Trends in chondrichthyan research: An analysis of three decades of conference abstracts[END_REF]).

CHONDRICHTHYES CONSERVATION STATUS

Chondrichthyes are considered one of the most threat ened vertebrate groups by the International Union for the 

THE SCIENCE BEHIND CONSERVATION EFFORTS

Conservation efforts benefit from multidisciplinary approaches in assessing what conditions impact species survival. For example, quantifying distribution patterns and species-specific habitat associations in response to geo graphic and environmental drivers is critical to assessing risk of exposure to fishing, habitat degradation and the effects of climate change (Espinoza et al. 2014). Chondrichthyes extinction risk has been found to be determined by repro ductive mode but not by body size [START_REF] García | The importance of habitat and life history to extinction risk in sharks, skates, rays and chimaeras[END_REF]. In this same study, extinction risk was highly correlated with phylogeny, and as such, the loss of species is predicted to be accompanied by a loss of phylogenetic diversity [START_REF] García | The importance of habitat and life history to extinction risk in sharks, skates, rays and chimaeras[END_REF]. Moreover, distribution patterns (Espinoza et al. 2014) ecosystem diversity [START_REF] Boussarie | Environmental DNA illuminates the dark diversity of sharks[END_REF], ecologi cal context [START_REF] Collin | The neuroecology of cartilaginous fi shes: Sensory strategies for survival[END_REF]) and behavior [START_REF] Wheeler | Anthropogenic stressors influence reproduction and development in elasmo branch fi shes[END_REF] are valuable for meaningful management and conservation.

Behavioral differences within and between species, as well as the ecological context in which a species exists, can have important management implications. In an effort to combat the many threats Chondrichthyes face, several regions now have shark sanctuaries or have banned shark fi shing-these regions include American Samoa, the Bahamas, Honduras, Dominican Republic, the Cook Islands, French Polynesia, Guam, the Maldives, Saba, St Marteen, New Caledonia, Bonaire, The Cayman Islands, the Marshall Islands, Micronesia, the Northern Mariana Islands and Palau [START_REF] Bell | Shark Sanctuaries around the World[END_REF]. These measures reveal that shark conservation has been understood as important.

BIOGEOGRAPHY

Chondrichthyes occupy a variety of ecological habitats all around the world. While some are restricted to relatively specific zones (as a function of temperature, osmolality or resources), other Chondrichthyes have wider distributions and migratory routes that lead them across the oceans. These habitats include; Depending on local availability, scientists have devel oped different models. In Europe, Scyliorhinus canicula, or the small-spotted catshark, can be described as a his torical Chondrichthyes model in biology (Coolen et al. 2008) (Figure 23.2). Their spatial distribution spans from the Northeast and Eastern Central Atlantic, Norway and the Shetland Islands to Senegal (possibly along the Ivory Coast), as well as throughout the Mediterranean Sea. The IUCN defines the small-spotted catshark as one of the most abundant elasmobranchs in the Northeast Atlantic and Mediterranean Sea (IUCN SSC Shark Specialist Group et al. 2014). As such, the species is assessed as Least Concern.

CHONDRICHTHYES LIFE CYCLES

REPRODUCTIVE STRATEGIES

For all Chondrichthyes, fertilization is internal, and a paired pelvic male organ called claspers deliver sperm inside the female. Additionally to the pelvic claspers, Holocephali have a cephalic clasper [START_REF] Tozer | Husbandry of spotted ratfi sh, Hydrolagus colliei[END_REF]. Female elasmobranchs have been shown to store sperm [START_REF] Pratt | A review of elasmobranch reproductive behavior with a case study on the nurse shark, Ginglymostoma cirratum[END_REF]. Advantageously for science, Chondrichthyes are the vertebrates with the most diverse reproductive strategies; these include maternal investment, placental viviparity, ovoviviparity or strict lecithotrophic oviparity (yolk-dependent) [START_REF] Dulvy | Evolutionary transitions among egg-laying, live-bearing and maternal inputs in sharks and rays[END_REF]. These species-specifi c developmental specializations enable investigations on the evolution of reproductive strategies within a single clade (Mull et al. 2011). Ovoviviparous development, in which eggs hatch internally, is the norm in manta rays, the spiny dogfi sh, sawfish and whale sharks. The majority of Chondrichthyes species are oviparous (egg-laying): examples include the little skate and the small-spotted catshark. Viviparity or live birth is found in hammerhead sharks, bull sharks and blue sharks. Besides sexual reproduction, asexual parthe nogenesis has been observed in captive Chondrichthyes such as the zebrashark [START_REF] Dudgeon | Switch from sexual to parthenogenetic reproduction in a zebra shark[END_REF], the hammer head shark [START_REF] Chapman | Virgin birth in a hammerhead shark[END_REF]) and the sawfi sh [START_REF] Fields | Facultative parthenogenesis in a critically endangered wild vertebrate[END_REF]. Fecundity is as few as 1 to 10 per litter in the electric ray, Torpedo torpedo [START_REF] Diatta | Reproductive biology of the common torpedo, Torpedo torpedo (Linnaeus, 1758) (Pisces, Torpedinidae) from the coast of Senegal (Eastern Tropical Atlantic)[END_REF], and as many as 300 per litter for the whale shark, Rhincodon typus [START_REF] Joung | The whale shark, Rhincodon typus, is a livebearer: 300 embryos found in one 'megamamma' supreme[END_REF].

Of these reproductive mechanisms, the most conducive to experimental manipulation is oviparity, as it facilitates han dling. Importantly, oviparous species act as a steady sam ple bank for molecular and cellular investigations without needing to sacrifice the mothers. According to Compagno's review (1990) on Chondrichthyes life-history styles, approxi mately 43% of Chondrichthyes utilize oviparity, including all Chimaeriformes (chimeras), Heterodontiformes (bullhead sharks), Rajoidae (skates) and Scyliorhinidae (catsharks) [START_REF] Compagno | Alternative life-history styles of carti laginous fishes in time and space[END_REF]). Many species can be maintained in captiv ity and will lay eggs throughout an annual season; embryos at various developmental stages can thus be obtained in the lab oratory year-round. Artificial insemination has been reported for two oviparous species, the clearnose skate, Raja eglante ria [START_REF] Luer | Normal embryonic development in the clearnose skate, Raja eglanteria, with experimental observations on artifi cial insemination[END_REF], and the cloudy catshark, Scyliorhinus torazame [START_REF] Motoyasu | Artificial insemination of the cloudy catshark[END_REF]. Additionally, sperm stor age allows wild-caught females to lay eggs for several months (Scyliorhinus canicula, Figure 23.2) without requiring males or captive mating events.

CHONDRICHTHYES SPECIES IN DEVELOPMENTAL BIOLOGY

Compared to other model species in genetics and development (such as C. elegans or Drosophila), the slow development of Chondrichthyes can be an advantage, as it confers a better spa tial and temporal resolution. The choice of a Chondrichthyes model for developmental biology warrants knowledge on the species lifecycle; fecundity, sexual maturity and longevity. Estimated longevity can be as short as ten years for sharpnose sharks, Rhizoprionodon spp. [START_REF] Cailliet | Age determination and validation studies of marine fishes: Do deep-dwellers live longer?[END_REF], and as long as 272 years for Greenland sharks (Figure 23.2), Somniosus microcephalus [START_REF] Nielsen | Eye lens radio carbon reveals centuries of longevity in the Greenland shark (Somniosus microcephalus)[END_REF].

A common Chondrichthyes shark model is the ovipa rous S. canicula. Detailed information on the small-spot ted catshark such as maturity, fecundity and occurrence is described by [START_REF] Capapé | Maturity, fecundity and occurrence of the smallspot ted catshark Scyliorhinus canicula (Chondrichthyes: Scyliorhinidae) off the Languedocian caost (Southern France, north-western Mediterranean)[END_REF]. This species deposits egg-cases protected by a horny capsule with long tendrils (Figure 23.2). Embryos, juveniles and adults (Figure 23.2) can be kept in lab facilities. Such is the case at the Station Biologique de Roscoff or at the Observatoire Océanologique de Banyuls de-mer in France.

A Chondrichthyes skate model that is recurrent in develop mental biology is the oviparous Leucoraja erinacea, or little skate (see details concerning the suitability of this animal as a lab model in Clifton et al. 2005). Little skates can be main tained in tanks, and egg-carrying females can be identifi ed by palpation. Eggs are produced in pairs at intervals of about seven days, and hatching requires about six months at 15°C. Refrigerator temperatures can be used to hold embryonic development in stasis. Furthermore, the slow development of Leucoraja erinacea allows removal and in vitro culture of embryonic cells as well as transplantation of modifi ed cells back into the embryo [START_REF] Mattingly | Cell and molecular biology of marine elasmobranchs: Squalus acanthias and Raja erinacea[END_REF]). Thanks to the reduced metabolic rates (ion transport and oxygen con sumption) associated with cold-water habitats, the little skate exhibits an increased stability of cells, tissues and cellular macromolecules, including nucleic acids (Clifton et al. 2005).

Emerging Marine Model Organisms

Most holocephalans are found in the deep waters of the continental shelf and slope and as a result are unlikely can didates for captivity/lab use. The spotted ratfi sh (Hydrolagus colliei) is one notable exception occurring in near-shore waters [START_REF] Tozer | Husbandry of spotted ratfi sh, Hydrolagus colliei[END_REF].

The small-spotted catshark and little skate are examples of how Chondrichthyes offer new perspectives for compara tive studies of vertebrate development relative to the more traditional zebrafi sh, Xenopus, avian and mammalian devel opmental models. Table 23.1 compiles the existing papers on the development of specifi c Chondrichthyes species.

CHONDRICHTHYES EMBRYOGENESIS

EARLY EMBRYOGENESIS AND GASTRULATION

The main steps of early embryogenesis (ovum to gastrula tion) of the elasmobranch embryo are documented for sev eral oviparous species (see Table 23.1), and the following data are based on Balfour and Ballard's descriptions (Balfour 1878;[START_REF] Ballard | A series of normal stages for development of Scyliorhinus canicula, the lesser spotted dogfish (Chondrichthyes: Scyliorhinidae)[END_REF]. As in avian eggs, the cytoplasm (1936), [START_REF] Ballard | A series of normal stages for development of Scyliorhinus canicula, the lesser spotted dogfish (Chondrichthyes: Scyliorhinidae)[END_REF]. Artwork: David Wahnoun, DigitalMarine.) comprises large amounts of yolk, making segmentation pos sible in only a small portion of the telolecithal egg cell. These fi rst cleavages start within the oviduct with the particularity of being incomplete. Cell membranes of the fi rst blastomeres do not close up at their bases so that the cytoplasms and the underlying yolk are continuous and form a syncytial blasto disc (stage 1, Figure 23.3A). Around the 100-cell stage, the blastodisc is not syncytial anymore, and the loosely arranged blastomeres exhibit a spherical morphology (stage 2, Figure 23.3A). Later on, the density of inner blastomeres increases, and they are covered by an epithelium made of columnar cells, the epiblast (stage 3, Figure 23.3A). Dorsal views of the blastodisc will later display a crescent-like structure at the posterior end that will finally disappear (from stages 4 to 7, Figure 23.3B). From stages 8 to 10, the round blasto disc shifts to an oval shape due to a unidirectional posterior spread (Figure 23.3B). As epiboly proceeds, the spreading of the blastodisc becomes multidirectional, and a thicken ing starts to be observed at the posterior end. This cellular densifi cation in the posterior area of the blastoderm tends to intensify at stage 10 (Figure 23.3B, cross-section).

Compilation of papers that describe a Chondrichthyes' embryogenesis (Conservation status of said species is detailed as reported by the IUCN Red List Status).

An important feature of the stage 11 embryo is the folding of the epithelial upper layer over the yolk, generating a dou ble-layered overhang (Figure 23.3C, a, b and c). The space created between this overhang and the yolk corresponds to the future archenteron of the embryo. Gastrulation prop erly starts at this stage, with the lower layer of the overhang representing the mesendodermal cells involuting above the archenteron (Figure 23.3C,b). This forming mesendoder mal layer can be referred to as a secondary hypoblast, while the mass of inner blastomeres is called the primitive hypo blast (Ballard et al. 1993, Figure 23.3C, b). Several studies described cell movements accompanying mesendoderm and mesoderm formation during gastrulation. Cell tracking experiments showed that labeled cells within the upper layer of the overhang at the very beginning of stage 11 are later displaced onward within the involuting mesendoderm layer (Godard et al. 2014, Figure 23.3C, c). Similar experimen tal approaches revealed that single cells can be internalized from the upper layer of the blastoderm to take part in meso derm formation (Godard et al. 2014, Figure 23.3C, c). On the other hand, Balfour (1878) observed that epithelial cells at the tip of the involuting mesendoderm undergo a morpho logical "transition", acquiring the shape of the inner rounded blastomeres (Figure 23.3C, c). Similar cell shape changes in this area have also been reported by [START_REF] Coolen | Evolution of axis specification mechanisms in jawed vertebrates: Insights from a chondrichthyan[END_REF]. These observations suggest that epithelial cells both from the upper layer (epiblast) and from the tip of the involuting mesendoderm undergo an epithelial to mesenchymal transi tion (EMT) during gastrulation. In situ hybridization experi ments performed with the mesoderm marker Brachyury at this stage in catshark embryos suggest other types of move ments. In addition to being expressed at the site of the invo luting mesendoderm, its expression pattern also describes a thin ring all around the blastoderm, which suggests that cells from the margin are converging to the midline at the posterior end of the embryo (Sauka-Spengler et al. 2003)

Emerging Marine Model Organisms (Figure 23.3C,a). The convergence of cells from the periph ery of the blastoderm to the posterior end of the midline has been initially reported by Vandebroek (1936). In the future, development of live imaging approaches on elasmobranch embryos would defi nitively help to shed light on the spatial and temporal behaviors of their cells during gastrulation.

FROM AXIS FORMATION TO PHARYNX SEGMENTATION

At stage 12, the posterior end of the blastoderm exhibits a V-shaped structure referred to as the embryonic shield ( 

CHONDRICHTHYES ANATOMY AND SENSORY BIOLOGY

EXTERNAL FEATURES

In this section, typical Chondrichthyes body plans will be proposed for Selachimorpha, Batoids and Holocephalans, and general external features will be briefly discussed. For a more detailed account of Chondrichthyes anatomy, The Dissection of Vertebrates, Second Edition by Gerardo De Iuliis and Dino Pulerà is highly informative (2019).

All Chondrichthyes breathe through five to seven pairs of gills, depending on the species. As a general rule, pelagic (open sea) species have to keep swimming to ensure that oxygenated water is moving through their gills. Demersal species, which live in the water column near the sea fl oor, will actively pump water in through their spiracles and out through their gills [START_REF] Salazar | Advanced Chordate Zoology[END_REF]. Spiracles are respiratory openings into the pharynx. For sharks, the gills are located on the sides of the body, while the gills are ventral for batoids (De Iuliis and Pulerà 2019). Elasmobranch gill structure and function are described by [START_REF] Wegner | 3: Elasmobranch gill structure[END_REF]. Holocephalans have a single gill opening, on each side, located just anterior to the base of the pectoral fi n.

Most sharks, sawfish and chimeras have a heterocercal tail (with unequal upper and lower lobes). This particular structure has been showed to aid in locomotion [START_REF] Wilga | Function of the heterocercal tail in sharks: Quantitative wake dynamics during steady horizontal swimming and vertical maneuvering[END_REF]. For skates, however, tails range from a thick tail extending from the body to a whip to almost no tail. Stingrays (batoids) possess a venomous stinger located in the mid-area of the tail. This particularity has brought on studies on the chemistry of their venom [START_REF] Da Silva | A severe accident caused by an ocellate river stingray ( Potamotrygon motoro) in Central Brazil: How well do we really understand stingray venom chemistry, envenomation, and therapeutics?[END_REF]. In most holocephalans, the first dorsal fin is preceded by a venomous spine that can inflict a serious wound [START_REF] Halstead | The venom apparatus of the ratfi sh, Hydrolagus colliei[END_REF].

Chondrichthyes have tough skin covered with dermal teeth, also called placoid scales (or dermal denticles). The dermal skeleton is the most ancestral mineralized skeleton (see Gillis et al. 2017 for more information) and dermal den ticles in the skin of elasmobranchs as well as teeth in the head of all jawed vertebrates are remnants of this structure (Gillis et al. 2017 ). Torpediniformes (electric rays) form an excep tion, as they have a thick and fl abby body, with smooth and loose skin. Notably, Holocephali lose their dermal denticles as adults to keep only those on the clasping organ seen on the caudal ventral surface of the male (Salazar 2018). Denticles usually provide protection and, in most cases, streamlining [START_REF] Salazar | Advanced Chordate Zoology[END_REF]). On another level, denticles make the skin of the catshark and the common stingray a highly sought-after product for luxury lining and leatherwork. Called shagreen (or galuchat in French), the use of this skin to wrap travel cases and manufacture holders is mentioned by Buffon as early as 1789 in the second volume of Histoire naturelle des poissons [START_REF] Buffon | Histoire Naturelles de Poissons[END_REF].

In some shark species, such as the lantern shark, denticles even house bioluminescent bacteria that aid in intraspecifi c communication [START_REF] Claes | The presence of lateral photophores correlates with increased speciation in deep-sea bioluminescent sharks[END_REF]. In 2018, shark denticles were discovered to be laid out according to a Turing-like developmental mechanism explained by a reaction-diffusion system [START_REF] Cooper | An ancient Turing-like patterning Current Trends in Chondrichthyes Biology mechanism regulates skin denticle development in sharks[END_REF].

As aforementioned, bioluminescence and biofl uo rescence can occur in certain Chondrichthyes species. Bioluminescence is the ability of living beings to radiate light on their own or with the help of certain symbiotes (e.g. bacteria). Biofluorescence is the process in which ambient light is absorbed via fluorescent compounds and reemitted at longer, lower-energy wavelengths. Examples of biolu minescent sharks include Etmopterus spinax (velvet belly lantern shark) [START_REF] Claes | Phantom hunter of the fjords: Camouflage by counterillumination in a shark (Etmopterus spinax)[END_REF], Euprotomicrus bispina tus (dwarf pelagic shark) (Hubbs et al. 1967) or Squaliolus aliae (smalleye pygmy shark) [START_REF] Claes | Control of lumines cence from pygmy shark ( Squaliolus aliae) photophores[END_REF]. They dis play light-emitting organs (photophores) on their under sides that form species-specifi c patterns over the fl anks and abdomen. The ventral photophores are considered to par ticipate in counter-illumination, a method of camoufl age that uses light production to match background brightness and wavelength [START_REF] Sparks | The covert world of fi sh biofluorescence: A phylogenetically widespread and phenotypically variable phenomenon[END_REF]. The bioluminescent flank markings may play a role in intraspecifi c communica tion [START_REF] Gruber | Biofluorescence in catsharks (Scyliorhinidae): Fundamental description and relevance for elasmobranch visual ecology[END_REF]. The roles of biofl uorescence are more elusive. The Urotrygonidae (American round sting rays), Orectolobidae (wobbegongs) and Scyliorhinidae (catsharks) families include fluorescent species. As these families are distantly related, biofluorescence is thought to have evolved at least three times in elasmobranchs [START_REF] Gruber | Biofluorescence in catsharks (Scyliorhinidae): Fundamental description and relevance for elasmobranch visual ecology[END_REF]. The swell shark (Cephaloscyllium ventriosum), the chain catshark (Scyliorhinus rotifer) and round stingray (Urobatis jamaicensis) are known to exhibit bright green fluorescence [START_REF] Sparks | The covert world of fi sh biofluorescence: A phylogenetically widespread and phenotypically variable phenomenon[END_REF]. The family of small mol ecules behind marine biofluorescence reviewed in Park et al. (2019) have been hypothesized to play a role in central nervous system signaling, resilience to microbial infections and photoprotection.

INTERNAL ANATOMY

This section is a selection of specific traits of Chondrichthyes anatomy deemed important to mention. As the etymology of the term Chondrichthyes indicates, they possess a cartilagi nous skeleton.

For Selachii, the mouth is ventrally located. The upper and lower jaws are lined by multiple rows of serrated, tri angular and pointed teeth that continuously grow and shed (De Iuliis and Pulerà 2019). Instead, batoids possess fl at tened plates for crushing bottom-dwelling prey (De Iuliis and Pulerà 2019). Gynandric heterodonty (sexual dimor phism in teeth) is very common in elasmobranchs, and [START_REF] Berio | The intraspecific diversity of tooth morphology in the large-spotted catshark Scyliorhinus stellaris: Insights into the ontogenetic cues driving sexual dimorphism[END_REF] described the intraspecific diversity of tooth morphology in the large-spotted catshark and revealed some of the ontogenic cues driving this sexual dimorphism. Holocephalans possess three pairs of tooth plates, two in the upper jaw and a single pair in the lower jaw [START_REF] Tozer | Husbandry of spotted ratfi sh, Hydrolagus colliei[END_REF]. Sawfish (Rhinopristiformes, Batoids, Elasmobranch) are characterized by a long, narrow and fl attened rostrum (nose extension) lined with transversal teeth. This fea ture can also be found in sawsharks (Pristiophoriformes, Selachii, Elasmobranch).

Chondrichthyes have no swim bladders. Buoyancy is rather controlled with a large oil-filled liver, which reduces their specific density. An interesting feature of sharks is the valvular intestine, which bears a spiral valve, a cork screw-shaped lower portion of the intestine that increases its effective length (De Iuliis and Pulerà 2019). Remarkably, chimeariformes lack stomachs [START_REF] Salazar | Advanced Chordate Zoology[END_REF].

Unlike mammals, Chondrichthyes do not have bone mar row, and red blood cells are produced in the spleen and the epigonal organ. The epigonal organ is a special tissue around the gonads that is only found in certain cartilaginous fi sh and thought to play a role in the immune system. Red blood cells are also produced in the Leydig's organ (nested along the top and bottom of the esophagus), which is also considered part of the immune system [START_REF] Mattisson | The cellular structure of the Leydig organ in the shark, Etmopterus spinax (l.)[END_REF]. The subclass Holocephali lacks both the Leydig's and epigonal organs.

Elasmobranch kidneys deserve a special mention, and the little skate and spotted catshark have been of particu lar interest for the study of kidney development. The func tional unit of the kidney is the nephron, and the process of nephron formation is termed nephrogenesis. In mammals, nephrogenesis comes to a stop shortly after birth. This means nephron endowment is definitive in mammals at birth. Some elasmobranchs have been found to continually form nephrons even after embryonic development. Using kidney histological sections from a spotted catshark juvenile, Hentschel (1991) described nephrogenesis with similar morphological steps as found during mammalian nephrogenesis (Hentschel 1991). This unique capacity is a promising research area to better understand the orches trating factors behind kidney morphogenesis.

Elasmobranch species possess a rectal (or salt) gland. This epithelial organ is located in the distal intestine and empties into the cloaca. It is composed of many tubules that serve a single function: the secretion of hypertonic NaCl solution [START_REF] Forrest | The shark rectal gland model: A champion of receptor mediated chloride secretion through CFTR[END_REF]. Initially discovered by Wendell Burger and Walter Hess (1960), this organ can be cannu lated and perfused, and chloride secretion can be measured. As highlighted by [START_REF] Forrest | The shark rectal gland model: A champion of receptor mediated chloride secretion through CFTR[END_REF], this organ has helped in understanding the physiology of the mammalian thick ascending limb (TAL), an inaccessible portion of the kid ney, which functions to filter sodium (Na + ), potassium (K + ) and chloride (Cl -).

SENSORY BIOLOGY

Chondrichthyes are gifted with a plethora of senses that are more or less developed depending on the species. The sensory biology of Chondrichthyes can be divided into visual, acous tic, mechanical, chemical, magnetic and electrical detection.

Photoreception

Studies that focus on visual function in Chondrichthyes have described differing sensitivities to light and colors [START_REF] Douglas | The Visual System of Fish[END_REF]. Depending on the ecologi cal niche they occupy, Chondricthyes have evolved differ ent morphological adaptations to optimize photoreception. These include variation in eye size, eye positioning, mobile pupils, elaborate pupillary opercula and refl ective retinal media [START_REF] Walls | The vertebrate eye and its adaptive radiation[END_REF]. The variety of pupil shapes (horizon tal, oblique, U-crescent shaped slits) and pupillary oper cula is striking. Usually, elasmobranchs benefit from large visual fields-a horizontal arc of up to 360° (McComb and Kajiura 2008)-while humans have a 210° horizontal arc. Elasmobranch retinas include both rod cells, which allow perception in dim-light conditions, and cone cells, which allow perception in bright-light conditions, higher acuity and possible color distinction [START_REF] Jordan | Linking sensory biol ogy and fisheries bycatch reduction in elasmobranch fi shes: A review with new directions for research[END_REF]. Ecological factors seem to condition the proportion of rods and cones and the spectral sensitivity of cones. For exam ple, species that inhabit the dysphotic and aphotic zone possess fewer to no cones [START_REF] Collin | Visual communica tion in elasmobranchs[END_REF]. Concerning batoids, eyes are usually located dorsally, though lateral eye position can also be observed, and eyes can even be vesti gial in some electric rays. Some batoids (skates, rays and guitarfish) exhibit several spectrally specific cone pigments that would entail the ability for color discrimination [START_REF] Hart | Multiple cone visual pigments and the potential for trichro matic colour vision in two species of elasmobranch[END_REF][START_REF] Theiss | Colour vision and visual ecology of the blue-spotted maskray, Dasyatis kuhlii Müller & Henle, 1814[END_REF]. In 2016, the giant guitarfi sh (Rhynchobatus djiddensis) was discovered to possess the ability to retract its eyes, possibly as a means of protection during predation [START_REF] Tomita | Eye retraction in the giant guitarfi sh, Rhynchobatus djiddensis (Elasmobranchii: Batoidea): A novel mechanism for eye protection in batoid fi shes[END_REF] ).
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Audition

Myrberg recounts the history of investigations concerning the hearing abilities of sharks in his Acoustical Biological of Elasmobranch review (2001). For sharks, the highest sensi tivity has been demonstrated for low-frequency sounds (40 to 800 Hz). Specific sound characteristics attract free-ranging sharks: irregular pulses without sudden increases in inten sity and frequencies below 80 Hz. Such characteristics are evocative of wounded or struggling prey [START_REF] Myrberg | The acoustical biology of elasmobranchs[END_REF]. This is an auditory explanation behind the role that sharks play in regulating the health of ocean populations. Recently, [START_REF] Parmentier | The development of hearing abilities in the shark Scyliorhinus canicula[END_REF] described the hearing abilities of the catshark, Scyliorhinus canicula, from early embryos to juveniles. Stage 31 embryos were able to detect sounds from 100 to 300 Hz, while juveniles were able to detect sounds from 100 to 600 Hz. As hearing development continues in the catshark, only the frequency range appears to widen, as sensitivity and thresholds were not found to improve with development [START_REF] Parmentier | The development of hearing abilities in the shark Scyliorhinus canicula[END_REF]. This last paper con tains references to other studies on Chondrichthyes hearing abilities, namely hearing thresholds, frequency range and ear morphology.

Mechanosensory System

The mechanosensory systems of elasmobranchs include different tactile sense organs; receptor types and distribu tion depend on the species [START_REF] Maruska | Morphology of the mechanosensory lateral line system in elasmobranch fishes: Ecological and behav ioral considerations[END_REF][START_REF] Jordan | Comparative morphology of stingray lateral line canal and electrosensory systems[END_REF]). These systems include lateral line canals, neuromasts and vesicules of Savi (types of sensory hair cells and their sup porting cells) and spiracular organs. The lateral line marks the lateral line canals, which contain sensory nerve endings and open to the surface through tiny pores (De Iuliis and Pulerà 2019). These tactile sense organs respond to pressure variations induced by the velocity or acceleration of water flow. The electrosensory and lateral line systems of sawfi sh extend out along the rostrum. This allows them to sense and manipulate prey [START_REF] Wueringer | Sensory systems in sawfi shes. 1: The ampullae of Lorenzini[END_REF].

Chemoreception

Sensitivity to chemical signals through taste, chemical sense and olfaction constitutes another sense for Chondrichthyes. The underlying organs behind these functions include olfac tory sacs (for olfaction) and taste papillae (gustation). Sharks have been found to locate potential food using the difference in bilateral odor arrival times [START_REF] Gardiner | The function of bilateral odor arrival time differences in olfactory orientation of sharks[END_REF]. Pharyngeal denticles and taste papillae possess receptors used for gustation. The morphological adaptations that are pharyngeal denticles could help sharks catch and direct food items and prevent injury of the mouth lining during food manipulation and consumption [START_REF] Atkinson | Morphology and distribution of taste papillae and oral denticles in the developing oropharyngeal cavity of the bamboo shark, Chiloscyllium punctatum[END_REF]. Both dermal and oral denticles possess species-specifi c micro structural morphology that can be applied as a taxonomical tool [START_REF] Bs | Microstructural morphol ogy of dermal and oral denticles of the sharpnose sevengill shark Heptranchias perlo (Elasmobranchii: Hexanchidae), a deep-water species[END_REF]. During odor source localization, com binatory signals will help locate potential prey. [START_REF] Gardiner | Sharks need the lateral line to locate odor sources: Rheotaxis and eddy chemotaxis[END_REF] looked into the contribution of different senses (olfaction, mechanoreception and vision) to odor per ception in the smooth dogfi sh Mustelus canis . Interestingly, they found that the lateral line is required to locate odor sources [START_REF] Gardiner | Sharks need the lateral line to locate odor sources: Rheotaxis and eddy chemotaxis[END_REF].

Magnetoreception

Fascinatingly, elasmobranchs have been observed to swim in straight lines for extended periods of time in a highly ori ented manner and to navigate in relation to magnetic fi elds. These observations are true for tiger sharks (Galeocerdo cuvier; [START_REF] Holland | Movements of tiger sharks ( Galeocerdo cuvier ) in coastal Hawaiian waters[END_REF], blue sharks (Prionace glauca; [START_REF] Carey | Movements of blue sharks (Prionace glauca) in depth and course[END_REF]) and scalloped hammerhead sharks (Sphyrna lewini; [START_REF] Klimley | Highly directional swimming by scalloped hammerhead sharks, Sphyrna lewini, and subsurface irradi ance, temperature, bathymetry, and geomagnetic fi eld[END_REF]. [START_REF] Meyer | Sharks can detect changes in the geomagnetic fi eld[END_REF] showed experimentally that sharks can detect variations in the geo magnetic field. They performed condition experiments on captive sharks to determine how they detect magnetic fi elds and to measure detection thresholds. The anatomical mod ules underlying magnetoreception could be mediated directly via a magnetite-based sensory system or indirectly via the electrosensory system [START_REF] Straube | Review of elasmobranch behav ioral studies using ultrasonic telemetry with special reference to the lemon shark, Negaprion brevirostris, around Bimini Islands, Bahamas[END_REF]. Indeed, the exact cells, molecules and receptors behind magnetorecep tion in elasmobranches remain unknown.

Electroreception

Electroreception is important in many Chondrichthyes. In 1678, Stefano Lorenzini first described pores dispersed on a shark's head without identifying their sensory role. It was only in the 1960s that their function began to be elu cidated and identified as a modified part of the lateral line system. Named after Stefano Lorenzini, the ampullae of Lorenzini form a network of jelly-filled pores that act as sensing organs. These pores are connected to sensory cells by gel-filled canals and are highly sensitive to low-frequency electrical stimuli produced by both non-biological and biological sources. Ampullae of Lorenzini are mostly described in Chondrichthyes; however, they are also found in Chondrostei. Chondrostei are Actinopterygii in which the cartilaginous skeleton is a derived feature. They include reedfish, sturgeon and bichir. On the other hand, rays pos sess an electric organ that originates from modified nerve or muscle tissue. The electric field created by this organ is used for navigation, communication, mating [START_REF] Feulner | Electrifying love: Electric fi sh use speciesspecific discharge for mate recognition[END_REF], defense and the incapacitation of prey. [START_REF] Jordan | Linking sensory biol ogy and fisheries bycatch reduction in elasmobranch fi shes: A review with new directions for research[END_REF] extensively reviewed both the current knowledge on elasmobranch sensory systems and the way in which these sensory systems could inspire methods for bycatch reduction. The following references will allow a deeper look into the sensory system anatomies of sharks (De Iuliis and Pulerà 2019), batoids [START_REF] Bedore | Behavioral responses of batoid elasmobranchs to prey-simulating elec tric fields are correlated to peripheral sensory morphology and ecology[END_REF][START_REF] Wueringer | Sensory systems in sawfi shes. 1: The ampullae of Lorenzini[END_REF] and holocephalans [START_REF] Tozer | Husbandry of spotted ratfi sh, Hydrolagus colliei[END_REF][START_REF] Lisney | A review of the sensory biology of chimaeroid fishes (Chondrichthyes: Holocephali)[END_REF].

GENOMIC DATA

GENOMES AND TRANSCRIPTOMES

With millions of species on earth, very few genomes or tran scriptomes are in fact assembled, annotated and published. However, the availability of this data (genomes, transcrip tomes or protein sequences) greatly accelerates studies on phylogeny [START_REF] Li | Phylogenetics of chondrichthyes and the problem of rooting phylogenies with distant outgroups[END_REF][START_REF] Straube | Review of elasmobranch behav ioral studies using ultrasonic telemetry with special reference to the lemon shark, Negaprion brevirostris, around Bimini Islands, Bahamas[END_REF], species diver sity and population structure [START_REF] Boussarie | Environmental DNA illuminates the dark diversity of sharks[END_REF], conser vation [START_REF] Corlett | A bigger toolbox: Biotechnology in biodiversity conservation[END_REF], evolutionary history [START_REF] Inoue | Evolutionary origin and phylogeny of the modern holocephalans (Chondrichthyes: Chimaeriformes): A mitogenomic perspective[END_REF][START_REF] Renz | Revealing less derived nature of cartilaginous fish genomes with their evolutionary time scale inferred with nuclear genes[END_REF] or human health research. More generally, studies that encompass diverse animal models to compare sequences have been critical for deciphering fundamental physiological mechanisms and conserved gene and protein functions. Another approach is to compare closely related genomes to identify divergent sequences that may underlie unique phenotypes [START_REF] Stedman | Myosin gene mutation correlates with anatomical changes in the human lineage[END_REF]). Several studies have shown that non-coding sequences are more comparable between the genomes of humans and cartilaginous fi sh than between those of humans and zebrafish [START_REF] Venkatesh | Ancient noncoding elements conserved in the human genome[END_REF][START_REF] Lee | Ancient vertebrate conserved noncoding elements have been evolving rapidly in teleost fi shes[END_REF]. Both the slower molecular clock of cartilaginous fish relative to teleosts' [START_REF] Venkatesh | Elephant shark genome provides unique insights into gnathostome evolution[END_REF][START_REF] Renz | Revealing less derived nature of cartilaginous fish genomes with their evolutionary time scale inferred with nuclear genes[END_REF][START_REF] Martin | Rates of mito chondrial DNA evolution in sharks are slow compared with mammals[END_REF], as well as the extra whole-genome duplication specific of teleosts [START_REF] Glasauer | Whole-genome dupli cation in teleost fishes and its evolutionary consequences[END_REF], can explain the comparability of human and Chondrichthyes genomes.

In 2013, a tissue-specific transcriptome was generated from the heart tissue of the great white shark (Carcharodon carcharias) (Richards et al. 2013). This represented the fi rst transcriptome of any tissue for this species. Strikingly, this transcriptome revealed that the percentage of anno tated transcripts involved in metabolic processes was more similar between the white shark and humans than between the white shark and a teleost (Richards et al. 2013). This finding is consistent with those of [START_REF] Venkatesh | Ancient noncoding elements conserved in the human genome[END_REF] who found genomic non-coding elements and the relative position of genes to be more similar between the elephant shark and humans than between the elephant shark and a teleost. In 2014, the first large-scale comparative transcrip tomic survey of multiple cartilaginous fish tissues was ana lyzed: the pancreas, brain and liver of the lesser spotted catshark, Scyliorhinus canicula [START_REF] Mulley | Transcriptomic analysis of the lesser spot ted catshark (Scyliorhinus canicula) pancreas, liver and brain reveals molecular level conservation of vertebrate pancreas function[END_REF]. This study contributes to deciphering the molecular-level func tions of pancreatic metabolic processes of Chondrichthyes. Uncommonly, Chondrichthyes possess the ability to both maintain stable blood glucose levels and tolerate exten sive periods of hypoglycemia [START_REF] Mulley | Transcriptomic analysis of the lesser spot ted catshark (Scyliorhinus canicula) pancreas, liver and brain reveals molecular level conservation of vertebrate pancreas function[END_REF]. A highcoverage whole-genome sequencing project of S. canicula is underway (Génoscope, French National Sequencing Center and laboratory of Sylvie Mazan, Observatoire Océanologique de Banyuls sur Mer, France). A collection of catshark expressed sequence tags (ESTs) is also available in Mazan's lab. The fi rst Chondrichthyes whole genome to be sequenced was of the holocephalan Callorhincus milii, published by [START_REF] Venkatesh | Elephant shark genome provides unique insights into gnathostome evolution[END_REF]. The genome size is approximately 1 Gbp. The same year, Wyffels et al. sequenced both the nuclear and mitochondrial genomes of the little skate (Leucoraja erinacea). The genome repre sents 3.42 Gbp across 49 chromosomes. [START_REF] Wyffels | SkateBase, an elasmobranch genome project and collection of molecular resources for chondrichthyan fi shes[END_REF] introduced Skatebase (www.skatebase.org), a project for the collection of elasmobranch genomes to complete molecular resources for Chondrichthyes fish. Additionally, to the little skate genome, mitochondrion sequences from the ocellate spot skate (Okamejei kenojei) and thorny skate (Amblyoraja radiata) as well as transcriptomes from the spotted catshark and elephant shark can be found. Skatebase also regroups the Chondrichthyes sequence data found in NCBI databases, UniProtKB and the Protein Data Bank (PDB) of Leucoraja erinacea, Callorhinchus milii and Scyliorhinus canicula. Skateblast, hosted on Skatebase, provides a Chondrichthyes specific blast platform with the previously mentioned data. Genomic contigs and features are available for download. In 2017, the draft sequencing and assembly of the genome of the whale shark, Rhicodon typus, was published by [START_REF] Read | Draft sequencing and assembly of the genome of the world's largest fish, the whale shark: Rhincodon typus Smith 1828[END_REF]. The whale shark genome represents 3.44 Gbp. In 2018, the brown-banded bamboo shark, Chiloscyllium punctatum, and the cloudy catshark, Scyliorhinus torazame, de novo whole genomes as well as an improved assembly of the whale shark genome were presented by Hara et al. (2018). The genome size of the brownbanded bamboo shark is 4.7 Gbp and the cloudy catshark 6.7 Gbp. In 2018, both the zebra bull-head shark [START_REF] Onimaru | A de novo transcriptome assembly of the zebra bullhead shark, Heterodontus zebra[END_REF]) and ocellate spot skate [START_REF] Tanegashima | Embryonic transcriptome sequencing of the ocellate spot skate Okamejei kenojei[END_REF]) transcriptomes were published. Lastly, in 2019, the white-shark (Carcharodon carcharias) genome was published by [START_REF] Marra | White shark genome reveals ancient elasmobranch adaptations associated with wound healing and the maintenance of genome stability[END_REF] with a size of 4.63 Gpb. Figure 23.4 represents a timeline of the Chondrichthyes genomes and transcriptomes with ref erence publications. Further information concerning gene repertoires, genome size variation, ploidy level, sequence composition can be found in a recent review dedicated to elasmobranch genomics [START_REF] Kuraku | Shark and ray genomics for disentangling their morphological diversity and vertebrate evolution[END_REF].

GENE FAMILY STUDIES

A gene family is a set of several similar genes formed by duplication of a single original gene and generally with simi lar biochemical functions. The Hox family are well-known genes which act as major regulators of animal development.
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Developmental expression profiling and transcriptome ana lysis first described a lack of expression of the 11 HoxC genes in S. canicula and L. erinacea [START_REF] Oulion | Evolution of Hox gene clusters in gnathostomes: Insights from a survey of a shark (Scyliorhinus canicula) transcriptome[END_REF](Oulion et al. , 2011;;[START_REF] King | A natural deletion of the HoxC cluster in elasmobranch fi shes[END_REF]. This finding was initially attributed to a genomic deletion of the entire HoxC cluster in these taxa [START_REF] Oulion | Evolution of Hox gene clusters in gnathostomes: Insights from a survey of a shark (Scyliorhinus canicula) transcriptome[END_REF][START_REF] King | A natural deletion of the HoxC cluster in elasmobranch fi shes[END_REF]. A higher coverage sequencing has revealed that HoxC genes might in fact exist, but their genomic distributions and the elevated evolutionary rate of their sequences have rendered analysis diffi cult (Hara et al. 2018). Indeed, examination of several elasmobranch genome scaffolds comprising the presumed HoxC genes indicated that the cluster is far from as compact as the clus ters of other vertebrate Hox genes (Hara et al. 2018). This type of situation highlights the importance of the quality of genomic databases that depends on sequencing depth and coverage. Furthermore, Chondrichthyes genomic databases can give insight on the evolution of vertebrate gene reper toires such as the gonadotropin-releasing hormone (GnRH) [START_REF] Gaillard | Characterization of gonadotropinreleasing hormone (GnRH) genes from cartilaginous fi sh: Evolutionary perspectives[END_REF], Fox genes [START_REF] Wotton | Expression of FoxC, FoxF, FoxL1, and FoxQ1 genes in the dogfi sh Scyliorhinus canicula defines ancient and derived roles for fox genes in vertebrate development[END_REF] or detoxification gene modules [START_REF] Fonseca | Evolutionary plasticity in detoxification gene mod ules: The preservation and loss of the pregnane X receptor in Chondrichthyes lineages[END_REF]. first multi-passage continuously proliferating cell line of a cartilaginous fish. Derived from Squalus acanthias mesen chymal cells, the primary culture was dispensed into several collagen-coated wells of a 48-well plate. This culture was maintained in a medium modified for fish species and supple mented with cell-type specifi c hormones, other proteins and sera and plated on a collagen substrate [START_REF] Parton | Cell and molecular biology of SAE, a cell line from the spiny dogfish shark, Squalus acanthias[END_REF]). SAE cells have been continuously proliferating for three years. For the LEE-1 cell line, isolation and culture were ini tiated with a stage 28 little skate embryo [START_REF] Hwang | Arachidonic acid-induced expression of the organic solute and steroid transporter-beta (Ost-beta) in a carti laginous fish cell line[END_REF].

TOOLS FOR MOLECULAR

Similarly to the SAE cell line, cultures for the LEE-1 line were dispensed into collagen-coated wells of a 24-well plate with a basal nutrient medium supplemented with antibiotics and cell-type specific hormones, other proteins and sera.

DESCRIPTIVE AND FUNCTIONAL APPROACHES

Tools for molecular and cellular analyses have historically been developed with classical models (e.g., Xenopus, Drosophila or the mouse). The emergence of novel animal models has brought challenges in adapting these tools to varying frame works. The value of Chondrichthyes models in experimen tal biology, which depends on the success of descriptive and functional approaches, is illustrated in Table 23 

Molecules Displaying Antibiotic Activity

The well-known squalamine is a cationic steroid isolated from stomach extracts of the spiny dogfi sh Squalus acanth ias. It has been demonstrated to display antibacterial activity against Gram-negative and Gram-positive bacteria (Moore et al. 1993). Interestingly, the same study reported that squala mine induced osmotic lysis of Paramecium caudatum and had activity against Candida albicans, indicating that this shark molecule also holds antiprotozoal and fungicidal properties.

As the research on squalamine progressed, it revealed that its chemical features extend beyond the antimicrobial fi eld. This aspect will be presented in the following paragraph.

Microorganisms themselves can produce natural antimi crobial agents, meaning that bacterial symbionts in general can constitute an additional "tissue" to look for putative antibi otics. One specificity of Chondrichthyes is their considerable resistance to infection even when their skin is profoundly dam aged due to events related to their lifestyle (mating, predation) or to anthropogenic activities. This observation strongly sug gests that an innate immunity is operating through the mutu alistic interactions taking place in the epidermal mucus layer between marine bacteria and shark epidermis. The most recent study that has investigated the property of these probiotic bac teria is the one from Ritchie et al. (2017 ). They analyzed the entire bacterial community of the epidermal mucus of three ray species (two marine and one freshwater) and of the clearnose skate, Raja eglanteria. They clearly identifi ed particu lar strains displaying broad-spectrum antibiotic activity and activity against important nosocomial bacteria (Vancomycin resistant Enterococcus [VRE] and Methicillin-resistant S. aureus [MRSA]). It goes without saying that interdisciplinary research, in this case intermingling marine microbiology and organism biology, has always sharpened our understanding of immune defense mechanisms. These data on shark epidermis might help medical research in seeking new antimicrobial compounds but also, more generally, in focusing on the pres ervation of symbiotic bacteria to prevent many types of human diseases and infections. As in Chondrichthyes, these bacteria play a fundamental role in our immunity.

The High Specifi city of

Chondrichthyes Antibodies The Chondrichthyes adaptative immune system has many shared features with other gnathostomes [START_REF] Flajnik | A cold-blooded view of adaptive immunity[END_REF], except for their particular antibodies. These immunoglobulin (Ig)-like molecules, also called immunoglobulin new antigen receptors (IgNARs), are made of two heavy chains, lack light chains and bear a single variable region domain (V-NARs). In other words, they have one antigen recognition site instead of two, as is the case in the large majority of jawed vertebrate antibod ies. Discovered in the 1990s (Greenberg et al. 1995;Roux et al. 1998), IgNARs rapidly raised important interest in the area of drug development. Indeed, the particular folding properties

Emerging Marine Model Organisms of V-NARs allow them to reach a large panel of protein sites, including hidden epitopes such as those found in the substrate pocket of enzymes that cannot be targeted by "classical" anti bodies. Finally, V-NARs also present great solubility and sta bility, and their small size is another advantage within the fi eld of antibody-based targeting strategy. Specific V-NARs from different elasmobranch species have already been developed to target viral proteins or toxins for medical applications such as anti-viral activity, immunodiagnostics or the development of biosensors. A list of these already-existing targeting V-NARs is available in the review from Kovaleva et al. (2014).

Within gnathostomes, camelids have also evolved such single-domain antibodies, from which the monomeric vari able (V) antibody domain constitutes the VHH fragment. As they have been found only in sharks and camels so far, it is believed that these single-domain antibodies are the result of convergent evolution [START_REF] Flajnik | A cold-blooded view of adaptive immunity[END_REF]. Nanobody is the name commonly used to indicate camelid VHH and shark V-NAR fragments. The important contribution that nanobodies can bring to the treatment of viral diseases has been spotlighted very recently, in the midst of the COVID 19 pandemic. [START_REF] Wrapp | Structural basis for potent neutralization of betacoronaviruses by single-domain camelid antibodies[END_REF] managed to produce VHH fragments able to prevent the spike (S) glycoprotein of several coronavirus (SARS-CoV-1, SARS-CoV-2 and MERS-CoV) from interacting with their cellular receptors.

The Different Properties of Squalamine

As mentioned, squalamine is a polyvalent molecule that also displays antiviral activity, an ability linked to its biochemical properties. The positive charge on account of the spermidine moiety of squalamine (Moore et al. 1993) provides it with high affinity for negatively charged phospholipids of the membrane lipid bilayer [START_REF] Selinsky | Squalamine is not a proton ionophore[END_REF]. As anionic phospholipids are important to regulate surface charge and protein localiza tion [START_REF] Yeung | Membrane phosphatidylserine regulates surface charge and protein localization[END_REF], the neutralization of negative charges by squalamine may lead to the disruption of electrostatic potential and shuffle membrane-anchored proteins. This has been demonstrated for Rac1, a GTPase used by many viruses during the process of cell entry, which might impact the viral replication cycle ( Zasloff et al. 2011). In the same study, they observed that a wide range of viral pathogens (such as those responsible for dengue, yellow fever, equine encephalitis and Hepatitis B) exhibit variable susceptibility to squalamine in both in vitro and in vivo tests ( Zasloff et al. 2011).

The ability of squalamine to interact with the negatively charged lipids of the cell membrane also represents the under lying mechanism of α-synuclein aggregation impairment (Perni et al. 2017 ). These α-synuclein aggregates are part of pathogenesis hallmarks of several neurodegenerative disor ders, and their destruction constitutes an important challenge to limiting toxicity within the brain parenchyma. Perni et al. (2017) also showed that squalamine exposure led to motility recovery in an animal model of Parkinson disease.

Finally, squalamine has also been demonstrated to impede tumor-associated angiogenesis and the growth of several solid neoplasms (reviewed in [START_REF] Luer | Potential human health applica tions from marine biomedical research with elasmobranch fi shes[END_REF][START_REF] Márquez-Garbán | Squalamine blocks tumor-associated angiogenesis and growth of human breast cancer cells with or without HER-2/ neu overexpression[END_REF]. The mechanism of the angiostatic prop erty of squalamine is not fully understood but might rely on, among other explanations, its ability to control endothelial cell shape/volume, as demonstrated by [START_REF] Sills | Squalamine inhibits angiogenesis and solid tumor growth in vivo and perturbs embryonic vasculature[END_REF] on embryonic vascular beds. More specifi cally, squalamine blocks the Na + /H + exchanger (isoform NHE3) [START_REF] Akhter | Squalamine, a novel cationic steroid, specifically inhibits the brush-border Na + /H + exchanger iso form NHE3[END_REF]. Such inhibition of the sodium-hydrogen antiporter will result in the modification of the hydrogen efflux out of the cell, which can explain volume change of endothelial cells.

Molecules Displaying Anti-Cancer Activity

Lacking bone marrow, lymphatic system and nodes, elasmo branchs have evolved two particular lymphomyeloïd struc tures: the epigonal organ associated with the gonads and the Leydig organ located around the esophageal wall, as previ ously mentioned [START_REF] Honma | Comparative histology of the Leydig and epigonal organs in some elasmobranchs[END_REF]. They are involved in the production of red blood cells and play an important role in immune system function.

With the aim to better characterize cell function of these tissues, [START_REF] Luer | Potential human health applica tions from marine biomedical research with elasmobranch fi shes[END_REF] first showed that cells from the Leydig and epigonal organs display phagocytic and pinocytic activities [START_REF] Luer | Potential human health applica tions from marine biomedical research with elasmobranch fi shes[END_REF]. Next, looking for more specific bioactive compounds, they tested epigonal conditioned medium (prepared from adult bonnethead shark) and found that it was able to inhibit growth of several mam malian tumor cell lines [START_REF] Walsh | Elasmobranch immune cells as a source of novel tumor cell inhibitors: Implications for public health[END_REF]). More specifi cally on Jurkat T-cell lines, this medium induced caspase-medi ated apoptosis [START_REF] Walsh | Epigonal conditioned media from bonnethead shark, Sphyrna tiburo, induces apoptosis in a T-cell leukemia cell line, jurkat E6-1[END_REF], but the biochemical nature of this (or these) cell death inducer(s) released from shark epigonal conditioned medium still has/have to be discovered.

As previously mentioned, blocking the neovascular ization that accompanies tumor growth is another way to restrain malignancy progression. Besides squalamine, Neovastat (AE-941), a shark cartilage extract, has been shown to inhibit matrix metallopeptidase and VEGF activity [START_REF] Falardeau | Neovastat, a naturally occurring multifunctional antiangiogenic drug, in phase III clinical trials[END_REF][START_REF] Béliveau | The antiangiogenic agent neovastat (AE-941) inhibits vascular endothelial growth factor-mediated biological effects[END_REF], which is consis tent with antiangiogenic property. More specifi cally, [START_REF] Zheng | A novel polypeptide from shark cartilage with potent anti-angiogenic activity[END_REF] isolated from the cartilage of the blue shark Prionace glauca, a 15.5 kDa polypeptide (PG155) with the ability to reduce vessel formation in vertebrate embryos and tube formation of human umbilical vein endothelial cells (HUVECs). However, Neovastat hasn't gotten beyond phase II of clinical trials so far [START_REF] Kang | Anticancer activity and underlying mechanism of phytochemicals against multiple myeloma[END_REF], meaning that the use of shark cartilage in the treatment of human malignan cies is still exploratory.

EVO-DEVO STUDIES IN THE SEARCH FOR THE

ORIGIN OF SKELETON AND BRAIN ASYMMETRIES 23.9.2.1 Endoskeleton and Bone-Like Tissue in Chondrichthyes Although skates, rays, sharks and chimeras are called car tilaginous fish, they possess mineralized structures in their endoskeleton and dermoskeleton (or exoskeleton). Their embryonic endoskeleton is made of a gel-like structure produced by chondrocytes: the hyaline cartilage, a carti laginous matrix classically stained and observable using Alcian blue pigments. As development progresses, cer tain parts of the axial endoskeleton such as the vertebrae undergo mineralization, a process that can be visualized using Alizarin red staining.

Truncal vertebrae in elasmobranchs are made of i) a cen trum that surrounds the notochord and ii) a dorsal neural arch delimiting the neural canal that contains the spinal cord. Caudal vertebrae also have, ventral to the centrum, a hemal arch that surrounds arteries and veins. Both the centrum and the neu ral arch of vertebrae of several elasmobranch species display Alcian blue staining at mid-embryogenesis, while Alizarin red coloration is observable in near-hatching embryos [START_REF] Eames | Skeletogenesis in the swell shark Cephaloscyllium ventriosum[END_REF], Enault et al. 2015;Atake et al. 2019), meaning that a min eralization process is occurring on a cartilage-based matrix.

However, in contrast to the mineralization mechanism occurring in the long bones of Osteichthyes (the so-called endochondral ossification that also begins within cartilage but from the center to the periphery of the bone), the miner alization in elasmobranch vertebrae starts on the periphery of both the neural arch and the centrum. Interestingly, the expression pattern of type I and type II collagen in these elasmobranch structures is similar to that accompanying the shift from cartilage to mineralized cartilage during endo chondral ossification of tetrapod long bones. Type II colla gen (cartilage specific) is observed within the cartilaginous center of the neural arch, while type I collagen stains the outer surface of the neural arch [START_REF] Eames | Skeletogenesis in the swell shark Cephaloscyllium ventriosum[END_REF]Enault et al. 2015). It is important, however, to outline that in several teleost species, some cartilages lack type II collagen expres sion, and bones can exhibit important immunostaining against type II collagen [START_REF] Benjamin | Extracellular matrix of con nective tissues in the heads of teleosts[END_REF]. This indicates that the use of type II collagen as a pure cartilage marker must be considered cautiously.

Type X collagen is another collagen accompanying the process of endochondral ossification. Its expression was demonstrated in the mineralizing sites of catshark vertebrae but not in the type II collagen-expressing non-calcifi ed ele ments [START_REF] Debiais-Thibaud | Skeletal min eralization in association with type X collagen expression is an ancestral feature for jawed vertebrates[END_REF].

Another biochemical feature of mineralization is the presence of alkaline phosphatase (AP) activity that can be observed when the inner cartilage of tetrapod long bones is converted into a mineralized matrix. Such AP activity can also be detected in the mineralizing neural arches of nearhatching swell shark embryos [START_REF] Eames | Skeletogenesis in the swell shark Cephaloscyllium ventriosum[END_REF].

Finally, [START_REF] Eames | Skeletogenesis in the swell shark Cephaloscyllium ventriosum[END_REF] described a specifi c cell population in the mineralizing sites of swell shark vertebrae that are morphologically different from chondrocytes, the rounded and well-separated cells embedded into the Alcian blue-positive matrix. These cells, located in the outer min eralizing layer of the neural arches, were surrounded by an Alizarin red-positive matrix and displayed an elongated shape [START_REF] Eames | Skeletogenesis in the swell shark Cephaloscyllium ventriosum[END_REF]. Similar flattened cells have been observed at the mineralizing sites of vertebrae in skates (Atake et al. 2019). The nature of these cells has not been investigated yet. Expression of signaling molecules (such as Ihh and several Wnt ligands) and transcription factors (mainly Sp7/Osterix and Runx2) known to be involved in the osteogenic program [START_REF] Hartmann | A Wnt canon orchestrating osteoblastogenesis[END_REF] ) would be inter esting to explore within the mineralizing elements of elas mobranchs. Such molecular studies would inform us about the mechanism underlying the calcification process in the elasmobranch axial endoskeleton and to what extent this mechanism shares genetic features with the one controlling endochondral ossification of the long bones in Osteichthyes.

In the field of evo-devo, this last issue constitutes a fasci nating question that can now be addressed, since functional experiments are possible (see Table 23.2) in several shark or skate species at different embryonic stages.

Exoskeleton (Teeth and Dermal

Denticles) in Chondrichthyes Teeth and dermal denticles (also named placoid or dermal scales) constitute the exoskeleton of Chondrichthyes . These mineralized appendages/structures made of enamel and den tine surrounding a pulp cavity are known under the general term of odontodes and can easily be observed in laboratories using Alizarin red staining. One important feature of elasmo branchs is that they are polyphyodont, meaning their teeth are continually replaced. The lower and upper jaws are lined by an initial row of mature individual teeth that can display sev eral shapes (for example: needle-like, triangular or fl attened). Posterior to this first line of teeth, multiple rows of develop ing teeth are present, intended to replace those that fall out. Unlike teeth, dermal denticles do not continuously regener ate throughout life. The dentition of holocephalans, the sister group of elasmobranchs, does not possess separate individual teeth but dental plates that grow continuously.

As with many other vertebrate embryonic structures, the development of teeth and dermal denticles involves reciprocal inductive interactions between an epithelium and its underly ing mesenchyme, which are engineered by a set of signaling molecules and transcription factors. Using catshark models (Scyliorhinus stellaris and S. canicula), several works have demonstrated the expression of Shh, Wnt/β-catenin, BMP and FGF gene products in the developing dentition of these species, as reported in other bony vertebrates, which suggests that the dental gene regulatory network (GRN) is conserved within gnathostomes [START_REF] Smith | Reiterative pattern of Sonic Hedgehog expres sion in the catshark dentition reveals a phylogenetic tem plate for jawed vertebrates[END_REF]Debiais-Thibaud et al. 2015;[START_REF] Martin | Sox2+ progenitors in sharks link taste development with the evolution of regenerative teeth from denticles[END_REF][START_REF] Rasch | An ancient dental gene set governs development and continuous regeneration of teeth in sharks[END_REF] ). However, the enamel knot, a transient signaling center present in the grow ing bud and controlling the morphogenesis of teeth cusps, seems to be missing in catshark teeth, indicating that the regulation point for cusp shape works differently in elasmo branchs [START_REF] Debiais-Thibaud | The homology of odontodes in gnathostomes: Insights from Dlx gene expression in the dogfi sh, Scyliorhinus canicula[END_REF][START_REF] Rasch | An ancient dental gene set governs development and continuous regeneration of teeth in sharks[END_REF].

BrdU pulse-chase experiments performed in embryonic and juvenile catsharks revealed the presence of slow cycling cells within the dental lamina, an epithelial tissue that inter acts with the underlying mesenchyme and goes with tooth development [START_REF] Martin | Sox2+ progenitors in sharks link taste development with the evolution of regenerative teeth from denticles[END_REF][START_REF] Vandenplas | Slow cycling cells in the continuous dental lamina of Scyliorhinus canicula: New evidence for stem cells in sharks[END_REF]). These BrdU-positive cells that exhibit a low rate of mito sis constitute a stem cell population that expresses the Sox2 marker [START_REF] Martin | Sox2+ progenitors in sharks link taste development with the evolution of regenerative teeth from denticles[END_REF].

Questioning the homology between teeth and dermal den ticles, Debiais-Thibaud et al. ( 2011) investigated the expres sion of several Dlx genes, a family of transcription factors involved in the early specification of dental epithelium and Emerging Marine Model Organisms mesenchyme, and found that catshark teeth and caudal pri mary scales share common expression of Dlx1, Dlx3, Dlx4 and Dlx5 mRNAs. In addition, developing dermal scales in the catshark display the expression of signaling molecules such as BMP4, several FGFs and Shh (Debiais-Thibaud et al. 2015;[START_REF] Martin | Sox2+ progenitors in sharks link taste development with the evolution of regenerative teeth from denticles[END_REF][START_REF] Cooper | Developing an ancient epithelial appendage: FGF signalling regulates early tail denticle formation in sharks[END_REF]). The con servation of the expression of this gene set supports the hypothesis that the appearance of additional odontodes on body surfaces or within cavities might be the result of a het erotopy, that is, of the dedicated gene regulatory network recruitment at this specific body part [START_REF] Debiais-Thibaud | The homology of odontodes in gnathostomes: Insights from Dlx gene expression in the dogfi sh, Scyliorhinus canicula[END_REF][START_REF] Martin | Sox2+ progenitors in sharks link taste development with the evolution of regenerative teeth from denticles[END_REF].

In amniotes, integumentary structures such as feathers, hair and scales that also derive from epithelial placodes require FGF signaling for their development. FGF ligands are not only expressed in the developing dermal denticles in catsharks. In ovo injection of the FGF receptor inhibitor SU5402 leads to the perturbation of caudal dermal scale for mation, indicating that this pathway is mandatory for their morphogenesis [START_REF] Cooper | Developing an ancient epithelial appendage: FGF signalling regulates early tail denticle formation in sharks[END_REF]. Such data also suggest that a common GRN might operate within the epithelial placodes of both amniote integumentary structures and elas mobranch dermal scales [START_REF] Cooper | Developing an ancient epithelial appendage: FGF signalling regulates early tail denticle formation in sharks[END_REF].

Within the developing tooth or dermal denticle, enamel is produced by ameloblasts that differentiate from the epi thelial compartment of the bud, while dentine is secreted by odontoblasts deriving from the mesenchymal compart ment. Gillis et al. (2017 ) demonstrated that odontoblasts of the trunk denticles in the little skate (Leucoraja erinacea) are derived from trunk neural crest cells. This study con stitutes one of the examples of successful cell-lineage trac ing experiments in Chondrichthyes embryos (by means of DiI microinjection and staining). This work also shows that neural crest cells from the trunk can be skeletogenic, which is different from what has been reported in teleosts (Gillis et al. 2017 ).

An exhaustive discussion about the origin of teeth in ver tebrates and their evolutionary relationship with odontodes in extinct or living species can be found in the recent review from [START_REF] Donoghue | The ins and outs of the evolutionary origin of teeth[END_REF].

Evolution of Brain Asymmetries in Vertebrates

The position of Chondrichthyes as the sister group of all bony vertebrates (Osteichthyes, Figure 23.1 ) undoubtedly makes cartilaginous fish species valuable to study the evolu tion of a biological structure or process. A recent example is the mechanism underlying asymmetry of the epithala mus, whose evolutionary history in gnathostomes has been brought to light thanks to an elasmobranch model.

The epithalamus arises from the dorsal part of the dien cephalon and is composed of two habenular nuclei and a pineal complex (pineal and parapineal glands). In a great majority of vertebrate species, the habenular nuclei display left/right (L/R) asymmetries in size, neurotransmitter and developmental gene expression and in neuronal organiza tion [START_REF] Concha | Asymmetry in the epithala mus of vertebrates[END_REF]). In addition, while the pineal gland, involved in melatonin secretion, is generally located on the midline, the parapineal gland is found to be con nected to the left habenulae and, in rare cases, to the right one ( Boutet 2017). Finally, during zebrafi sh embryogenesis, the dorsal diencephalon displays a left-sided activity of the Nodal pathway known to be involved in L/R asymmetry of internal organs [START_REF] Signore | Zebrafish and medaka: Model organisms for a comparative developmental approach of brain asymmetry[END_REF].

In zebrafish, the connection of the parapineal gland to the left habenula is important, as its experimental removal restores the symmetry of the two habenulae. In contrast, Nodal abroga tion leads to randomized connection of the parapineal gland: it is either associated with the left habenula (50% of the time) or the right (50%). In other terms, asymmetry is still present, but laterality is lost [START_REF] Signore | Zebrafish and medaka: Model organisms for a comparative developmental approach of brain asymmetry[END_REF].

The absence of data concerning Nodal expression out side the Osteichthyes group and the fact that the left-sided expression of Nodal in the diencephalon had been reported only in teleosts led to the hypothesis that L/R laterality of the epithalamus might have been stochastic at the base of the vertebrate lineage. Experiments performed with the catshark indicated, however, that Nodal is asymmetrically expressed in the dorsal diencephalon as in zebrafish and that it con trols habenular asymmetries, including neurogenic asym metry (Lagadec et al. 2015;[START_REF] Lagadec | Neurogenetic asymmetries in the catshark developing habenulae: Mechanistic and evo lutionary implications[END_REF]. Similar results are obtained using lamprey embryos (cyclostome/ agnatha; Lagadec et al. 2015). These findings obtained from jawless vertebrates and from Chondrichthyes demonstrate that epithalamic asymmetry was not random in the last common ancestor of vertebrates and that diencephalic leftsided Nodal expression was already present in this ances tor. Chondrichthyes, and also cyclostomes, thus allowed to understand the evolution of the mechanisms driving this particular brain asymmetry (Boutet 2017).

Note that evolutionary scenarios dealing with brain asymmetry or other processes are never set in stone and can be redrafted later on in light of data collected from addi tional species. This last point highlights the importance for experimental biology to diversify its models as much as pos sible. Much more than bringing complexity, embryonic and molecular results raised from a wide range of models, scat tered over several taxa, contribute to broadening our view related to evolutionary mechanisms. Data obtained from fossil records are also very useful in such a kind of study.

THE ELASMOBRANCH PROPERTIES OF KIDNEY REGENERATION

As previously mentioned, elasmobranch fish have been found to possess a regenerative kidney. In 2003, Elger et al. described a nephrogenic zone in the adult kidneys of the little skate, Leucoraja erinacea. This nephrogenic zone represents a niche within the kidney where stem cell-like cells could reside. The tissue responds to partial reduction of renal mass with the formation of new nephrons. The morphogenic process of neonephrogenesis appears to be an important mechanism for renal growth, as well as for repair of injured kidneys. Renal hypertrophy (a common response to renal mass reduction in humans) contributed only slightly to the reconstitution of the little skate renal mass follow ing the renal reduction experiment (Elger et al. 2003). The morphological analyses demonstrated that a zone of embry onic renal tissue persists in adult skates (Elger et al. 2003). S. canicula, S. acanthias and L. erinacea have been pow erful models for the description of kidney morphogenesis, and multiple studies have detailed renal morphogenesis and architecture using sections (Hentschel 1987;Hentschel 1991;Elger et al. 2003;[START_REF] Cutler | Characterization of aquaporin 4 protein expression and localization in tissues of the dogfi sh ( Squalus acanthias)[END_REF]. This neonephrogenetic ability found in Chondrichthyes is a valuable framework which warrants studies on stem cell homeostasis during nephron ontogeny or repair.

As a conclusion, it appears that Chondrichthyes have accompanied experimental biology for a long time. The place they occupy in the vertebrate phylogenetic tree and their particular physiological and biological properties, such as the possibility to regenerate the adult kidney, to replace teeth continually or the unique structure of their antibodies make cartilaginous fish metazoans of great interest.

Human impact on Earth's ecosystems remains, how ever, overwhelming and a great threat to hundreds of Chondrichthyes species. Conservation status has to be taken into account when choosing a model for experimental stud ies if we want cartilaginous fish to continue to reveal new secrets for the next decades and beyond.

Results 3: Post-Embryonic Nephron Mesenchymal Progenitors From An Elasmobranch Express Conserved Transcription Factors And Display Less Protein Synthesis Rate Than Their Differentiated Epithelial Counterpart In The Nascent Nephron

The main goal of this research project was the description of the self-renewing nephron stem/progenitor cells in sharks. As mentioned previously, Chondrichthyans like sharks and rays retain the ability to create nephrons throughout their life (Hentschel 1991, Elger et al. 2003, see Introduction, Part C), a property lost in mammals [START_REF] Tögel | Repair after nephron ablation reveals limitations of neonatal neonephrogenesis[END_REF], see Introduction, Part B). Hentschel (1991) and Elger et al. (2003) described a neonephrogenic zone in the ventro-medial part of the adult kidney in the catshark and skate, respectively (see Part C). This nephrogenic area zone was identified as the only zone that can be stimulated to substantial renal regeneration in the adult skate (Elger et al. 2003). The neonephrogenic zone featured mesenchymal aggregates and nascent nephrons in the adult catshark (Hentschel 1991, and Part C). Based on the histology of these zones and on de novo nephron repair following ablation, these authors concluded that the nephron progenitors that drive kidney morphogenesis in chondrichthyans are maintained throughout embryonic development into adulthood. However, the genes or molecular characteristics associated to stem and progenitor functions had never been described in a Chondrichthyes model. This chapter presents the first results on molecular data of the nephrogenic progenitor cells in catshark embryos and juveniles (LUND-RICARD et al., in prep).

The results presented in this chapter constitute the first molecular descriptions of the embryonic catshark kidney and indicate that genetic programs underlying kidney morphogenesis are conserved across vertebrates. To investigate this regenerative feature in chondrichthyans, a complete description of kidney formation during embryogenesis in Scyliorhinus canicula was first required. Using in situ hybridization, the intermediate mesoderm was shown to express Pax2 and Lhx1 (Results 3, Figure 1A), two well-known kidney-specifying genes in vertebrates. The kidney anlage begins from the intermediate mesoderm and takes the shape of two elongating nephric ducts that extend until the cloaca through progressive mesenchymal-to-epithelial transitions (MET). The expression profiles suggest that Lhx1 is expressed in the epithelial ducts and mesonephric tubules as well as Pax2 though this gene is additionally expressed in the surrounding mesenchyme (Results 3, Figure 1 B andC). This is cogent with the Pax2 roles in upstream regulation of several kidney-specifying genes in the renal anlage and the Lhx1 role in MET [START_REF] Davidson | Mouse kidney development[END_REF], Results 3, Figure 1C).

Then, the embryonic kidney of a 2-month-old catshark embryo was analyzed from serial paraffin sections.

At this stage, the kidneys run between the two pairs of ventral fins and are located retroperitoneally (Results 3, Figure supp. 1). At this stage, the embryonic mesonephros consists of paired nephric ducts to which multiple nephrons are connected (Results 3, Figure 2, A andB). In mammalian embryos, the nephron progenitors that give rise to all the epithelial components of the nephron appear as aggregates of mesenchymal cells adjacent to ureteric buds. These cells express several markers such as Six2, Wt1, Pax2, and Eya1 (Introduction, Part B, Figure 23). In teleosts, nephrons derive from mesenchymal aggregates adjacent to the pronephric ducts and express wt1b, pax2a and lhx1a (Introduction, Part B, Figure 19). In the catshark embryonic kidney, several histologically distinguishable mesenchymal aggregates were identified adjacent to the nephric ducts (Results 3, Figure 2C). These aggregates were found to express ScSix2, ScPax2, ScWt1, ScLhx1 and ScEya1 but not the collecting duct marker Hoxb7 (Results 3, Figure 2D). The in situ hybridization technique RNAscope is presented in Figure 36, before Results 3. For the first time, histologically distinguishable mesenchymal aggregates along the nephric ducts were located in the developing catshark kidney and shown to express conserved nephron progenitor cell markers found in Osteichthyes models.

With the intention of studying the post-embryonic nephron progenitor cell population, the same type of analysis was performed on juvenile catsharks. The post-hatching kidney is located retroperitoneally in between the two pairs of ventral fins and organized in two lobes (Hentschel 1991, and Results 3, Figure supp. 3). The lobes are distinct anteriorly and become fused posteriorly. In each lobe, a zonation could be observed with a lateral bundle zone and mesial tissue zone (Results 3, Figure 3, A-I), a feature previously described in the catshark by Hentschel (1991) and seemingly conserved in elasmobranchs [START_REF] Lacy | The elasmobranch kidney[END_REF]. The nephrogenic zone, from which new nephrons were shown to be formed, was described in the ventral part of the lateral bundle zone (Hentschel 1991). In the juvenile kidney sections, histologically distinguishable mesenchymal aggregates were identified in the same location, as well as nascent nephrons (Results 3, Figure 3J, orange circles and Figure 4, ABCD). The mesenchymal cells observed within the nephrogenic area expressed the nephron progenitor markers ScPax2, ScWt1, ScSix2, ScEya1, ScLhx1 gene products but not the collecting duct marker ScHoxb7 (Results 3, Figure 4,E). In consequence, these experiments confirmed the presence of a nephrogenic area with mesenchymal cells and nascent nephrons at the post-embryonic stage. In addition, the mesenchymal cells identified in this nephrogenic area displayed a molecular signature similar to the catshark embryonic progenitor cells and to those observed in other vertebrate species (Results 3, Figure 4,E). These results reveal that nephron progenitor markers are highly conserved across vertebrates.

To further assess the cells of the neonephrogenic zone, juveniles were subjected to a BrdU pulse and chase experiment to identify slow-cycling cells, a characteristic of somatic stem/progenitor cells. BrdU intraperitoneal injections were carried out and juvenile catsharks were collected at different times (Results 3, Figure 5A). BrdU immunostaining on kidney paraffin sections showed that the nephrogenic zone displayed an intense staining right at the end of the pulse, reflecting that cells had cycled during the time of the pulses (Results 5B). This staining persists throughout the chase period (2 months) in the aggregates but is diluted over time in nascent nephrons of the nephrogenic zone (Results 3, Figure 5D). The nephrogenic zone also contains aggregates that have not incorporated BrdU, indicating these cells have not cycled (Results 3, Figure 5E). Taken together, these results point towards a heterogeneous cell population in the nephrogenic zone with some cells cycling slowly while others are proliferating and undergoing MET. This reflects the distinct populations based on cell-cycle length, previously described within the nephron progenitor cell populations in mice [START_REF] Short | Global Quantification of Tissue Dynamics in the Developing Mouse Kidney[END_REF].

3, Figure

Finally, the prism of translational control on stem/progenitor cell populations was investigated in the case of the neonephrogenic catshark kidney. Translation inhibition has recently emerged as a hallmark for stem/progenitor cell maintenance (Tahmasebi et al. 2019[START_REF] Saba | Translational control of stem cell function[END_REF]. Using an OP-PURO protein synthesis assay (see Introduction Part A, Figure 3 in Toolbox 1) in catsharks, the mesenchymal cells of the nephrogenic zone presented significantly less protein synthesis than their differentiated counterparts (Results 3, Figure 6 B andC). These results complete the list of stem/progenitor cell types in which global protein synthesis is low in undifferentiated compartments relative to their differentiated progeny. Further investigations on the links between translational mechanisms and the maintenance of the mesenchymal progenitor cells after embryonic development remain to be deciphered.

Investigations into activity of the mTORC1 pathway in the mesenchymal progenitor cells relative to the differentiating cells would reveal if this translational activation is mTORC1-dependent (see Figure 2 Osteichthyes. The pulse and chase results point to label-diluting proliferative cells and label-retaining quiescent cells within the nephrogenic cells. Finally, translation inhibition was observed in the nephron progenitor cell population relative to their differentiated counterparts as found in other stem/progenitor cell populations. Stemassociated features in the nephrogenic mesenchyme such as Six2 expression, label-retaining cells and translational control bring new molecular features to our understanding of the persistence of nephrogenic tissues in post-embryonic sharks. However, the regulation behind the translation inhibition and its functional link with the persistence of the nephrogenic tissue remains to be explored. Investigations on this topic would shed light on the evolutionary history of the maintenance of nephron progenitor cells in adult vertebrate kidneys. In closing, deciphering the molecular signatures that promote kidney progenitor functions could help develop strategies to repair adult mammalian kidneys.

Toolbox 3: RNAscope technique

RNAscope is a commercially available RNA in situ hybridization (ISH) technique that allows visualization of single RNA molecules in individual cells in a variety of sample types including formalin fixed paraffin-embedded tissue. This technique was employed in Results 3: LUND-RICARD et al., in prep. It relies on a highly specific signal amplification that allows visualization of target RNA as punctate dots (Wang et al., 2012). Cells or tissues are fixed and permeabilized to allow for target probe access. Then, target RNA-specific oligonucleotide probes (Z) are hybridized in pairs (ZZ) to the RNA target sequence (Figure 36). Probes are hybridized to a cascade of signal amplification molecules culminating in fluorescent-or enzyme-labeled probes. Signals can be detected using an epifluorescent microscope (for fluorescent label) or standard bright-field microscope (for enzyme label). 

Introduction

Understanding the mechanism of adult nephrogenesis is a key point to be able to reactivate this process in a therapeutic context. In mammals, nephrogenesis ceased around birth leaving these species unable to form new nephrons in case of kidney injury. In contrast, post-embryonic nephrogenesis has been observed in a physiological context in two Chondrichthyes species: in adolescent (2-3 years old) catsharks (Scyliorhinus canicula) and in the adult little skate (Leuroraja erinacea) (Hentchel 1991, Elger et al. 2003). More specifically, the continuous addition of new nephrons in these species takes place in a particular zone of the kidney, the nephrogenic area, where aggregates of mesenchymal cells have been histologically observed. Based on their mesenchymal morphology and on their localisation in the form of condensed masses closely associated to the tip of collecting ducts (Hentchel 1991, Elger et al. 2003), these cells strongly resemble the cells present in the cap mesenchyme of the mouse embryonic kidney. The cap mesenchyme is crucial for metanephros morphogenesis of mammals as they have been described to host a self-renewing and multipotent nephron progenitor cell (NPC) population (Self et al. 2006, Kobayashi et al. 2008). This renal progenitor population is exhausted around birth in mammals explaining why animals in this clade cannot form new nephrons once embryogenesis is completed. This is precisely not the case in Chondrichthyes or cartilaginous fish, for which renal mesenchymal progenitors are observed in the post-embryonic kidney. In spite of their crucial role in nephrogenesis, this renal population has never been characterized molecularly in Chondrichthyes. We used the catshark as a model to address this question and found that the renal progenitors in catshark embryos express the same molecular markers than the equivalent cell population in mice and zebrafish, ScSix2, ScPax2, ScWt1, ScLhx1 and ScEya1 mRNAs. Interestingly, we observed that these markers are still expressed in the renal mesenchymal aggregates of the nephrogenic area in juvenile catsharks confirming that the renal progenitors have not been depleted and are thus maintained in the postembryonic kidney in Chondrichthyes.

Another important feature that allows somatic stem cells to contribute to physiological tissue renewal and/or structure regeneration of damaged organs is the possibility to cycle slowly [START_REF] Cotsarelis | Existence of slow-cycling limbal epithelial basal cells that can be preferentially stimulated to proliferate: implications on epithelial stem cells[END_REF][START_REF] Johansson | Identification of a neural stem cell in the adult mammalian central nervous system[END_REF], Lavker et al. 2000). To test this property in renal mesenchymal progenitors in catsharks, juveniles were injected with the nucleoside analogue of thymidine BrdU (pulse) that will incorporate into replicating DNA of dividing cells. Juveniles were maintained several weeks after the injection (chase) and their kidneys were submitted to BrdU immunohistochemistry. We found that some renal mesenchymal progenitors within the nephrogenic area of juvenile kidney retained BrdU labelling two months after the pulse indicating that cells within this population are slow-cycling cells as reported for other types of somatic stem cells.

In this study we thus managed to assign molecular signatures to post-embryonic renal mesenchymal stem cells in the juvenile kidney of a Chondrichthyes species but the question of how the pool of renal progenitors is maintained in the catshark renal tissue after birth is still open.

A recent compilation of studies have highlighted that both embryonic and adult stem cells are dependent on low rates or protein synthesis to maintain an undifferentiated state (Tahmasebi et al. 2019). Already in 2008, Sampath et al. analysed changes in protein synthesis activity during the differentiation of embryonic stem cells (ESCs), i.e. when they become embryonic bodies (EBs). [ 35 S] methionine incorporation was ~2-fold higher in EBs compared to ESCs. Moreover cytoplasmic lysates from ESCs and EBs were fractionated by sucrose gradient centrifugation and this experiment revealed a 1.6-fold increase in polyribosomes in EBs.

Today, OP-puromycin-based fluorogenic assay is a non-radioactive alternative for protein synthesis measurement. Using this assay, Signer et al (2014) quantified in vivo protein synthesis levels from haematopoietic stem cells (HSCs) and found that low rates may be essential for maintaining their metabolic homeostasis. Blanco et al. (2016) also used OP-puro (O-propargyl-puromycin) incorporation to measure global protein synthesis in hair follicle stem cells (HFSCs) and found that they synthesize less protein than their progeny. We chose to use the OPpuro incorporation method in juvenile catsharks to assess the level of neosynthesized proteins in the renal mesenchymal progenitors and in the epithelial differentiated cells of the nephron and found that levels are lower in the progenitors compared to their epithelial progeny.

One important pathway involved in the control of translation is the mTOR signalling pathway. It mobilizes the mTORC1 complex which includes the kinase mTOR, mLST8, Raptor and two inhibitory sub-units, PRAS40 and DEPTOR (see Eltschinger and Loewith 2016 for a review of TORC1 and TORC2 functions). To investigate molecular changes occurring in mouse renal progenitors at birth i.e. when the pool is exhausted, Chen et al. (2015) performed single-cell RNA-Seq analysis of these progenitors from E12.5 (embryonic day 12.5 post-coitum) to P0 (birth). Remarkably, they reported an increase in the expression of genes involved in ribosomal biosynthesis and in the expression of mTOR mRNA, which is consistent with an active translation accompanying the massive differentiation of renal progenitors.

The cap-dependent translation requires two important events. First, the dissociation of 4E-BP from the cap to allow eIF4F complex scaffolding. Second, the activation of S6K that promotes the activity of a member of the eIF4F complex, the helicase eIF4A. Both 4E-BP and S6K need to be phosphorylated to respectively be dissociated and activated, a biochemical step which is carried out by mTOR (reviewed in Ma and Blenis 2009).

Thus, one way to investigate mTOR activity in cells and tissues is to look for the phosphorylated form of 4E-BP and S6K. Sequence alignment of several 4E-BP1 and S6K1 orthologues performed in this study revealed that the phosphorylation sites of these proteins are highly conserved in vertebrates including in Chondrichthyes species. At the time the thesis manuscript was achieved, we did not have the data related to immunostaining of the phosphorylated form of 4E-BP1 and S6K1 in the kidney of juvenile catshark This study represents the first molecular characterization of the renal progenitors (NPCs) in a vertebrate that maintains these progenitors at the post-embryonic stage.

Materials and Methods

Catshark embryos and juvenile catsharks

Female catsharks (Scyliorhinus canicula) were collected during the breeding season in the bay of Morlaix (Brittany France) by the seamen and diver service of the Station Biologique de Roscoff (SBR, Brittany, France).

Catshark eggs were collected from gravid females by the Roscoff Aquarium Service (RAS) of the SBR and raised at 16°C in the aquarium to the required development stages. Catshark embryos were staged according to morphological criteria described by [START_REF] Ballard | A series of normal stages for development of Scyliorhinus canicula, the lesser spotted dogfish (Chondrichthyes: Scyliorhinidae)[END_REF]. Some catshark eggs were raised six months, i.e. until hatching, to obtain juveniles for protein synthesis assay and BrdU-pulse labelling experiment (see below).

Whole mount in situ hybridization (WISH)

Digoxigenin-labelled ScPax2 and ScLhx1/Lim1 antisense RNA probes were synthesized from cDNA fragments subcloned into pGEM®-T (Promega) using the SP6 RNA polymerase. DNA templates for probe synthesis were obtained by PCR from Scyliorhinus canicula cDNA using the following primers designed from published GenBank accession numbers: ScPax2, Forward AGTGTTTGTGAATGGCAGGCC and Reverse GATAGCCAGGTAAAGTTGTGC (EF185884.1); ScLhx1/Lim1, Forward CAAAGTCTTTCATCTGAACTG, Reverse TAATATTCAGTCTGATAATCC (AY217780.1). ScHoxb7, Forward GAGTTCATTGTATTATGCGAA, Reverse TCAGGTGGACTAGTAACTTTA (FQ032659.1). Sequence identity was checked using the Universal M13 primers for sequencing. WISH was performed according to standard protocols (Lagadec et al. 2015). Briefly, catshark embryos were incubated with the riboprobes overnight at 60°C. Samples were then washed in Saline Sodium Citrate (SSC) buffer, blocked (blocking reagent, Roche) and incubated overnight with an AP-conjugated anti-Dig antibody at 4°C. After several washes in Maleic Acid Buffer with Tween-20 (MABT) buffer, samples were incubated with the alkaline phosphatase (AP) substrates NBT/BCIP (BM purple, Roche) until the colour reaction was giving a sustained purple staining. Stained embryos were photographed using either a S9 Leica stereomicroscope or the Zeiss SteREO discovery microscope.

Branched DNA (bDNA) in situ hybridization (RNAscope)

This method of in situ hybridization (ISH) is based on the use of multiple pairs of target-specific probes instead of a single continuous probe as in classical ISH. The complete description of the method is given in Wang et al. 2012 and[START_REF] Gaspar | Strength in numbers: quantitative single-molecule RNA detection assays[END_REF][START_REF] Gaspar | Strength in numbers: quantitative single-molecule RNA detection assays[END_REF]. Briefly within the pair, each target probe contains i/ a region highly complementary to the target RNA, ii/ a spacer sequence and iii/ a 14-base tail sequence, which gives a Z shape to the probe. Several pairs hybridize adjacent to each other and the tail sequence of each pair create a 28-nucleotide (nt)-long landing platform allowing the binding of another DNA molecule, the preamplifier. In turn, the preamplifier binds several DNA amplifiers that finally link labelled probes and generate a strong signal amplification system. On the other hand, the preamplifier binds only if the 28-nt-long platform is created, which implies that both probes within the pair have hybridized to the correct targets. This makes the signal amplification system highly specific.

RNAscope probe design for our experiments has been carried out by Bio-Techne on the basis of published GenBank accession numbers of each gene: ScPax2: EF185884.1; ScLhx1/Lim1: AY217780.1; ScWt1: XM_038807848.1; ScSix2: XM_038813278.1; ScEya1: XM_038809597.1; ScHoxb7: FQ032659.1. Hybridization of RNAscope probes on catshark paraffin sections was performed according to the manufacturer's instructions using the RNAscope® 2.5 High Definition (HD)-RED assay (Bio-Techne). In this assay, the label probe is conjugated to an alkaline phosphatase molecule for chromogenic reaction using the Fast Red Dye.

Immunohistochemistry

Immunodetection of BrdU on paraffin sections has been achieved according to the protocol described in [START_REF] Vandenplas | Tooth replacement without a dental lamina: the search for epithelial stem cells in Polypterus senegalus[END_REF]. Briefly, paraffin was removed from the sections in two xylene baths and tissues were rehydrated in a descending ethanol series (100%, 95% and 70%). Next, the slides were rinsed in 1X PBS several times. Antibody binding to BrdU incorporated into replicating DNA required chromatin precipitation, which was achieved by placing the slides in an HCl (2M) bath for 4 hours. After this step, the slides were rinsed in 1X PBS and incubated in the blocking solution (5% BSA in 1X PBS) for one hour. The anti-BrdU antibody (ab6326, Abcam) diluted in blocking solution (1/100) was placed overnight on the slides at +4°C in a wet chamber. After washing in 1X PBS, slides were incubated with the secondary antibody: an Alexa Fluor 546 conjugated anti-rat antibody (1/500 Invitrogen) for 1 hour at room temperature. Next, slides were rinsed and mounted with Vectashield (Vector Laboratories, Inc.). p-4EBP and p-S6K1 antibodies

Histological coloration

After fixation in 4% PFA, MeOH-dehydrated catshark embryos or juvenile catsharks were transferred to butanol and next to paraffin baths for embedding. Paraffin sections were carried out with a Leica microtome. PAS staining was performed according to manufacturer instructions using the Periodic Acid-Schiff (PAS) stain kit (Thermo scientific). For the Alcian Blue / Nuclear fast red staining, paraffin sections were deparaffinised in Xylene, rehydrated in a graded series of MeOH (100%, 75%, 50%, 25%) and rinsed in diH2O. Next, sections were incubated in 3% Acetic Acid, stained in 1% Alcian Blue solution (Sigma), washed in running tap water and in diH2O. Then, sections were incubated in 0.1% Nuclear Fast Red solution (VWR amresco LIFE SCIENCE), washed in running tap water and rinsed in diH2O. Xylene-dehydrated sections were mounted in Eukitt® quick hardening mounting medium (Sigma) for observation under microscope.

BrdU pulse chase labelling experiment

Ten juvenile catsharks were anesthetized with 0.2% MS222 (Sigma) and each animal received 5 intraperitoneal injections of BrdU (10 mg/ml) within 48 hours (one every 12 hours), which constitutes the "pulse" of the experiment. Two juveniles were collected 2 hours after the end of the pulse (T0) and the remaining animals were maintained in the aquarium either one week (T1), two weeks (T2), four weeks (T3) or eight weeks (T4) after the end of the pulse. At each time point, two juveniles were euthanized using 1% MS222 before processed for paraffin embedding. For the control experiment, three juveniles were injected with DMSO and collected at T0.

In vivo visualization of protein synthesis using OP-puro injection in juvenile catsharks and quantification

A solution (10 l at 20 mM diluted in DMSO) of OP-puro (an alkyne analog of puromycin, O-propargylpuromycin) was injected intraperitoneally into anesthetized (0.2% MS222) juvenile catsharks (n=6). After 1 hour, animals were euthanized with MS-222 (1% in filtered sea water) before fixation in 4% PFA 24 hours followed by graded dehydration into Methanol. Paraffin sections were performed in the trunk, between the two pairs of ventral fins that constitute the anterior and the posterior limits of the kidney, at a thickness of 10 m with a Leica microtome.

Sections were washed in xylene and rehydrated through several ethanol washes in PBS. OP-puro was conjugated to a fluorochrome using the Click-iT® Plus OPP Protein Synthesis Assay Kit (Life Technologies). The cells containing polypeptide-OP-puro conjugates within the kidney were detected by copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) using the Alexa Fluor ® 488 picolyl azide (Life Technologies). Juvenile catsharks were also injected with 10 l of DMSO to get negative controls (n=6). To check the specificity of OP-puro staining in nascent proteins, animals were co-injected with a global inhibitor of protein synthesis (cycloheximide (CHX) at 62,55 mM, n=3) or with an inhibitor of the mTOR dependent protein synthesis (rapamycin at 36 M, n=3). All paraffin sections were counterstained with NuclearMask TM blue stain (Life Technologies) and imaged using a Leica DMi8 fluorescent microscope.

Quantification of OP-puro fluorescence (Alexa Fluor 488) intensity within nascent nephrons was performed using ImageJ. Two areas were manually delimited within the image: the mesenchymal renal progenitors located at the proximal end of the nascent nephron (region of interest in the mesenchyme, ROIm) and the epithelial cells of the nascent nephron (ROI in the epithelium, ROIe) (see Figure 6B). 

Results

Early kidney ontogenesis in catshark embryos

The urogenital system arises from the intermediate mesoderm during vertebrate embryogenesis. Several gene products such as the LIM-type homeobox transcription factor Lhx1 (also known as Lim1) and the paired box transcription factor Pax2 have been described to be expressed in the intermediate mesoderm of zebrafish [START_REF] Drummond | Zebrafish kidney development[END_REF], Xenopus [START_REF] Heller | Xenopus Pax-2 displays multiple splice forms during embryogenesis and pronephric kidney development[END_REF][START_REF] Cirio | Lhx1 is required for specification of the renal progenitor cell field[END_REF]) and mice (Barnes et al. 94, Fuji et al. 1994, Tsang et al. 2000[START_REF] Patel | Expression of Pax2 in the intermediate mesoderm is regulated by YY1[END_REF]). Lhx1-null knockout (KO) mice failed to develop kidneys and gonads [START_REF] Shawlot | Requirement for Lim1 in head-organizer function[END_REF]. Similar renal agenesis is observed in homozygous Pax2 -/-KO mice (Torres et al. 1995) highlighting the role of these two transcription factors in the differentiation of urogenital tissues.

In catshark embryos, the expression patterns of these gene products have been completed using whole mount in situ hybridisation (ISH) to determine the kinetics of ScLhx1 and ScPax2 mRNA expression in the developing kidney from 14 days to 5 weeks old catshark embryos (Figure 1A). At stage 15, two light stripes of staining are visible in the trunk of the embryo (Figure 1A, stage 15, red arrowheads) indicating that ScLhx1 and ScPax2 mRNAs are expressed in the intermediate mesoderm. At stage 17 and 18, ScPax2 mRNA is expressed in the entire kidney anlage while the expression of ScLhx1 mRNA is restricted to its anterior part (Figure 1A, red brackets). From Stage 20, two epithelial ducts, the pro/mesonephric ducts, expressing ScLhx1 mRNA start to form and elongate from anterior to posterior to reach the cloaca at stage 23 (Figure 1A, yellow arrowheads). At stage 21, ScPax2 mRNA is expressed in the two forming pro/mesonephric ducts (Figure 1A, yellow arrows) but the expression is also covering a larger area in the trunk (Figure 1A, yellow brackets) indicating that the undifferentiated mesenchyme of the kidney anlage is also expressing ScPax2 mRNA. At stage 25, in addition to the expression in the pro/mesonephric ducts, ScLhx1 mRNA is also visible in "loop" structures branched to these ducts (Figure 1B, pink arrowhead) indicating its presence in the mesonephric tubules. The expression of ScPax2 mRNA in these tubules is less evident as ScPax2 mRNA is also present in the surrounding kidney mesenchyme (Figure 1B, pink bracket). Drawing in Figure 1C is a schematic representation of kidney morphogenesis in early catshark embryos.

Epithelialization of the pro/mesonephros starts at the anterior part from the undifferentiated mesenchyme through a mesenchymal to epithelial transition (MET). As development goes on, this epithelialization runs from anterior to posterior. The undifferentiated kidney mesenchyme surrounding the epithelial ducts will give rise to mesonephric tubules. These results scored in catshark embryos indicate that genetic programs underlying kidney morphogenesis are conserved across vertebrates.

Histological and molecular analysis of nephron formation in the 2-month-old catshark embryo

In two-month-old catshark embryos, kidney morphogenesis was analysed from serial paraffin sections. At this stage, the kidney is a paired ribbon-shaped structure running between the two pairs of ventral fins and located retroperitoneally (Figure Supp 1).

Periodic Acid-Schiff (PAS) histological coloration on adjacent sections allowed the identification of three histological nephron structures: the glomerulus, the tubular part, the area where the tubule and the mesonephric duct fuse (Figure 2A). Figure 2B shows a schematic representation of how mesonephric nephrons are connected to the mesonephric ducts along the antero-posterior axis.

In mice embryos, the renal progenitors giving rise to all the epithelial components of the nephron appear as aggregates of mesenchymal cells or cap mesenchyme adjacent to ureteric buds (Kobayashi et al. 2008). Several markers such as the homeobox protein SIX2 (Self et al. 2006), the zinc-finger transcription factor Wt1 [START_REF] Gai | Trps1 functions downstream of Bmp7 in kidney development[END_REF]), Pax2 [START_REF] Gai | Trps1 functions downstream of Bmp7 in kidney development[END_REF]) and the transcriptional co-activator Eya1 (Kalatzis et al. 1998) have been described to be expressed in these mesenchymal aggregates. In teleosts, mesonephric nephrons arise from small clusters of mesenchymal cells (also called basophilic aggregates) adjacent to the pronephric ducts. These clusters express transcription factors such as wt1b, pax2a and lhx1a (Diep et al. 2011, Diep et al. 2015, Kamei et al. 2019). Therefore, the above-mentioned markers represent useful molecular tools to track similar nephron progenitor population in other vertebrate species.

Mesenchymal aggregates adjacent to epithelial structures were also visible in the kidney of catshark embryos (Figure 2C, red arrows) and were found to express gene products of renal progenitor markers: ScSix2, ScPax2, ScWt1, ScLhx1 and ScEya1 (Figure 2D, yellow dashed lines). Transcript detections in Figure 2D were made using the branched DNA (bDNA) in situ hybridization technology (e.g. RNAscope, see Gaspar and Ephrussi 2015 for a comparative presentation of single-molecule RNA detection by hybridization methods). Staining using RNAscope technology appears as individual dots within the cells of a given structure (Figure 2D). Mesenchymal aggregates within the embryonic catshark kidney did not express ScHoxb7 mRNA which is seen only in collecting ducts (Figure 2D) as previously reported in mouse embryos (Srinivas et al. 1999). Transcripts of these genes were also found to be expressed in additional embryonic structures such as testis or glomeruli for Wt1, retinal pigment epithelium for Six2 or neural tube for Pax2 as documented for other species (see Figure Supp 2), which confirmed the high specificity of the probes used in this study. ScHoxb7 expression has also been tested by colorimetric in situ hybridization on whole mount catshark embryos. Its expression pattern displayed a typical anterior limit (Figure Supp 2, black arrow) as previously reported (Oulion et al. 2011).

To conclude, this molecular analysis indicated that the mesenchymal aggregates observed histologically within the catshark embryonic kidney correspond to the renal progenitor population (NPCs).

Histological and molecular analysis of the kidney in the juvenile catshark

We next performed serial paraffin sections on juvenile catsharks to analyse the morphological organisation of the kidney (see Figure Supp 3 for the internal anatomy of juvenile catsharks). As displayed on Figure 3, the anterior and middle parts of the kidney (section A to G) display two distinct and elongated lobes while in the most posterior part (section H to I), the two lobes of the kidney are fused into a more compact structure. In addition, within each lobe, two distinct histological zones are visible: the lateral bundle zone and the mesial tissue (Figure 3D to G). Such regionalization of the catshark kidney is consistent with renal morphology described for adolescent catshark (Hentschel 1991) and for other elasmobranchs (for example the little skate, Leuroraja erinacea Elger et al. 2003). Still in adolescent catsharks, Hentschel (1991) reported the presence of developing nephrons in the kidney indicating that new nephrons are continually added in elasmobranchs. This nephrogenic area was initially observed in the ventral part of the lateral bundle zone (Hentschel, 1991). Higher magnifications of this region (orange circles in Figure 3J) unveil the presence of aggregates of mesenchymal cells. These aggregates are either seen as masses of mesenchymal cells located alongside an epithelial tubule (the so-called cap mesenchyme described in the mouse kidney) (Figure 4B) or as ball-shaped masses of mesenchymal cells surrounded by stromal cells (Figure 4A). Nascent nephrons were also visible in this nephrogenic area (Figure 4C and 4D). The mesenchymal cells observed within the nephrogenic area expressed the renal progenitor markers ScPax2, ScWt1, ScSix2, ScEya1, ScLhx1 gene products but not the collecting duct marker ScHoxb7 (Figure 4E). As positive controls, ScWt1 mRNAs are strongly expressed in glomeruli, ScSix2 mRNAs are detected in the retinal pigment epithelium and ScHoxb7 mRNAs in the tubular ducts (Figure Supp 2). The histological analysis of the catshark kidney thus confirmed the presence of a nephrogenic area hosting mesenchymal cells and nascent nephrons at the post-embryonic stage. In addition, the mesenchymal cells identified in this nephrogenic area displayed a molecular signature similar to the one observed in renal progenitors in other vertebrate species disclosing that renal progenitor markers are highly conserved across vertebrates.

Rate of cell division in post-embryonic renal progenitors

One way of looking for stem or progenitor cells in solid organs is a short administration (pulse) of the thymidine analogue BrdU followed by a long chase period. This approach is based on the premise that stem cells cycle slowly [START_REF] Cotsarelis | Existence of slow-cycling limbal epithelial basal cells that can be preferentially stimulated to proliferate: implications on epithelial stem cells[END_REF][START_REF] Johansson | Identification of a neural stem cell in the adult mammalian central nervous system[END_REF], Lavker et al. 2000) and, having incorporated BrdU into their DNA, will retain this label for long time. BrdU intraperitoneal injections were carried out and juvenile catsharks were collected at different time chases as indicated in Figure 5A. BrdU immunostaining made on kidney paraffin sections showed that the nephrogenic zone displayed an intense BrdU staining right at the end of the pulse (T0, Figure 5B and 5C for higher magnification). Scattered BrdU-positive cells were also present throughout the renal tubules, which probably reflected basal mitotic activity of the epithelial cells (Figure 5B). Intense BrdU staining within the mesenchymal cells of the nephrogenic zone is observed from one week (T1) to eight weeks (T4) after the end of the pulse (Figure 5C) indicating that cells within this area have not, or only rarely, proliferated over the chase time. It is worth mentioning that nascent nephrons in the nephrogenic area possessed several BrdU-positive cells at any time of the chase including for T4 (Figure 5D). However, the BrdU signal within nascent nephrons seemed to have faded at T4 (Figure 5D). Such BrdU signal shifts in nascent nephrons during the chase time suggested that epithelial cells of the developing nephrons actively proliferated. BrdU-positive epithelial cells of the nascent nephrons can however have two origins. They can come from BrdU-positive mesenchymal progenitor cells that have undergone a mesenchymal-to-epithelial transition (MET) in the nephrogenic area during nephron morphogenesis. The other possibility is that BrdU has been incorporated during the S-phase of epithelial cell division of the nephron during the pulse. The other interesting observation from this experiment is that some nephrogenic areas of the juvenile kidney display no BrdU-positive mesenchymal cells from T0 to T4 of the chase time (Figure 5E) underlying that some renal progenitors were mitotically inactive during the pulse. In conclusion, these results indicated that the mesenchymal renal population is heterogeneous within the nephrogenic area. Some renal progenitors are not proliferating while others are frequently dividing and rapidly incorporated into nascent nephrons after having undergone a MET. Finally label-retaining mesenchymal cells (LRCs) were present in the nephrogenic area 2 months after the end of the pulse (Figure 5C, T4) revealing that a sub-population of renal progenitors is made of slow-cycling cells as observed for other types of somatic stem cells.

Post-embryonic renal progenitors display less protein synthesis than their descendents

Next, the level of protein synthesis has been investigated in vivo in juvenile catshark kidneys. A method to do so has been described in mice by Liu et al. (2012) and is based on the intraperitoneal injection of an alkyne analog of puromycin (O-propargyl-puromycin, OP-puro). The aminonucleoside antibiotic puromycin blocks protein synthesis by causing premature termination of polypeptide chains. OP-puro forms covalent polypeptide-OP-puro conjugates that can be stained after a CuAAC reaction with a fluorescent dye-conjugated azide (Click-iT method) allowing the visualization of nascent proteins. Figure 6A shows that OP-puro is highly detected in the epithelial cells of the secondary ureters in OP-puro-injected juveniles but not in control animals (DMSO-injected, Figure 6Ab) neither in animals injected with OP-puro + cycloheximide (CHX, Figure 6Ac), a global inhibitor of translation, which confirms the specificity of OP-puro incorporation into the juvenile kidney. OP-puro is however still seen in the secondary ureters of animals co-injected with rapamycin (Figure 6Ad), an inhibitor of the mTOR-dependent protein synthesis. Nascent polypeptides detected in this last condition might reflect translation activity independent of mTOR. We next analysed OP-puro staining in the nephrogenic area and observed that fluorescence is globally higher in epithelial cells compared to mesenchymal renal progenitors (Figure 6B). Importantly, this characteristic was observed in nascent nephrons (Figure 6B) where epithelial cells arose from the mesenchymal cells located at the proximal end of the forming nephrons. Fluorescence quantification performed in mesenchymal versus epithelial cells within nascent nephrons confirmed the qualitative analysis (Figure 6C). In conclusion, the higher detection of polypeptide-OP-puro conjugates in epithelial cells of the nascent nephrons compared to the undifferentiated renal progenitors located at its proximal end indicate that the increase in translation level is part of the differentiation program.

Analysis of mTORC1 targets, p-4E-BP1 and pS6K1, in post embryonic renal progenitors

Phylogenetic analysis of the 4E-BP gene family using the sequences from seven Chondrichthyes species revealed the presence of three 4E-BP orthology classes in cartilaginous fish (Figure Supp 4) as previously reported in other vertebrate species (Gillespie et al. 2016). The 4E-BP1 protein has been described to possess five conserved phosphorylation sites: T37, T46, S65, T70 and S83 (numbering based on the human 4E-BP1 protein sequence, [START_REF] Qin | 4E-BP1, a multifactor regulated multifunctional protein[END_REF]. Alignment of the mouse and the coelacanth 4E-BP1 protein sequences with orthologues of this gene from multiple Chondrichthyes species indicated that those five phosphorylation sites are highly conserved in elasmobranchs too (Figure Supp 5).

At the time the thesis manuscript was achieved, we did not have the data related to immunostaining of the phosphorylated form of 4E-BP1 in juvenile catshark kidneys.

The phosphorylated form of S6K1 was also analysed in renal mesenchymal progenitors and epithelial differentiated cells. Studies using rapamycin have shown that mTOR regulates the phosphorylation of several sites: T229, T389 and S404 [START_REF] Dennis | The principal rapamycin-sensitive p70(s6k) phosphorylation sites, T-229 and T-389, are differentially regulated by rapamycin-insensitive kinase kinases[END_REF][START_REF] Weng | Regulation of the p70 S6 kinase by phosphorylation in vivo. Analysis using site-specific anti-phosphopeptide antibodies[END_REF]. Because T389 is rapidly and completely dephosphorylated after rapamycin treatment, it is considered to be the main target of mTOR regulation in S6K1 [START_REF] Pearson | The principal target of rapamycin-induced p70s6k inactivation is a novel phosphorylation site within a conserved hydrophobic domain[END_REF]. Sequence alignment of the mouse S6K1 protein with orthologues from several cartilaginous fish species indicate that the T389 phosphorylation site is conserved in Chondrichthyes (Figure Supp 6).

At the time the thesis manuscript was achieved, we did not have the data related to immunostaining of the phosphorylated form of S6K1 in the kidney of juvenile catshark

Discussion

Conserved expression of kidney specification transcription factors

During vertebrate embryogenesis, the definitive kidney differentiates from the intermediate mesoderm (reviewed in Desgrange and Cereghini 2015). While three stages of kidney development (pro-, meso-and metanephros) are observed in amniotes, the definitive kidney is a mesonephros in the other vertebrate groups including Chondrichthyes. We found that two important transcription factors for kidney specification in mice, Pax2 and Lhx1/Lim1, are expressed in the intermediate mesoderm of catshark embryos and next in the pro/mesonephric ducts. This suggests that the developmental gene network underlying kidney embryogenesis is homologous in vertebrates. While Lhx1/Lim1 mRNA expression is restricted to the anterior part of the pro/mesonephric duct, the synthesis of Pax2 mRNA extends to the cloaca, which might indicate a progressive differentiation of the duct through an antero-posterior MET as observed in zebrafish embryos (Desgrange and Cereghini 2015).

Renal mesenchymal progenitors of the nephrons are maintained at post embryonic stages

Although the size, anatomy, morphology of the definitive kidney are particular to each vertebrate group, they host a common functional unit, the nephron, involved in blood filtration, osmolarity regulation and water balance. The multiple epithelial components of the nephron differentiate from a population of self-renewing mesenchymal cells during kidney ontogeny. We reported here the molecular signature of these progenitors in catshark embryos and their organization as mesenchymal aggregates closely associated to renal ducts. Interestingly, we found that these markers are still present in the renal progenitors at the post-embryonic stage. As previously described in the adult little skate and in adolescent catsharks, the renal progenitors are present in a specific ventro-medial area of the kidney, the nephrogenic zone. Aggregates of mesenchymal cells in this zone express Six2, Wt1, Lhx1, Eya1 and Pax2 mRNAs as do the mouse nephron progenitors, which confirmed the identity of the cell population in catsharks. In addition, the expression of these markers in the mesenchymal aggregates of the nephrogenic zone in the kidney of juvenile catsharks is consistent with a maintenance of the renal progenitors at post-embryonic stage rather than the emergence of a distinct progenitor population after birth.

The above-mentioned transcription factors are not only expressed in mouse renal progenitors. Indeed, lhx1a/lim1a, wt1a and pax2a mRNAs are identified in mesenchymal aggregates that form following gentamicininduced renal injury in adult zebrafish (Watanabe et al. 2009, Zhou et al. 2010, Diep et al. 2011, Kamei et al. 2019, Gallegos et al. 2019). Still in zebrafish, quantitative PCR performed in lhx1a:EGFP + cells (i.e. mesenchymal aggregates from the kidney of Tg(lhx1a:EGFP) transgenic line) showed that the level of six2a is 15-fold higher than in cadh17:EGFP + cells (Diep et al. 2011). Six2a mRNA expression has also been demonstrated in a kidney progenitor cell population by performing a single-cell RNA sequencing from the zebrafish kidney marrow [START_REF] Tang | Dissecting hematopoietic and renal cell heterogeneity in adult zebrafish at single-cell resolution using RNA sequencing[END_REF]. Outside teleosts, the expression of Six2 has been reported in Sauropsida, another vertebrate clade hosting groups displaying post-embryonic nephrogenesis. Both in the juvenile and adult kidney of the American alligator, renal progenitors are organized as condensed mesenchyme positive for SIX2 as revealed by immunohistochemistry (Camarata et al. 2016). These studies together with our present results indicate that Lhx1/Lim1, Wt1, Pax2 and Six2 gene products could constitute the core set of molecules necessary to track renal mesenchymal progenitors in vertebrates. Such molecular assessment should also be combined to histological analysis of the kidney tissue.

The persistence of nephrogenesis in some adult vertebrate clades and not in others

While nephrogenesis stops around birth in mammals (both Theria (placental mammals and marsupials) and Prototheria (monotremes) [START_REF] Gasser | A quantitative study of normal nephrogenesis in the human fetus: its implication in the natural history of kidney changes due to low obstructive uropathies[END_REF], Hartman et al. 2007, Camarata et al. 2016)), additional nephrons can be produced at the juvenile and adult stage in teleosts, amphibians, cartilaginous fish, squamates, crocodilians and testudines (Gray 1930, Reimschuessel et al. 1990, Salice et al. 2011, Watanabe et al. 2009, Diep et al. 2011[START_REF] Hoppe | MiR-21 is required for efficient kidney regeneration in fish[END_REF], Elger et al. 2003, Camarata et al. 2016). This means that the definitive number of nephrons is fixed at the end of embryogenesis (or just after) in mammals and that other vertebrates display continual nephron endowment. Continual nephrogenesis observed in some vertebrates has been suggested to be a strategy to increase kidney filtration capacity in relation with body growth. Mammals can also enhance glomerular filtration in response to body mass increase simply by enhancing the size (and function) of the nephron. The reason why some vertebrates use nephron size enhancement and others use neonephrogenesis as a mechanism underlying kidney growth in the adult is not fully understood. One explanation would be related to the difference in reproduction mode.

The continuous supply of nutrients in placental mammals might allow the embryo to get a maximum number of nephrons during embryogenesis while embryos developing into an egg are limited by yolk quantity. This resource limitation might therefore restrict nephron formation and explain why animals have strategies to grow new nephrons after hatching (discussed in Davidson 2011).

This theory is confronted with the fact that some Lepidosauria (such as the green anole, the tokay gecko and the Burton's legless lizard, all oviparous species facing yolk limitation) are not displaying neonephrogenic area (Camarata et al. 2016) and might therefore be able to produce the appropriate nephron number at birth as observed in mammals.

Neonephrogenesis versus nephron hypertrophy upon kidney damage

De novo nephrogenesis has thus not been reported in mammals at the adult stage but partial or unilateral nephrectomy in this group does cause a tissue response. Mammals respond to kidney ablation using a process called compensatory renal hypertrophy consisting mainly in cellular hypertrophy of the nephron components and leading to an increase of kidney mass (Fine 1986). This mechanism provides mammals with the possibility to increase filtration capability after kidney damage and makes life possible with only one kidney.

Neonephrogenesis observed in certain adult vertebrate groups in a physiological context as mentioned above can also be elicited in a pathological situation. Upon intraperitoneal injection of the nephrotoxin gentamicin, several ray-finned fish species (mainly teleosts) have been observed to form new nephrons (Reimschuessel et al. 1990[START_REF] Salice | New nephron development in goldfish (Carassius auratus) kidneys following repeated gentamicin-induced nephrotoxicosis[END_REF], Watanabe et al. 2009, Diep et al. 2011[START_REF] Hoppe | MiR-21 is required for efficient kidney regeneration in fish[END_REF]. Interestingly, the sequential phase of nephron formation induced after gentamicin injection is reminiscent of the one occurring during mesonephros development: aggregation of mesenchymal cells, epithelialization of these cells into renal vesiclelike bodies, elongation of these vesicles into nascent nephrons (Diep et al. 2011). In elasmobranchs, the experimental procedure used to damage the kidney was partial nephrectomy: two thirds of one kidney were surgically removed while the other one was maintained intact in the little skate Leucoraja erinacea (Elger et al. 2003). Histological analysis revealed an increase of mesenchymal aggregates and of developing nephrons in the intact kidney of nephrectomized animals compared to control (non-operated) skates (Elger et al. 2003).

It is worth mentioning that adult neonephrogenesis in teleosts is not located in a specific nephrogenic area such as the one described in elasmobranchs (Hentschel 1991, Elger et al. 2003). Indeed, teleost nephrogenic stem cells are disseminated in the interstitium of the kidney and, upon damage, they accumulate in the form of mesenchymal aggregates close to the distal tubule of the nephron (Diep et al. 2011, Kamei et al. 2019, Gallegos et al. 2019). This indicates that teleosts and elasmobranchs, while both provided with neonephrogenesis, display two distinct modus operandi in their way to involve mesenchymal stem cells in de novo nephron formation. This highlights the necessity of having not only one but several experimental models on hand to investigate the mechanism of post-embryonic nephron formation in vertebrates.

Role of protein synthesis control in renal progenitor maintenance

In this study, we found that the differentiation of nephrons progenitor cells (NPCs) into epithelial cells of the nascent nephrons went with an increase of global protein synthesis measured by the incorporation of OP-puro.

Similar increase in protein synthesis rates upon differentiation has been reported for several types of stem cells such as ESCs (embryonic stem cells, Sampath et al. 2008), HSCs (hematopoietic stem cells, Signer et al. 2014), NSCs (neural stem cells, Llorens-Bobadilla et al. 2015), HFSCs (hair follicle stem cells, Blanco et al. 2016), and satellite stem cells (Zismanov et al. 2016) using either OP-puro or [ 35 S] methionine incorporation.

Addressing the question of the control of the induction of such global translation within the NPC population is of high interest as it is intertwined to the mechanism monitoring nephrogenesis cessation that occurs around birth in mammals. Volovelsky et al. (2018) identified a mouse mutant displaying a 25% increase in nephron endowment compared to the transgenic mouse Six2 TGC+/tg (a mouse carrying a Six2-TGC (Tet-off-eGFPCre) BAC clone, Kobayashi et al. 2008). More precisely, the mutant mice showing increased nephron number lacked one Tsc1 allele in NPCs (Six2 TGC+/tg ; Tsc1 +/f hemizygous mice). In a subsequent study, Kopan's lab performed TRAP (Translating Ribosome Affinity Purification) on NPCs from P0 Six2 TGC+/tg ; Tsc1 +/f animals and compared the dataset to control mice (the Six2 TGC+/tg transgenic mice) (Jarmas et al. 2021). Interestingly, they reported an increase in Wnt antagonist translation and a decrease in the translation of Wnt agonists such as Rspo3 suggesting that the Wnt signal level received by NPCs during embryogenesis has an important role in cell fate decision of NPCs (Jarmas et al. 2021, Ramalingam et al. 2018). Consistent with these results, the lack of both Rspo1 and Rspo3 alleles in NPCs (Six2:Cre; Rspo1 -/-; Rspo3 f/f ) led to an altered MET and defects in nephrogenesis (Vidal et al. 2020). In contrast, the specific deletion of only one allele of Rspo3 in NPCs (Six2 TGC ; Rspo3 +/f mice) led to an increase in nephron number compared to the transgenic control mouse Six2 TGC+/tg indicating that the choice for NPCs between selfrenewal and differentiated is impacted by the dosage of Wnt agonist gene products (Jarmas et al. 2021). In the light of these data it would be of interest to test whether the increase in protein synthesis observed in catshark nascent nephron compared to NPCs at the juvenile stage involves specific Wnt agonists.

The role of mTOR pathway in the differentiation of NPCs in catshark

At the time the thesis manuscript was achieved, we did not have the data related to immunostaining of the phosphorylated form of 4E-BP1 and of S6K1 in the kidney of juvenile catshark

Conclusion

In conclusion, elasmobranchs represent ideal models to study post-embryonic nephrogenesis and to investigate the mechanistic way that prevents NPCs depletion at birth. Teleosts and elasmobranchs constitute complementary models to study NPC maintenance as they display distinct niches. In the case of teleosts, NPCs are scattered as individual cells within the adult kidney while NPCs are concentrated as mesenchymal aggregates in a specific zone, the nephrogenic area in the elasmobranch kidney. The molecular characterization of the NPCs from catshark presented in this study and the fact that they display less protein synthesis rate than their differentiated counterparts constitutes the first data of a series aiming at identifying key factors involved in the control of their cell fate (self-renewal versus differentiation). the mesial zone (or mesial tissue, mt) and the lateral bundle zone (lbz), both delimited by the dashed lines in picture D to G. The arrangement of the different portions of nephrons within the two zones has been described by Hentschel (Hentschel 1987, Hentschel 1998). Each nephron achieves two hairpin loops in the lbz and two large convolutions in the mt while glomeruli stand between the two zones. As described initially in adolescent catsharks (Hentschel 1991), the nephrogenic region is located medio-ventrally within the lbz (orange circles in picture J). Picture J is a higher magnification of the kidney showing the location of the nephrogenic area where renal progenitors are observed. da, dorsal aorta; iv, intrarenal vein; md, mesonephric duct; su, secondary ureters; g, glomerulus; io, intrarenal organ. Renal progenitors in the nephrogenic area are observed either as large mesenchymal aggregates (A, white dashed line) or cap mesenchyme adjacent to an epithelial tubule (B, white dashed line). Folded tubules with a bulk of mesenchymal cells (C and D, white dashed line) at their proximal ends are also visible in this area and correspond to nascent nephrons. ScPax2, ScSix2, ScEya1 and ScWt1 mRNAs are expressed in mesenchymal aggregates (E, upper part), and in the mesenchymal cells at the proximal end of nascent nephrons (E, lower part) in post-embryonic kidneys. These mesenchymal cells do not express ScHoxb7 or ScLhx1 mRNAs which are restricted to the collecting ducts and epithelial structures. ScPax2 mRNAs are also observed in epithelial structures of the kidney as described in mouse embryos (Dressler et al. 1990). Hybridizations of the probes have been revealed using the fast red dye as in Figure 2. Scale bar in E = 50 µm. within this portion where section A is the most anterior and section H the most posterior. The kidney is a paired structure highlighted in each section (red rectangles). Legend: l, liver; s, stomach; sp, spiral valve; c, colon; cl, cloaca; t, testis; h, heart; vf1, 1 rst pair of ventral fins; vf2, 2 nd pair of ventral fins; nt, neural tube; n, notochord.

Figures

Figure Supp 2. In situ hybridization (RNAscope) showing the expression of several gene products in catshark embryos (two months old A, B, C) and juvenile catsharks (D, E, F). (A)

ScWt1 mRNA is present in the coelomic epithelium (ce) and in testis (t) as previously reported in mouse embryos (Armstrong et al. 1993)

. (B)

ScPax2 mRNA expression in the neural tube (nt) as reported in mouse and zebrafish embryos (Puschel et al. 1992).

(C) ScHoxb7 mRNA is found in the mesonephric and the tubular ducts (md and tub) and in the intestinal epithelium (int) as reported in mouse embryos [START_REF] Soret | Distinct mechanisms for opposite functions of homeoproteins Cdx2 and HoxB7 in double-strand break DNA repair in colon cancer cells[END_REF]). (D) ScWt1 mRNA is expressed in glomeruli (g) as documented in the mouse (Armstrong et al. 1993). (E) ScSix2 mRNA is expressed in the retinal pigment epithelium (rpe) as reported in Xenopus (Ghanbari et al. 2001). (F) ScHoxb7 mRNA is observed in tubular ducts (tub).

Hybridizations of the probes have been revealed using the fast red dye as in Figure 2. (G) Kinetics of Hoxb7 mRNA expression (classical in situ hybridization) in catshark embryos from stage 18 to stage 24. npc, nodose placode. G. The arrangement of the different portions of nephrons within the two zones has been described by Hentschel (Hentschel 1987, Hentschel 1998). Each nephron achieves two hairpin loops in the lbz and two large convolutions in the mt while glomeruli stand between the two zones. As described initially in adolescent catsharks (Hentschel 1991), the nephrogenic region is located medio-ventrally within the lbz (orange circles in picture J). Picture J is a higher magnification of the kidney showing the location of the nephrogenic area where renal progenitors are observed. da, dorsal aorta; iv, intrarenal vein; md, mesonephric duct; su, secondary ureters; g, glomerulus; io, intrarenal organ. structures. ScPax2 mRNAs are also observed in epithelial structures of the kidney as described in mouse embryos (Dressler et al. 1990). Hybridizations of the probes have been revealed

using the fast red dye as in Figure 2. Scale bar in E = 50 µm. (D,E,F). (A) ScWt1 mRNA is present in the coelomic epithelium (ce) and in testis (t) as previously reported in mouse embryos (Armstrong et al. 1993). (B) ScPax2 mRNA expression in the neural tube (nt) as reported in mouse and zebrafish embryos (Puschel et al. 1992). (C) ScHoxb7 mRNA is found in the mesonephric and the tubular ducts (md and tub) and in the intestinal epithelium (int) as reported in mouse embryos [START_REF] Soret | Distinct mechanisms for opposite functions of homeoproteins Cdx2 and HoxB7 in double-strand break DNA repair in colon cancer cells[END_REF]).

(D) ScWt1 mRNA is expressed in glomeruli (g) as documented in the mouse (Armstrong et al. 1993). (E) ScSix2 mRNA is expressed in the retinal pigment epithelium (rpe) as reported in Xenopus (Ghanbari et al. 2001). (F) ScHoxb7 mRNA is observed in tubular ducts (tub).

Hybridizations of the probes have been revealed using the fast red dye as in Figure 2 along the nephric ducts. These results suggest that mesonephric nephrogenesis progresses quickly in the developmental time frame between stages 20 to 23 (estimated to 6 days by [START_REF] Ballard | A Series of Normal Stages for Development of Scyliorhinus canicula, the Lesser Spotted Dogfish (Chondrichthyes: Scyliorhinidae)[END_REF]. The functionality of the developing kidney during early embryonic development remains to be determined. These expression profiles suggest that ScPax2 is expressed in developing renal epithelia and surrounding mesenchyme while ScLhx1 is expressed in the differentiating renal epithelia (Results 3, Figure 1B andC). Sectioning on these early embryonic stages would help confirm the mesenchymal and epithelial expressions of these two genes.

Kidney development was then studied at a later stage [START_REF] Park | Promoting Axon Regeneration in the Adult CNS by Modulation of the PTEN/mTOR Pathway[END_REF] through sections. As shown by the WISH expression profiles, the mesonephros takes the form of two bilateral nephric ducts to which are connected many nephrons (Results 3, Figure 2B). This type of kidney organization is reminiscent of the zebrafish larvae kidney where the pronephros ducts acts as a scaffold for the mesonephros. At stage 31, we found that the kidney is situated retroperitoneally and spans between the ventral pairs of fins (Results 3, Figure supp. 1), mirroring the length of the organ later in juveniles. Using serial sections, nephron structure and general kidney morphology could be reconstructed (Results 3, Figure 2A andB). The mesonephric ducts are connected to tubules through collecting ducts. Renal corpuscles can be seen in the distal part of the tubules with a Bowman's capsule (Results 3, Figure 2A). These structures could suggest that the filtration function is already occurring at this stage.

In addition, we found multiple mesenchymal aggregates along the mesonephric ducts (Results 3, Figure 2C). This histological organization is similar to the nephron progenitor cells in the mesonephros of the zebrafish and frogs (Gray 1930, Diep et al. 2015). We detected nephron progenitor markers in the mesenchymal aggregates in the catshark including ScSix2, ScPax2, ScWt1, ScLhx1 and ScEya1 (Results 3, Figure 2D). This is reminiscent of zebrafish adult progenitors that express wt1b, pax2a, lhx1a and six2a (Diep et al. 2011(Diep et al. , 2015)). In mice, Six2, Wt1, Eya1 and Pax2 are also expressed in the nephron progenitors underlying metanephros nephron formation [START_REF] Oxburgh | TGFβ superfamily signals are required for morphogenesis of the kidney mesenchyme progenitor population[END_REF], Self et al. 2006). Lhx1 expression is not included in the nephron progenitor markers during metanephros development and is restricted to epithelial structures [START_REF] Oxburgh | TGFβ superfamily signals are required for morphogenesis of the kidney mesenchyme progenitor population[END_REF]). This could suggest that the transcripts expressed by nephron progenitors were present in the common ancestor of Chondrichthyes and Osteichthyes, with a difference for Lhx1 expression in mammals.

In the catshark embryonic kidney, Six2 mRNA was found in mesenchymal aggregates along the developing mesonephric kidney (Results 3, Figure 2D), consistently with expression in the mammalian nephron progenitor cells during metanephros development (Self et al. 2006). Cited1 expression was not investigated, but expression in the mesenchymal aggregates could be expected like in the mouse [START_REF] Boyle | Fate mapping using Cited1-CreERT2 mice demonstrates that the cap mesenchyme contains self-renewing progenitor cells and gives rise exclusively to nephronic epithelia[END_REF][START_REF] Mugford | High-resolution gene expression analysis of the developing mouse kidney defines novel cellular compartments within the nephron progenitor population[END_REF]. Perhaps different compartments (Six2+Cited1+ and Six2+Cited-) could also be observed showing different levels of progenitor cell engagement (uninduced and induced), like in nephron progenitor cells in mice [START_REF] Mugford | High-resolution gene expression analysis of the developing mouse kidney defines novel cellular compartments within the nephron progenitor population[END_REF], Brown et al. 2013).

More generally in the developing catshark nephrons, ScPax2 and ScLhx1 expression was found in nephron progenitor cells and also in the developing epithelia of the nephrons (Results 3, Figure 2D). ScWt1 kidneys from Hentschel (1991). The juvenile kidneys, analyzed from serial paraffin sections, took the form of bilateral lobes, that are distinct anteriorly and become fused more anteriorly (Results 3, Figure 3). Nephrons connected to the ureteric system (situated ventrally) which displayed multiples ducts in the more caudal portions (Results 3, Figure 3G andH). Hentschel (1991) had reported up to 8 ureters and hypothesized that this structure reflected how each lobe is drained individually through a ureter that flows independently into the urinary bladder at the caudal end of the kidney (Figure 33 from the introduction). Male-specific genital tracts could be present among the ducts that are apparent as kidneys are sexually dimorphic in sharks (De Iuliis & Pulerà 2019). Sexbased difference in kidney organization were not explored during this PhD.

As described by Hentschel (1991), nephrons travel through two zones in the kidney: the bundle zone and mesial tissue. As expected, the kidney zonation and glomeruli position in between the two were observed in juvenile sections (Results 3, Figure 3J). Compact tubular portions surrounded by a sheath were seen in the bundle zone with larger tubular portions in the mesial zone (Results 3, Figure 3J). We confirmed the location of the nephrogenic zones, situated medio-ventrally in between the lateral bundle zone and mesial tissue (Results 3, Figure 3J, orange circles). These zones displayed mesenchymal aggregates and nascent nephrons (Results 3, Figure 4, ABCD).

The zones spanned almost the whole kidney length but were not completely continuous, supposing the lobe organization. Comparable organization of the nephrogenic tissue was described in the little skate with ventrally located ribbon-like structures along the entire kidney in young skate and discontinuous bands in adult skates (Elger et al. 2003).

During this PhD, we confirmed that events of nephrogenesis in elasmobranch models are not random and initiate only in the nephrogenic zone. This contrasts with the zebrafish adult nephrogenesis based on circulating nephron progenitor cells that are dispersed within the renal interstitium (See Introduction, Part C: Figure 30). For Sauropsida, the nephrogenic tissue is restricted to a location underneath the kidney capsule (See Introduction, Part C: Figure 31). Camarata et al. (2016) hypothesized a link between the structure of collecting duct system and events of nephrogenesis. Consistently with this hypothesis, the catshark kidney displays nephrogenic zones close to where the tubules branch to the mesonephric ducts (Results 3, Figure 3J).

In my own work, analysis of the nephrogenic zone confirmed some of the previous histological findings.

The cells of this zone were found to form spherical aggregates, cap-like aggregates or were undergoing mesenchymal-to-epithelial transitions in nascent nephrons (Results 3, Figure 4, ABCD). As described by Hentschel (1991), nephrogenic cells were surrounded by flat, laminate cell processes of adjacent fibroblasts or by neighboring mesenchymal cells. In juvenile sections, the Alcian Blue dye used for histology revealed alcianophilic structures around the nephrogenic zone (Results 3, Figure 4, CD), previously reported by Hentschel. The upstream signals that control homeostatic nephrogenesis are undetermined.

Next, several embryonic nephron progenitor markers were found to be expressed in the mesenchymal aggregates and nascent nephrons in the catshark. ScPax2, ScWt1 ScSix2, ScEya1 transcripts were found in the mesenchymal aggregates (Results 3, Figure 4E). Light expression of Lhx1 could be seen in aggregates though it could be restricted to cells undergoing MET. These results are coherent with what has been reported in adult kidney progenitor cells such as Six2 expression in Sauropsida (Camarata et al. 2016) and wt1b, pax2a and lhx1a in zebrafish (Diep et al. 2015). In the juvenile kidneys, ScHoxb7 was not expressed from the mesenchymal aggregates but present in the mesonephric and collecting ducts. In nascent nephrons, ScPax2, ScLhx1, ScSix2 and ScHoxb7 could be seen in the epithelizing portion of the mesenchymal aggregates, suggesting a role in early nephron epithelization.

Interestingly, ScEya1 transcripts in the catshark were found in the mesenchymal aggregates but not in the developing nephron (See Results 3, Figure 4E) suggesting that this gene is linked to mesenchymal-specific progenitor functions like in mouse embryos [START_REF] Xu | Eya1 -deficient mice lack ears and kidneys and show abnormal apoptosis of organ primordia[END_REF]. Though not investigated during this PhD, Cited1 expression in the catshark could be also restricted to the mesenchymal aggregates, as is the case in mouse embryos [START_REF] Boyle | Fate mapping using Cited1-CreERT2 mice demonstrates that the cap mesenchyme contains self-renewing progenitor cells and gives rise exclusively to nephronic epithelia[END_REF][START_REF] Mugford | High-resolution gene expression analysis of the developing mouse kidney defines novel cellular compartments within the nephron progenitor population[END_REF]. Taken together, these molecular data suggest a continuity between the embryonic nephron progenitor cells and those in juvenile catsharks. These molecular data correlate with their ability to continue making nephrons into adulthood. Transcriptomics on embryonic and juvenile nephron progenitor cells would shed some light on the homologies between these two populations. Finally, these nephron progenitor markers are conserved between the classic Osteichthyes model organisms and the Chondrichthyes catshark.

Conserved elasmobranch nephron formation in homeostatic and regenerative models

In my own work, initial stages of nephrogenesis from the mesenchymal aggregates were observed in juvenile catsharks. This process underlies the necessary kidney growth concomitantly with the catshark's growth. Hentschel (1991) described the persistence of the nephrogenic zone and nephrogenesis into adulthood. In his publication, he described the different morphological stages of nephron development in the catshark. These morphological features were also found in the adult little skate (Elger et al. 2003). Both these publications described the initial aggregation of mesenchymal cells and subsequent epithelization in a specific nephrogenic zone. First, this indicates a conservation of the morphological features of nephrogenesis in between elasmobranchs.

Additionally, nephrogenesis in the little skate was induced through a partial nephrectomy. These descriptions suggest that regenerative nephrogenesis and homeostatic nephrogenesis share morphological features. However, the genes and molecular pathways involved could differ. This is the case in homeostatic vs. regenerative growth in the drosophila gut epithelium for example (See From Hentschel (1991, Elger et al. (2003).

In my own descriptions of nephrogenesis, isolated cell aggregates were histologically distinguishable from the surrounding mesenchyme or were in a cap-like structure in close proximity to a duct (Figure 38, A andB). The differences between these two situations are undetermined. Perhaps the isolated mesenchymal aggregates represent a more quiescent progenitor cell population while the cap-like structure are being actively recruited for nephrogenesis. mRNA expression profiles were focused on the mesenchymal aggregates but additional experiments on the cap-like structures would give insight on if these populations are transcriptionally equivalent. 

Heterogenous Cell-cycles in the nephrogenic zone

The BrdU pulse and chase experiments revealed heterogenous cell-cycles in the nephrogenic zone. BrdU incorporates in the DNA of cycling cells. Juveniles were injected 5 times with BrdU over a 48h period and sacrificed 20 µm 20 µm
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at different time points until an eight-week chase (T4) (Results 3, Figure 5A). In T0 sections (right after the pulse) the BrdU signal shows which cells have proliferated. In this 48h frame, cell-proliferation in the kidney could be seen in the nephrogenic zone in the form of nascent nephrons or in portions of the mesenchymal aggregates (Results 5B). In general, cell proliferation was mostly observed in the bundle zone epithelia, focally around the nephrogenic zone. BrdU signal could be also observed in the interrenal organ (Results 3, Figure 5B, "io"), equivalent to adrenal medulla according to Hentschel (1987). In the nephrogenic zone, unmarked mesenchymal aggregates were found (Results 3, Figure 5E), indicating these cells had not cycled during the pulse.

3, Figure

During the chase, the BrdU signal became diluted in developing nephrons (Results 3, Figure 5 proliferating / mitotic cells and help distinguish between the marked cells that are quiescent and those that are proliferating.

Translation rates and mTOR

The global protein assays performed on catshark kidneys (using OP-puro, see Part A, Toolbox1, Figure 3) showed elevated protein synthesis rates in the differentiating nephron cells relative to the mesenchymal aggregates. This is consistent with many other stem and progenitor cell families where stemness is associated to 

Molecular pathways controlling nephron progenitor longevity

In contrast to mammals, catshark nephron progenitors persist in juveniles and into adulthood. In general, we can expect that nephron progenitor cells in the catsharks maintain a molecular signature consistent with the maintenance of self-renewal (Introduction Part C). This is the case concerning the juvenile expression of renal progenitor genes involved in self-renewal like Six2 and Eya1 in the small-spotted catshark (Results 3, Figure 4D).

Additionally, specific balances between molecular pathways known to be linked with the maintenance of stemness in nephron progenitor cells can be expected. For this part, translational regulations are discussed through the lens the mTOR and WNT signaling pathways.

In mammals, the embryonic nephron progenitors "age" with different molecular signatures associated to "young" and "old" progenitors. mRNA transcription of mTOR and other genes involved in translation has been linked

to age-dependent changes in progenitors (Chen et al. 2015, Part B, c. The signaling pathways involved in the longevity of nephron progenitor cells in mice). In the case of the catshark, translation and mTOR activity levels would be expected to be maintained below a certain global threshold level in the nephrogenic zone. Also, young and old mouse progenitors display different proliferation rates (Chen et al. 2015). Longer BrdU pulse and chase experiments would reveal if progenitor cells within the nephrogenic zone maintain a deep quiescence. Selective translation of cell-cycle proteins has been shown to influence the maintenance of quiescence and can be controlled by mTOR [START_REF] Li | Molecular Pathways: Stem Cell Quiescence[END_REF], Rodgers et al. 2014). The detection of cyclin-dependent kinases (CDKs) inhibitors (CDKIs), such as p21, p27 and p57, expressed in quiescent stem cells and promoting cell cycle arrest [START_REF] Cheung | Molecular regulation of stem cell quiescence[END_REF], could give more insight on the molecular mechanisms behind the quiescence of the mesenchymal aggregates in the catshark kidneys.

In addition, translational changes in Wnt signaling have been linked to ageing of kidney progenitor cells in mice (Jarmas et al. 2021). As described previously, Wnt signaling is involved in mesenchymal-to-epithelial transitions during nephrogenesis (Figure 24). The R-Spondin family of secreted proteins act as activators of the Wnt/β-catenin signaling pathway (Figure 24). Ageing of progenitor cells have thus been linked to translatome In the case of the progenitor cell maintenance, the translatomes could be expected to maintain a balance of Wnt agonists vs. antagonists below the differentiation threshold that triggers progenitor depletion. We could imagine an experiment with the injection of Wnt agonists into the capsules of developing embryos (stages 20-21 for example). Then, the volume of mesenchymal aggregates and nephron number in stage 31 embryos could be compared in injected embryos vs. controls.

Evolutionary considerations behind the persistence of nephrogenic tissue into adulthood

Despite over an estimated 430 million years of evolution [START_REF] Takezaki | Global Rate Variation in Bony Vertebrates[END_REF], the nephrons of Chondrichthyes and Osteichthyes share a number of structural and functional similarities. Gene expression behind kidney organogenesis and nephrogenesis are generally conserved between the gnathostome sister groups. Nephron progenitor gene expression is similar in mice and zebrafish and is conserved in catshark embryos and juveniles, as revealed by my PhD work (Results 3, Figures 2D). Thus, basic aspects of kidney ontogeny appear to be conserved between Osteichthyes and Chondrichthyes kidney types. However, it seems that the capacity for adult nephron formation has been lost in certain groups (Introduction Part B). The reasons why some vertebrates use nephron hypertrophy and others use de novo nephron formation as a mechanism underlying kidney growth in the adult are still under discussion. Investigating all clades will help determine the ancestral kidney type of nephron formation in vertebrates. In the following part, nephrogenic abilities are linked to the evolution of nephron numbers and to the evolution of reproductive strategies.

Nephron progenitor cells and nephron numbers

One explanation advanced to explain the loss of progenitor cells in mammals and limited regenerative response is nephron number (Davidson 2011). A major difference between the mesonephros and the metanephros is the difference in nephron number: this organ transition brings the number of nephrons from thousands to millions in the mammalian kidney. The positive selective pressure maintaining progenitor cells throughout adulthood could have been relaxed in the metanephric kidney -as nephrons are an order of magnitude more numerous. Indeed, regenerating redundant structures imparts little or no benefit. However, the metanephros of testudines, crocodylia, and squamates show evidence of neonephrogenic capacities. Also, exceptions exist within the squamate group as the green anole (lizard) does not exhibit this type of tissue in their metanephros (Camarata et al. 2016). The postembryonic capacity for nephron formation could then be ancestral and lost in mammalian kidneys and isolated species with a metanephros.

Nephron progenitor cells and reproductive strategies

Mammals and bony or cartilaginous fish have different reproductive strategies-mammalian embryos develop in utero, with a rich supply of nutrients from the placenta. By contrast, bony or cartilaginous fish embryos generally develop ex utero, with a limited supply of yolk stores. Therefore, they may simply not have the resources to develop a complicated multi-nephron kidney before their yolk is exhausted. For example, the yolk in zebrafish is metabolized by 5 days post-fertilization, which is just enough time for a simple two-nephron pronephric kidney to form and become functional [START_REF] Kramer-Zucker | Ciliadriven fluid flow in the zebrafish pronephros, brain and Kupffer's vesicle is required for normal organogenesis[END_REF]). In the case of the zebrafish, pronephric filtration is essential for the larva's development. Nephron progenitor maintenance in the zebrafish then supports the development of the definitive kidney organs. In contrast, catshark embryos benefit from 5 to 6,5 months of development in a yolk-containing egg capsule and are born with a functioning mesonephros.

In fact, Chondrichthyes actually have the most diverse reproductive strategies in vertebrates (maternal investment, placental viviparity, ovoviviparity or strict lecithotrophic oviparity (yolk-dependent) (see Results 2:

Reproductive strategies). This would allow the investigation of the maintenance of nephron progenitors depending on reproductive mode. Some sharks display placental viviparity: it would be interesting to see if they maintain a nephrogenic zone as adult, like their oviparous counterparts. An interesting example of reproductive modes influencing anatomy can be seen in Chondrichthyes brain size: matrotrophic cartilaginous fish (additional maternal provisioning) display larger relative brain sizes than species that only rely on yolk (Mull et al. 2011).

However, the reproductive strategy theory is confronted with the fact that some Lepidosauria (such as the green anole, the tokay gecko and the Burton's legless lizard, all oviparous species facing yolk limitation) do not display neonephrogenic areas (Camarata et al. 2016) and might therefore be able to produce the appropriate number of nephrons at birth as observed in mammals.

Convergence or true homologies?

Notably, the ways nephron progenitor cells function in zebrafish and catsharks are different: zebrafish progenitor cells are dispersed in the renal interstitum (Figure 30) while they reside in a specific nephrogenic area in catsharks (Results 3, Figure 3). Following injury, new nephrons will be added distally in the zebrafish while nephron formation is restricted to one area in catsharks (Figure 30 vs. 33). We could hypothesize that the dispersed and migratory teleost progenitor cells are less dependent on their immediate microenvironment than the residential catshark nephron progenitor cells. This poses the question of a possible evolutionary convergence instead of truly homologous nephron progenitor cells. This comparison underlines how investigating the molecular properties of nephron progenitor cell populations in various vertebrates will complete our understanding on the evolution of developmental and regenerative nephron formation.

To resume, the evolutionary pressures linked to kidney types and the presence or absence of postembryonic kidney progenitor cells are not simply explained by phylogeny, kidney type or reproductive strategies., With the available data, it is difficult to ascertain one explication over another. Hentschel's paper (1991) describes how lampreys (belonging to the sister group to gnathostomes) and archaic bony fish such as polyperids, sturgeons and lungfish (osteichthyes) also show nephrogenesis after embryonic development. Taken together, these data point towards an ancestral mode of kidney development with the preservation of nephrogenesis after embryonic development. However, molecular information about kidney biology in the existing uninvestigated gnathostome clades and in cyclostomes (lampreys and hagfish) would help our understanding of the evolution of kidney types and the true homologies between nephron progenitor cells across the metazoan tree.

Biomedical questions around nephron progenitor cells

Advances in developmental biology also communicate with the biomedical field. Worldwide, over 850 million people suffer from some form of kidney diseases (Prevalence Data Project from the European Renal Association-European Dialysis and Transplant Association, June 27, 2018). This is roughly double the number of people who live with diabetes (422 million) and 20 times more than the prevalence of cancer worldwide (42 million) or people living with AIDS/HIV (36.7 million). Chronic kidney diseases (defined as abnormalities of kidney structure or function, persistent for greater than 3 months) are the most common form of kidney diseases, with an estimated prevalence around the world of about 10.4% among men and 11.8% among women (Rein Epidémiologie Information Néphrologie, rapport 2016). Nephropathies like chronic renal failure are due to a decrease in kidney function that can essentially be linked to the number of intact nephrons. While dialysis can partially replace the filtration properties of the kidney, it does not address homeostatic and endocrine functions of the kidney. The combination of lack of access to organs as well as transplant rejection compels researchers to seek out new medical procedures. Understanding the signals that govern stem/progenitor cell maintenance and differentiation holds considerable potential in aiding human medicine.

Indeed, stem cell biology is intimately linked to regenerative biology and personalized medicine. In this context, advances on the mechanisms that govern maintenance or differentiation have paved the way towards organoid biology. Renal organoids are miniaturized and simplified renal organs. These organoids derive from pluripotent stem cells that are differentiated to recapitulate simple nephron structures. Organoid biology has revolutionized many aspects of medicine. Firstly, they can replace the use of metazoan organisms in several types of experiments. Basic human developmental biology, in vitro modelling of renal diseases and nephrotoxic drug screening are some of the organoid-based applications and studies [START_REF] Morizane | Nephron organoids derived from human pluripotent stem cells model kidney development and injury[END_REF]. Organoids can be derived from iPSCs from patients with kidney disease to recapitulate the renal disorders in vitro and develop personalized therapeutics. Alternatively, genome editing tools can model renal disorders from healthy iPSCs [START_REF] Morizane | Nephron organoids derived from human pluripotent stem cells model kidney development and injury[END_REF] or correct mutations from patient-derived iPSCs. The administration of these cells iPSCsderived nephron progenitor cells are candidates for stem cell-based therapy [START_REF] Little | Regrow or Repair: Potential Regenerative Therapies for the Kidney[END_REF]). Additionally, de novo strategies that consist of devices or neo-organs engineered from biomaterials are being investigated [START_REF] Little | Regrow or Repair: Potential Regenerative Therapies for the Kidney[END_REF].

Understanding the molecular mechanisms that govern stem cell recruitment, maintenance and self-renewal guide the development of kidney organ repair strategies.

CONCLUSION

Using the small-spotted catshark, this PhD has brought molecular, developmental and evolutionary data about Chondrichthyes kidneys. First, these results shed light on the conservation of genes expressed during kidney development in cartilaginous fish compared to the well-characterized Osteichthyes organisms. Next, the conserved nephron progenitor markers in post-embryonic catshark kidneys suggest a persistence of the embryonic nephron progenitors, as hypothesized by previous elasmobranch kidney biologists. The progenitor-associated molecular markers, label-retaining cells and translational control within the catshark nephrogenic zone point to stem-like functions throughout adulthood. Non-mammalian organisms like the small-spotted catshark offer unique landscapes to study the mechanisms that govern progenitor biology, develop efficient regeneration strategies and understand our evolutionary history.
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 3 Figure 3: The OP-puro assay. A. Schematic of OP-puro incorporation into nascent polypeptide chains on translating ribosomes. The prematurely terminated polypeptides are subsequently detected by CuAAC using a fluorescent azide. B. Whole-mount staining of mouse small intestine, showing the localization of the OP-puro stain in the crypts. CuAAC, Cu(I)-catalyzed azide-alkyne cycloaddition. From Liu et al., 2011.

Figure 4 :

 4 Figure 4: Mammalian Embryonic Stem Cells (ESCs). Left: Representation of embryonic stem cells (in square inlet) derived from the inner cell mass of blastocyst embryo. Right: Picture of a colony of human embryonic stem cells on a feeder layer of mouse fibroblasts. Photo from Scott Camazine. Original figure designed with Biorender.

Figure 5 :

 5 Figure 5: Translational activation Embryonic Stem Cells (ESCs) differentiating into Embryoid Bodies (EBs). Embryonic Stem Cells show low translation rates and inhibition of mTOR promotes quiescence. Differentiation into Embryoid Bodies is accompanied with higher translation rates and increased mTOR activity. Polysome density, total RNA content, ribosomal RNA and protein contents also rise with differentiation. Figure designed with Biorender and adapted from Tahmasebi et al.(2019).

Figure 7 :

 7 Figure 7: Overview of the presented selection of adult stem/progenitor cells in the human body: Hair follicle stem cells (in the bulge), Muscles stem cells, Neural stem cells, Induced pluripotent stem cells, Hematopoietic stem cells. Adult stem cells are lineage-restricted and retain the ability to differentiate into multiple discrete cell types derived from that tissue. Induced pluripotent stem cells are derived from adult tissue but have been reprogrammed into an embryonic-like pluripotent state. Original figure designed with Biorender.

Figure 8 :

 8 Figure 8: Translational activation during the differentiation of Hematopoietic Stem Cells (HSCs). HSCs present low translation rates and show transcripts levels associated to quiescence while the differentiating progeny show higher translation rates and up-regulation of transcripts associated to proliferation. Multipotent progenitors (MPPs), common myeloid progenitor (CMPs), granulocyte progenitor (GMPs) and megakaryocytic erythroid progenitors (MEPs). Original figure designed with Biorender.

Figure 9 .

 9 Figure 9. Translational activation during Hair Follicle Stem Cell (HFSC) differentiation. HFSCs are selfrenewing slow-cycling cells in the bulge and display low protein synthesis rates. Committed progenitors show higher translation rates and up-regulation of genes involved in DNA replication and cell-cycle. Figure designed with Biorender and adapted from Tahmasebi et al. (2019).

Figure 10 :

 10 Figure 10: Translational activation during Muscle Stem Cell (MuSC or satellite cell) activation and differentiation. Muscle stem cells are quiescent and display low protein synthesis rates. mTOR inhibition supports the quiescent state. Committed progenitors show high translation rates and the up-regulation of genes involved in DNA replication and cell-cycle. Activation of mTOR signaling support satellite cell activation. Figure designed with Biorender and adapted from Tahmasebi et al. (2019).

Figure 11 :

 11 Figure 11: Translational activation in Neural Stem Cells (NSCs) activation and differentiation. NSCs, neural stem cells; SVZ, subventricular zone. LV, lateral ventricle. mTOR activity is low in quiescent cells and rises during NCS activation. Dynamic mTOR signaling is seen throughout differentiation and a drop in mTOR signaling is required at the induction of NSC differentiation. mTOR activity in fully differentiated neural cells (that is, neurons and glia) relative to NSCs is not clear. Figure designed with Biorender and adapted from Tahmasebi et al. (2019).

Figure 12 :

 12 Figure 12: Translation inhibition during Mouse Embryonic Fibroblast (MEF) reprogramming into induced Pluripotent Stem Cells (iPSCs). Low mTOR promotes the stem state and high mTOR prevents the induction of pluripotency. MEF, mouse embryonic fibroblast. iPSC, induced pluripotent stem cells. Figure designed with Biorender and adapted from Tahmasebi et al. (2019).

  above-mentioned examples indicate that the molecular signatures associated to stemness include global translation inhibition, low mTOR activity and quiescence (Li & Bhatia 2011, Cheung & Rando 2013, van Velthoven & Rando 2019). The stem, activated and differentiating cell states are accompanied with specific mRNA translation linked to quiescence (slow-cell cycles or activation of proliferation), bioenergetic pathways (autophagy, glycolysis) and DNA accessibility (euchromatin proteins).

Figure 13 :

 13 Figure 13: TOR signaling, a conserved mediator of life span extension in multiple species. The diagram represents the genetic interactions in the TOR signaling network that execute life span extension in yeast, worms, flies, and mice. The diagram summarizes the life span data for genes in the TOR signaling pathway or those that demonstrate a genetic interaction with mutants in the TOR pathway. The shaded area refers to components of the TOR pathway that show conserved effects on life span extension in different species. From Kapahi et al. (2010).

Results 2 )

 2 . The features of developmental programs in kidney development in Chondrichthyes clades would help paint a picture of kidney evolution in jawed vertebrates. For the first time, chondrichthyan mechanisms behind kidney organogenesis complete some of the missing information in this clade (See Results 3).

Figure 14 :

 14 Figure 14: Phylogenetic representation of the position of the model organisms used to illustrate embryonic kidney development. The classical developmental biology models include mice, Xenopus and zebrafish and are all Osteichthyes. The sister group to Osteichthyes is the Chondrichthyes group which includes elasmobranch models like the small-spotted catshark. Comparing kidney development in these two groups helps understand the evolution of kidney development in gnathostomes. Original figure designed with powerpoint.

Figure 15 :

 15 Figure 15: The mammalian nephron, the functional unit of the kidney. The fundamental structure is conserved across vertebrates: a blood filtration unit (here, a glomerulus) and a tubule. The filtration unit filters blood, the tubule returns needed substances and removes wastes and the filtrate (urine) is excreted out of the organism through the collecting duct system. Original figure designed with Biorender.

Figure 16 :

 16 Figure 16: Embryonic origin and types of kidneys in vertebrates. Top: Location of the intermediate mesoderm from which the kidneys form: Schematic representation of a mouse embryo at E9.5 and cross-section through the trunk showing the position of the intermediate mesoderm. Bottom: The three different kidney types: the pronephros, mesonephros, and metanephros. The pronephros represents the first stage of kidney development in most animal species, but is functional in hagfish, or during the larval stage of amphibians. The mesonephros represents the second stage of kidney development in most animal species, and represents the functional mature kidney in most actinopterygians, chondrichthyans and amphibians. The metanephros represents the last stage of kidney development after degeneration of the pronephros and mesonephros in Sauropsida, Aves and mammals, where it persists as the definitive adult kidney. Modified from Davidson (2008), Romagnani et al. (2013).

Figure 17 :

 17 Figure 17: General and simplified steps of nephron development in the mouse. A set of aggregated mesenchymal cells undergo a mesenchymal-to-epithelial transition. These cells form a renal vesicle and start to epithelialize into a pre-tubular aggregate. Then, a stage called the comma-shaped body gives place to the s-shaped body stage. Finally, the glomerular basement membrane forms and further angiogenesis supports mature nephron function. Source : https://clinicalgate.com/adaptation-of-the-kidney-to-injury/.

Figure 18 :

 18 Figure 18: Stages of pronephros morphogenesis in zebrafish. hpf: hours post-fertilization; IM: intermediate mesoderm (in red). Renal epithelial tubular structures (light blue). Modified from Desgrange & Cereghini (2015).

Figure 19 :

 19 Figure 19: Mesonephros development and nephron progenitor cells in the zebrafish. A: Pronephros and mesonephros development in the zebrafish. Single lhx1a+ mesenchymal cells first appear in association with the distal tubule near the swim bladder, in a region indicated by the asterisk (green). Over time, the progressive addition of mesonephros tubules (pink) leads to a dense collection of nephrons that plumb into the pair of pronephros nephrons (blue). Modified from Gerlach & Wingert (2014). B: A cross section through a 5 mm larva stained with methylene blue and basic fuchsin shows a basophilic progenitor cell cluster (arrow) located on top of the pronephric tubule (PT) at the caudal end of the swim bladder (white asterisk). (a-c) Magnified images of nephron progenitor clusters expressing the early acting markers wt1b, pax2a, and lhx1a. Modified from Diep et al. 2015).

Figure 20 :

 20 Figure 20: Overview of pronephros organogenesis and gene expression in Xenopus. hpf: hours postfertilization; IM: intermediate mesoderm (red). Renal epithelial tubular structures (light blue). Modified from Desgrange & Cereghini (2015). Gene expression (bottom) in the developing kidney in Xenopus: wt1 from Carroll & Vize (1996), lhx1 and pax2 from Buisson et al. (2015) and six2 from Ghanbari et al. (2001).

Figure 21 :

 21 Figure 21: Overview of mesonephros organogenesis in Rana temporaria. Left: Diagram illustrating the blastema and archinephric duct. AD, archinephric duct; B, blastema; FST, fundament of straight tubule; KT, kidney tubules; M, myotome; N, notochord; ST, straight tubule. Right: Drawing of the mesonephros of a 17 mm tadpole (R. temporaria) as seen from the ventral surface. AD, archinephric duct; L1 to L10, nephrons of the left side; R1 to R10, nephrons of the right side. From Gray (1930).

Figure

  22B from O'Neill et al. 2007) .Schmidt et al. (2022) recently published Pax2 and Lhx1 and expression in the pronephros (or kidney anlage) in stage 19 and 20 embryos, confirming the implications of these early kidney-specifying genes in the catshark (Figure 22, C and D). I extended these observations during my PhD work by a complete description of the molecular kinetics behind early embryonic kidney development in S. canicula, for the first time in a Chondrichthyes model (See Result 3).

Figure 22 :

 22 Figure 22: Early kidney development and gene expression in the catshark. A: Stage 19 and 20: two drawings representing the embryonic kidney in S. canicula. bg = buccal groove. pro = pronephros. kd = kidney. 4v.= fourth brain ventricle. lp = lens placode. mff = medial (or sagittal finfold). ot = otic placode. ov = optic vesicle. md = mandibular head cavity (coelomic). From Ballard (1993). B: Pax2 in situ hybridization in a stage 25 embryo. ug = urogenital tract. f = optic fissure. ot = otic placode. mhb = midbrain-hindbrain border. From O'Neill et al. (2007). C: Pax2 and D: Lim1 (Lhx1) in situ hybridization in embryos stage 20 and 19. ov = otic vesicle. PhA = pharyngeal arches. St = stage. Scale bar = 500 μm. From Schmidt et al. (2022).

Figure 23 :

 23 Figure 23: Overview of mouse kidney organogenesis and genes expressed in the metanephric mesenchyme. IM: intermediate mesoderm (red). Renal epithelial tubular structures (light blue). 1-pro = pronephros. 2-meso = mesonephros. 3-meta = metanephros. MM = metanephric mesenchyme. Gene expression in the metanephric mesenchyme (A-E). The mesenchyme expresses Six2, Wt1, Eya1 and Pax2. Lhx1 is expressed in epithelizing structures. Mes = mesenchyme. NM = nephrogenic mesenchyme. RV = renal vesicles. UB = ureteric bud (black asterisks). Modified from Desgrange & Cereghini (2015). Gene expression: Six2 and Eya1 from Self et al., 2006; Wt1, Pax2 and Lhx1 from Oxburgh et al. (2004).

FigureFigure 24 :

 24 Figure24: WNT signaling pathway and molecular crosstalk with the TOR pathway. Left: In the absence of WNT (OFF), several proteins (including GSK-3β, Axin, and APC) complex with intracellular β-catenin, initiating phosphorylation by CK1α. This drives ubiquitination of β-catenin, leading to its degradation via the proteasome. When the Frizzled receptor is activated by WNT (ON), Dishevelled (DVL) becomes phosphorylated and is recruited to the receptor. Upon this activation, the GSK-3β/Axin/CK1α complex is disrupted and no longer interacts with βcatenin, allowing its accumulation in the cytoplasm and subsequent translocation into the nucleus. Upon entering the nucleus, β-catenin forms a complex with several proteins including LEF/TCF proteins, initiating transcription of target genes. Modified from[START_REF] Russell | Wnt/β-Catenin Signaling in Liver Development, Homeostasis, and Pathobiology[END_REF]. Right: TORC1 integrates intra-and extracellular environmental cues through discrete signaling modules that sense and relay diverse inputs to a central ''signaling core'' (in green). This figure summarizes biochemical evidence from various studies that have identified the inputs, including WNT signaling and outputs of TORC1. Various outputs (in gray) that keep cellular growth in balance with the environment are regulated by TORC1. Modified from[START_REF] Kapahi | With TOR, less is more: a key role for the conserved nutrient-sensing TOR pathway in aging[END_REF].

Figure 25 :

 25 Figure 25: Main genes and molecular pathways involved in the maintenance/differentiation balance in the cap mesenchyme of mice. The undifferentiated cap mesenchyme population expresses factors that promote its self-renewal: Six2 and Cited1, FGF9/20 and BMP7, Eya1, Wt1 and Pax2. In high Six2 conditions and low β-catenin, Wnt pathway activity is low, promoting self-renewal. RSPO1/3 are required for self-renewal. Reduction in FGF9/20 signaling, activation of Wnt4/Fgf8 signaling, and RSPO1/3 are involved in MET. Upon activation, committed cells will start expressing Lhx1 after downregulation of Six2 and activation of the Wnt pathway. Pax2 and Pax8 can be found in committed progenitor cells. The cells then become specialized: Wt1 expression is restricted to glomeruli (podocytes), Pax2, Pax8 and Lhx1 to nephron epithelia. Original figure designed with Biorender.

Figure 26 :

 26 Figure 26: Single-Cell RNA-Seq analysis of mouse nephron progenitors from E12.5 dpc (embryonic day 12.5 post coitum) to P0 (birth). A. Gene expression profile from K-Means analysis (enriched biological pathways and processes in the E12.5 to P0 progenitors) showing the increase of ribosomal biosynthesis genes during NPC ageing. The dashed line represents the concomitant increase in expression of mTOR mRNA. B. Graphic illustration showing the top five GO terms associated to the K-Means analysis (A). The x axis displays the number of genes in the specified GO term, and the y axis plots the p value as a blue line. From Chen et al. (2015).
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 27 Figure 27: Metabolic model for NPC differentiation. Both PI3K and glycolysis downregulation switches the NPCs to a Wnt-dependent differentiation program in embryonic kidneys. As PI3K inhibition results in decreased glycolysis, the authors posit that the PI3K pathway potentiates NPC renewal by promoting glycolysis. From Liu et al. (2017)

Figure 28 :

 28 Figure 28: Phylogenetic representation of vertebrates showing post-embryonic nephron formation. This simplified tree compiles the vertebrates that show persistence of nephrogenic activity after embryonic development.Evidence of adult progenitor cells or adult nephron formation has been reported in teleosts (killifish, medaka, toadfish, tomcod, tilapia, rainbow trout and zebrafish), amphibians (frogs), elasmobranch (small-spotted catshark), young testudines (turtles), certain squamates (lizards and snakes) and crocodilian (American alligator). Postembryonic nephron formation has been described in some birds. De novo nephron formation after kidney-injury has been documented in teleosts, elasmobranch (the little skate).

Figure 29 :

 29 Figure 29: Compilation of histological evidence of nephron progenitor cells in vertebrate models. (A-C): Histological evidence of adult nephron progenitor cells (circled in yellow in A) in the small-spotted catshark and little skate: condensed mesenchyme (circled in yellow in B and C) around the collecting duct (CDT). Little skate: Paraffin sections, Masson-Goldner staining, from Elger et al. (2003). Small-spotted catshark: Sections stained with Toluidine blue 0, from Hentschel (1991). (1-3) and AB: Histological evidence of adult nephron progenitor cells (circled in yellow) in zebrafish and medaka. Adult zebrafish kidney sections stained with H&E show mesenchymal aggregates (1, circled in yellow), renal vesicle (2, circled in yellow) and nascent nephron (3, circled in yellow). From Davidson (2011). Medaka: mesenchymal aggregate (A, circled in yellow) and nascent nephron (B, circled in yellow). Scale bar = 20 µm. Paraffin sections and H&E staining, From Watanabe et al. (2009). (A-F): Histological evidence of nephron progenitor cells (circled in yellow) in Sauropsida. Nephrogenic zones in the juvenile American alligator (A), adult turtles: red-eared slider (B) and painted turtle (C), adult tegu (lizard) (D), adult Egyptian Mastigure (lizard) (E), and adult boa constrictor (F). Scale bar = 50 μm. Kidney tissue sections stained with H&E. Adapted from Camarata et al. (2016).Figure created with Biorender.
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 30 bottom). The transplantation of single aggregates comprising 10-30 lhx1-labelled cells in adult zebrafish was demonstrated to be sufficient to engraft kidney-injured adults and generate multiple nephrons (Diep et al. 2011). Serial transplantation experiments showed that the NPCs are long-lived and exhibit self-renewal properties, consistent with stem-cell activity (from Diep et al. 2011).

Figure 30 :

 30 Figure 30: Schematic representation of neonephrogenesis and nephron progenitor markers in the adult teleost. A) Zebrafish and its adult kidney (brown). B) Nephrogenic stem cells (Nsc) or nephron progenitors depicted in red are present in the kidney interstitium. C) These cells accumulate near the distal segment of the nephron after kidney damage. D) These aggregates epithelialize and become fused to the distal portion of the nephron. E) The newly formed nephrons differentiate into functional nephrons. CD, collecting duct. Dt, distal tubule. Pt, proximal tubule. Gl, glomerulus. (a-c) The aggregates express lhx1a, wt1 and pax2a. Bottom: lhx1a cell aggregates can be transplanted and form new nephrons. Adapted from Diep et al. (2011), Gerlach & Wingert (2013), Gallegos et al. (2019).

Figure 31 :

 31 Figure 31: Nephron progenitor cells organized in niches in the adult American alligator kidney. Large view of the nephrogenic area in the adult kidney of the American alligator showing multiple stages (B, C and D) of nephron formation at the periphery. H&E staining. Scale bar = 100 µm. From Camarata et al. (2016).

Figure 32 :

 32 Figure 32: Nephrogenic zones express kidney progenitor marker Six2. (A) Adult mouse kidney stained with SIX2 antibodies. (B) Kidney from mouse embryonic day 15 (E15) stained with SIX2 antibodies (C) Juvenile alligator kidney stained with Alexa Fluor 488 secondary antibody alone. (D) Adult alligator kidney stained with Six2. (E) A ( G ) J u v e n il e a ll i

Figure 33 :

 33 Figure 33: Schematics of the catshark kidney: general organization, zonation and nephrogenic niche. Left:Schematic representation of the adult kidney in the catshark. Each lobule is supplied by a separate renal artery and drained by its own branch of the collecting duct system, which connects the collecting tubule with the ureter. The different portions of each nephron folds several times both in the mesial and in the lateral bundle zone. Renal corpuscles (or glomeruli) are located at the junction between the two zones. The presence of secondary ureters that drain the renal tissue is due to the lobular organization of the kidney. LDT = lateral distal tubule, Pib = proximal tubule segment Ib, PII = proximal tubule segment II. The asterisk (circled in yellow) marks the location where nascent nephrons can be found (nephrogenic zone). Right: zoom of the nephrogenic zone in the adult catshark, containing mesenchymal aggregates and nascent nephrons. UR = ureter, RC = renal corpuscle, WD = Wolffian ducts. Adapted fromHentschel (1991).

Figure 34 :

 34 Figure 34: Histology of the mesenchymal aggregates, putative nephron progenitor cells in elasmobranch kidneys. A: Mesenchymal aggregates (circled in yellow) around a collecting duct (CD) in the nephrogenic zone of the small-spotted catshark. From Hentschel (1991). B: Mesenchymal aggregates (circled in yellow) in the nephrogenic zone of the little skate and nascent nephrons (arrowheads). Paraffin sections, Masson-Goldner staining, LM, from Elger et al. (2003).

Figure 35 :

 35 Figure 35: Documented features of nephron progenitor cells in gnathostome organisms: gene expression in the embryonic or larvae NPCs and histology, location and gene expression in juvenile/adult NPCs. The green clades shown organisms that for which nephrogenic capacities have reported after embryonic development.

  PhD, Tahmasebi et al. published a review on stem cell behavior and translation (2019). During the same year, Wei et al. (2019), described the pro-regeneration roles of the mTOR pathway in 4 types of mammalian stem cells. Since the loss of post-embryonic nephron progenitors in mammals has been linked to the mTOR pathway (See Part B, c. The signaling pathways involved in the longevity of nephron progenitor cells in mice), we decided to review the implications of mTOR in stem and progenitor cells across stem cell types and evolutionary distances (Results 1: LUND-RICARD et al., 2020). The following review compiles the available experimental data in a wide array of tissues, as well during appendage, whole-body regeneration and asexual budding.

  conserved across eukaryotes[START_REF] Tatebe | Evolutionary Conservation of the Components in the TOR Signaling Pathways[END_REF], how context-dependent are these mTOR regulations in stem and progenitor cells? The compiled data in this review addresses some of the intricacies of mTOR signaling in metazoan regeneration: cell and tissue dependence, differences in mTOR modulations during regeneration and homeostatic development, mTOR controlled cell-cycle states and progression, interactions with other pathways during development and regeneration, mTOR roles between vertebrates and in relation to invertebrates, functional consequences of the timing of mTOR activity, dynamic regulations of mTOR, the types of mTOR modulations that enhance stem and progenitor functions in regeneration and threshold-associated effects to mTOR signaling in stem and progenitor cells. The small-spotted catshark, Scyliorhinus canicula, a Chondrichthyes (cartilaginous fish) model organism was previously described to display adult nephrogenic zones through histological descriptions (See Introduction, Part C), suggesting that kidney progenitor cells persist after embryonic development. Because of their phylogenetic position, Chondrichthyes models are of utmost importance to understand the evolution of various structures or processes in jawed vertebrates (gnathostomes). As such, Chondrichthyes organisms are classically used in evodevo studies. However, their roles in experimental biology was put in focus in Results 2: LUND-RICARD et al., 2021. The second chapter of this PhD is a publication about Chondrichthyes models and how these organisms have been used to unlock new understandings in several biological fields. This chapter is titled "Current Trends in Chondrichthyes Experimental Biology" (Results 2, LUND-RICARD et al., 2021) and is a part of a handbook about marine animal models in experimental biology. This publication describes the historical use of these models in comparative embryology and anatomy and the classic use of the small-spotted catshark in Chondrichthyes biology. Advantages of the catshark as a Chondrichthyes model for experimental biology are presented. The article regroups the existing developmental tables for Chondrichthyes models and integrates what is known about earlyembryogenesis in the catshark model. We decided to review the most recent descriptive and functional tools that have been developed in Chondrichthyes models as well as the existing genomic data. Notably, we highlighted some of the biotechnological contributions of Chondrichthyes models and reported their importance in current biomedical research. We also decided to incorporate data about the conservation status and management efforts concerning the Chondrichthyes group.Finally, the third and last publication presents novel anatomical and molecular data concerning the kidneys of S. canicula (LUND-RICARD et al., in prep). We wanted to describe early embryonic kidney development in a Chondrichthyes model: Is there a conservation of vertebrate genes expressed in the developing kidney? How does the kidney develop in the catshark? How are the embryonic nephron progenitors organized in the developing kidney

  differentiating cells(Tahmasebi et al. 2019, and Introduction, Part A). This generated an interest in the research behind mTOR modulations that influence stem and progenitor behavior. The following review compiles what is known about mTOR-mediated functions that support regeneration in phylogenetically diverse metazoan organisms. mTOR signaling in the regeneration of different tissues and body parts as well as whole-body regeneration are compared and contrasted. Experimental data on the mTOR implications in functional regeneration have helped understand the mechanisms behind an organism's endogenous capacity for regeneration. The review also aims to point to possible therapeutic strategies that could enhance tissue-specific regeneration in humans. At the same time, knowledge gaps in how mTOR relates to regeneration are highlighted along the way.

Figure 1 .

 1 Figure1. A simplified mTOR (mechanistic/mammalian target of rapamycin) pathway with upstream signals, which activate or inhibit mTORC1 or mTORC2 activities. mTORC1 activity is sensitive to growth factors, energy levels, oxygen, amino acids, and stress while mTORC2 activity responds to growth factors only. Below, the main cellular processes, which are affected by mTOR activity. mTORC1 activity leads to cell growth, cell cycle progression with an increased phosphorylation of S6K1/2 (S6 kinase 1/2) and 4E-BP (4E binding protein). mTORC1 activity inhibits autophagy. mTORC2 activity controls cell survival, proliferation, and migration.
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23 Figure 2 .

 232 Figure 2. This figure illustrates the ways in which activity from the mTOR signaling pathway contributes to appendage (a) or muscle regeneration (b,c): (a) Concerning appendage regeneration, the Wnt/β-catenin pathway and insulin-like growth factor (IGF-1) activate mTORC1. This activity leads to the wound covering, blastema formation and regenerative outgrowth of the appendage. (b)During muscle regeneration, mTORC1 activity is necessary for myofiber growth but not myogenesis. mTORC1 inhibition by rapamycin treatment inhibits regeneration whereas the leucine amino acid, insulin-like growth factor 1 or Akt activity contribute to mTORC1-mediated muscle regeneration. SPAR regulatory protein (small regulatory polypeptide of amino acid response) can inhibit mTORC1 activity and hinder muscle regeneration. (c) mTORC1 signaling is necessary for muscle regeneration in the injured limb and to induce a Galert state in the contralateral limb. The Galert cells enter the cell cycle more rapidly and show an increase in size compared to quiescent satellite cells.
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23 Figure 3 .

 233 Figure 3. This figure illustrates how activity from the mTOR signaling pathway contributes to axon regeneration in the selected examples of retinal nerve damage (a) and spinal cord injury (b,c): (a) Concerning retinal nerve regeneration, mTOR activity enhances axon elongation and survival leading to functional regeneration. Signals that upregulate mTOR activity like PTEN inhibition, siRTP801, Pam3Cys (pro-inflammatory signal), CNTF (ciliary neurotrophic factor) or IGF-1 lead to axon recovery. TOR-independent axon recovery exists however as rapamycin-treated PTEN-deleted neurons and Pam3Cys untreated neurons still showed recovery. (b) For spinal cord injuries, mTORC1 activity in astrocytes hinders neuronal recovery with the formation of glial scars (gliosis). Growth factors like EGF (epidermal growth factor) can activate mTORC1. (c) On the contrary, mTORC1 signaling in hemisection spinal cord injuries promotes growth and functional regeneration.
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Figure 4 .

 4 Figure 4. This figure illustrates the ways in which activity from the mTOR signaling pathway contributes to epidermis (a), gut (b) and liver regeneration (c): (a) mTORC1 activity is necessary for wound closure and can be enhanced by insulin/insulin-like growth factor signaling (IIS). S6K1/2 is a TOR target which helps wound closure. mTOR inhibitory signals like rapamycin or an overexpressed PRAS40 delay wound closure and promote autophagy. (b) For gut regeneration, mTORC1 activity is required for initial cell proliferation but chronic activation leads to intestinal stem cell exhaustion. (c) For liver regeneration, mTORC1 activity leads to cell cycle reentry and functional recovery. eIF4E (Eukaryotic Initiation Factor 4E) dependent translation is activated with mTORC1 activity and leads to Cyclin D expression. Cyclin D amplifies cell proliferation and leads to functional liver recovery.
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Figure 5 .

 5 Figure 5. This figure illustrates the ways in which the mTOR signaling pathway contributes to bone (a) or kidney (b) regeneration. (a) mTOR activity (mTORC1 and mTORC2) is required for osteoblast and osteoclast differentiation. mTORC1 is activated by bone morphogenetic protein (BMP), insulinlike growth factor 1 (IGF-1) and Wnt signaling. mTORC1 inhibition promotes stem cell maintenance and autophagy while mTORC2 inhibition leads to cell fate change. (b) In the kidney, hypertrophic recovery depends on mTORC1 activity. mTOR activity has been correlated to stem cell depletion such as that mTOR inhibition (purple) might play a role in maintaining kidney progenitors.
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Figure 6 .

 6 Figure6. Whole-body regeneration (as explained for cnidarians and planarians) involves different phases of mTORC activity. mTORC inhibition and its induced autophagy are associated with a large increase in cellular ATP which could contribute to stem cell activation. Autophagy is also involved in the process of transdifferentiation, often preceded by dedifferentiation. In combination with mTORC1 inhibition, retinoic acid stimulation induces transdifferentiation. DAP-1 (Death-associated protein 1) inhibits autophagy in conditions of nutrient deprivation. Finally, mTORC activity is upregulated for the regrowth of the missing structure.
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 2 Current Trends in Chondrichthyes Experimental BiologyCartilaginous fish (or Chondrichthyes fish) are a phylogenetic group of organisms that diverged from a common ancestor with bony vertebrates (or Osteichthyes) more than 400 million years ago(Brazeau & Friedman 2015), surviving all 5 mass extinctions. This family includes holocephalans (chimeras and elephant fish) and the better-known elasmobranchs (sharks, rays and skates). The small-spotted catshark, Scyliorhionus canicula is a historical elasmobranch model and the model organism for this PhD. The following publication describes the current trends in Chondrichthyes experimental biology(LUND-RICARD et al., 2021) in a handbook about marine animal models in experimental biology. This chapter highlights the potential of these marine organisms in unlocking new understandings in various biological disciplines.

  Chondrichthyes are considered one of the most threatened vertebrate groups by the IUCN Red List (McClenachan et al. 2012, White & Last 2012, Dulvy et al. 2014). Survival of these species is threatened by many factors, including fishing activities, habitat loss, pollution and climate change. Current trends on behavioral and ecological research are mentioned. They include assessing distribution patterns or species-specific habitat associations (Espinoza et al. 2014) to better manage the threatened populations. This type of research helps determine what conditions are important for species survival and informs conservation efforts.Compared to other model species, the slow development of Chondrichthyes organisms brings a large spatial and temporal resolution for experimental work. The small-spotted catshark and little skate models are the most recurrent Chondrichthyes in the field of developmental biology(Clifton et al. 2005, Coolen et al. 2008). The following publication features an illustration of what is currently known about early embryogenesis of the catshark,

  help deepen our understanding of the dynamics of developmental gene patterns, cell fate during morphogenesis, metabolic functions or the mechanisms of tissue regeneration. This PhD work since then added new tools (the OPpuro based protein assay (see Toolbox 1 in Part A,Liu et al. (2012) and RNAscope, see Toolbox 3,Wang et al. (2012) in Results III) and molecular data to the Chondrichthyes research corpus. In the publication, several evodevo topics are illustrated with the use of Chondrichthyes models such as the asymmetry of brain structures like the epithalamus(Boutet 2017), the origin of the endoskeleton and bone-like tissues(Atake et al. 2019) or the origin of teeth and dermal denticles(Gillis et al. 2017).

FIGURE 23 . 1

 231 FIGURE 23.1 Phylogenic classifi cation representing Chondrichthyes within vertebrates. Terminal clades are orders (Lamniformes, Rajiformes . . .), and each order is illustrated with an example species. Chondrichthyes comprise Elasmobranchii and Holocephali.Elasmobranchii include Selachii and Batoidea. The Selachii superorder encompasses eight orders: Carcharhiniformes (ground sharks), Heterodontiformes (bullhead sharks), Hexanchiformes (frilled and cow sharks), Lamniformes (mackerel sharks), Orectolobiformes (carpet sharks), Pristiophoriformes (sawsharks), Squaliformes (dogfish sharks) and Squatiniformes (angel sharks). The Batoidea superorder includes Myliobatiformes (stingrays and relatives), Rajiformes (skates and guitarfish), Torpediniformes (electric rays) and Rhinopristiformes (sawfi sh).

FIGURE 23 . 2

 232 FIGURE 23.2 Drawings and pictures of Chondrichthyes species. (a-f) Drawings represent the white shark (a), sting ray (b), arctic chi mera (c), Greenland shark (d), catshark (e) and picked dog (f). Right panel represents several steps of the catshark (Scyliorhinus canicula) life cycle: embryo, juvenile and adult stage. (From A History of the Fishes of the British Islands by Jonathan Couch, Vol I. 1868. Station Biologique de Roscoff (SBR) library collection and Biodiversity Heritage Library. Photos courtesy of © Station Biologique de Roscoff, Wilfried Thomas.)
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 233 FIGURE 23.3 Early steps of catshark embryogenesis. (a) From stages 1 to 3. Right drawings: dorsal views of the embryo. Left draw ings: cross-sections of the corresponding embryos. Pink arrows point to cells of the syncytial blastodisc. (b) From stages 4 to 10. Pink dots indicate the position of the posterior end of the embryo/blastodisc. Bottom drawing represents a cross-section of the posterior end of the embryo at stage 10. (c) Stages 11 to 18. (a) dorsal view of the embryo at stage 11. Arrows represent cells converging to the midline at the posterior end. (b, c) cross-sections of the embryo at the posterior end (over stage 11). In (b) the pink arrow represents mesendodermal cells involuting above the archenteron. (c) the horizontal pink arrow illustrates cell movements from the involuting mesendoderm. The vertical arrow illustrates the movement of single cells internalized from the upper layer. (Adapted from Balfour (1878), Vandebroek(1936),[START_REF] Ballard | A series of normal stages for development of Scyliorhinus canicula, the lesser spotted dogfish (Chondrichthyes: Scyliorhinidae)[END_REF]. Artwork: David Wahnoun, DigitalMarine.)
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 23 3C). A slight depression is observed in the middle of the embryonic shield. It will give rise, by exten sion from posterior to anterior, to the medullary groove, stating the position of the embryonic axis(Figure 23.3C, stage 14). As the embryo increases in length, the anterior part will enlarge (neural plate, Figure23.3C, stage 14) and rise to form the neural/medullary folds. In the posterior region, the two arms of the embryonic shield (posterior lobes, Figure23.3C, stage 14) will progressively shrink to fuse and enclose the neural tube and the archenteric cav ity(Figure 23.3C, stage 17). Similar fusion of the neural folds is observed in the anterior part(Figure 23.3c, stage 17). Several pairs of somites are formed during the pro cess of neural tube closure(Figure 23.3C, stage 17). While the trunk pursues its segmentation through the formation of additional somite pairs, the pharynx area undergoes metamerization, too; several branchial clefts will appear(Figure 23.3C, stage 18).

FIGURE 23 . 4

 234 FIGURE 23.4 Timeline showing Chondrichthyes genome and transcriptome publications.

  for mTORC1 functions in translation). Phylogenetic analysis of the mTORC1 targets, 4E-BP1 and S6K1, using Chondrichthyes sequences showed that the classically conserved mTORC1 phosphorylation sites were conserved in Chondrichthyes too (Results 3, Figure supp. 4 and Figure supp. 5). At the time the thesis manuscript was achieved, we did not have the data related to immunostaining of the phosphorylated form of 4E-BP1 and S6K1 in the kidney of juvenile catshark. These exciting results bring new anatomical and molecular data on kidney development in the Chondrichthyes clade. Several nephron progenitor cell markers found in Osteichthyes are conserved in the nephron progenitor cell population of catsharks, both in embryos and juveniles. These data suggest that the genetic programs behind kidney development were conserved in the common ancestor between Chondrichthyes and

Figure 36 :

 36 Figure 36: Principle of RNAscope and signal example: target RNA-specific oligonucleotide probes (Z) are hybridized in pairs (ZZ) to multiple RNA targets and multiple signal amplification reveals single mRNA location. Bottom: Example of RNAscope signal in human lung cancer tissue revealed with Fast RED: punctuate red dots represent target mRNA. From Youtube.com: 2019 Feb 26th Support Webinar and 2020 April 23 rd Tissue-based RNA detection w/ PAS: Quantitative Image Analysis from Histopathology Experts.

  Fluorescence intensity (proxied by mean gray value) was measured in each area and normalized to the fluorescence intensity of the NuclearMask Dye to avoid quantification distortion due to difference in cell number in each area. Images were taken in five different kidney paraffin sections from six different juveniles (n=23 images for the DMSO-injected specimen and n=36 images for the OP-puro-injected specimen). Similar analysis was performed in kidney paraffin sections from negative control juveniles (DMSO injected). The normalized ROIm intensities were averaged from the 30 images. The average was also calculated for the normalized ROIe intensities. Both ROIm and ROIe means were plotted on the graph presented in Figure 6C. The error bars represent standard deviation of the mean. A Student t test was used to calculate the P value. Experiments on juveniles were carried out according to the local ethics committee (comité d'éthique du Finistère, Brittany, France) recommendations and after approval by MESRI (French Ministry of Higher Education and Research, DAP authorisation number: 12523-20173011191574).

Figure 1 .

 1 Figure 1. Expression of kidney-specifying gene products ScLhx1 and ScPax2 during early catshark embryogenesis. A) ScLhx1 and ScPax2 mRNA expression patterns during the early stages of kidney morphogenesis (stages 15 to 23). Expression of ScPax2 transcripts in the urogenital ridge is corroborating data previously reported by O'Neill et al. (2007). Drawings below are depicting the expression patterns of ScLhx1 and ScPax2 in the kidney anlage of the catshark embryos. im, intermediate mesoderm; pro, pronephros; mes, mesonephros; clc, cloaca. B) Comparison of ScLhx1 and ScPax2 mRNA expression in the developing kidney (black

Figure 2 .

 2 Figure 2. Nephron morphogenesis in a two months old catshark embryo (8 weeks, stage 31) and molecular characterization of mesenchymal aggregates. A) Serial paraffin sections stained with Periodic acid-Schiff (PAS) histological coloration (only a half part of the kidney is shown, to visualize the entire section, see Figure Supp 1).Three histological structures can be identified: the glomerulus, the tubular portion and the area where the tubule and the mesonephric duct fuse (pink arrowhead). B) Schematic representation of nephrons branched to the mesonephric duct and of mesenchymal aggregates (nephron progenitors). C) Mesenchymal aggregates (red arrows) closely associated to epithelial structures are also observed in the histological sections. D) Branched DNA (bDNA) in situ hybridization (RNAscope). The chromogenic dye fast red has been used to reveal the hybridization of the probes: in black and white pictures, the fast red signal appears as black dots. Progenitor cells present in the mesenchymal aggregates (yellow dashed lines) express ScSix2, ScPax2, ScWt1, ScLhx1 and ScEya1 but not ScHoxb7 mRNAs. g, glomerulus; tb, tubule; md, mesonephric duct; cd, collecting duct.

Figure 3 .

 3 Figure 3. Histologic kidney cross-section of a juvenile catshark with the nephrogenic area. Pictures A to I represent higher magnification of the kidney from the histologic paraffin sections presented in Figure Supp 3. The kidney of elasmobranch does not have a medullar and cortex area as in mammals but a zonation is still observed:

Figure 4 .

 4 Figure 4. Histological structures observed in the nephrogenic area (A-D) and in situ hybridization (RNAscope) showing the expression of ScPax2, ScSix2, ScEya1, ScWt1 mRNAs in the renal progenitors (E). Renal progenitors in the nephrogenic area are observed either as large mesenchymal aggregates (A, white

Figure 5 .Figure 6 .Figure Supp 1 .

 561 Figure 5. BrdU pulse-chase experiment in the kidney of juvenile catsharks. (A) Schematic representation of the experiment. Five intraperitoneal BrdU injections were achieved within 48 hours (T0). The pulse was followed by various chase times: one week (T1), two weeks (T2), four weeks (T3) or eight weeks (T4). n represents the amount of juveniles analysed (BrdU-injected juveniles: n = 10 (2 juveniles / time point); PBS-injected juveniles: n = 3). The average length of the juveniles was 11,7 cm. (B) Immunohistological BrdU staining on kidney paraffin sections from BrdU-injected (left picture) and PBS-injected (control, right picture) juveniles at T0. Yellow arrows point to the nephrogenic area. (C) Mesenchymal cells within the nephrogenic area were found to be BrdU positive just after the end of the pulse (T0) but also at the different times of the chase (T1 to T4, white dashed lines). (D) Epithelial cells of nascent nephrons displayed BrdU positive signal from T0 to T4 (white dashed lines). (E)Mesenchymal cells of the nephrogenic area negative for BrdU were also reported from T0 to T4 (white dashed lines)

Figure Supp 3 .

 3 Figure Supp 3. General anatomy of a juvenile catshark. Picture at the top left represents juvenile catshark (picture: Wilfried Thomas). The kidney is located within the portion delimited by the double arrows. (A to H) showsa selection of Alcian blue and nuclear fast red-stained paraffin sections within this portion where section A is the most anterior and section H the most posterior. The kidney stands ventrally between the notochord and the gut (red rectangles in each section). Legend: l, liver; s, stomach; sp, spiral valve; c, colon; cl, cloaca; vf1, 1 rst pair of ventral fins; vf2, 2 nd pair of ventral fins; nt, neural tube; n, notochord; k, kidney; llc, lateral line canal.

Figure Supp 4 .

 4 Figure Supp 4. ML phylogenetic tree of 4E-BP genes from mouse (Mus musculus), coelacanth (Latimeria chalumnae) and a selection of chondrichthyans. The tree was constructed by PhyML (version 3.0) integrated into Seaview 4.2, using the Maximum Likelihood method and the LG-F+г12+I substitution model. 4E-BP protein sequences were retrieved from Ensembl Metazoa release 106 for mouse, coelacanth and elephant shark (Callorhincus milii), from GenBank for small-spotted catshark (Scyliorhinus canicula) and great white shark (Carcharodon carcharias), from Squalomix database for cloudy catshark (Scyliorhinus torazame), zebra bullhead shark (Heterodontus zebra) and bamboo shark (Chiloscyllium punctatum) (Hara et al. 2018) and from KEGG database for whale shark (Rhincodon typus). A previous phylogenetic analysis of 4E-BPs across deuterostomes indicated that the echinoderm Strongylocentrotus purpuratus, the cephalochordate Branchiostoma belcheri and the tunicate Oikopleura dioica have a single 4E-BP whereas all the other vertebrate species included in this tree have three paralogues: 4E-BP1, 4E-BP2 and 4E-BP3 (Gillespie et al. 2016). The phylogenetic analysis displayed in this figure indicated the presence of three 4E-BP orthology classes also in cartilaginous fish.

Figure Supp 5 .

 5 Figure Supp 5. 4E-BP1 phosphorylation sites T37, T46, S65, T70 and S83 are highly conserved in cartilaginous fish. 4E-BP1 protein sequences from mouse, coelacanth and five Chondrichthyes species (elephant shark, cloudy catshark, great white shark, bamboo shark and zebra bullhead shark) were aligned using MULTALIN. Sequences were obtained from databases mentioned in Figure Supp 4.

Figure Supp 6 .

 6 Figure Supp 6. mTOR phosphorylation site T389 of S6K1 is highly conserved in cartilaginous fish. S6K1 protein sequences from mouse, coelacanth and seven Chondrichthyes species were aligned using MULTALIN.S6K1 protein sequences were retrieved from Ensembl release 106 for mouse (Mus musculus), from GenBank for elephant shark (Callorhincus milii), great white shark (Carcharodon carcharias), whale shark (Rhincodon typus), small-spotted catshark (Scyliorhinus canicula) and coelacanth (Latimeria chalumnae), from Squalomix database(Hara et al. 2018) for bamboo shark (Chiloscyllium punctatum), cloudy catshark (Scyliorhinus torazame) and zebra bullhead shark (Heterodontus zebra).
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 123 Figure 1. Expression of kidney-specifying gene products ScLhx1 and ScPax2 during early catshark embryogenesis. A) ScLhx1 and ScPax2 mRNA expression patterns during the early stages of kidney morphogenesis (stages 15 to 23). Expression of ScPax2 transcripts in the urogenital ridge is corroborating data previously reported by O'Neill et al. (2007). Drawings below are depicting the expression patterns of ScLhx1 and ScPax2 in the kidney anlage of the catshark embryos. im, intermediate mesoderm; pro, pronephros; mes, mesonephros; clc, cloaca. B) Comparison of ScLhx1 and ScPax2 mRNA expression in the developing kidney (black arrowheads) at stage 25. Pink arrowhead is showing the expression of ScLhx1 mRNA in the mesonephric tubules. Inset corresponds to higher magnification of the area pointed by the black arrowhead. C) Schematic representation of kidney morphogenesis showing the elongating pro/mesonephros duct together with the developing mesonephric tubules.

Figure 4 .

 4 Figure 4. Histological structures observed in the nephrogenic area (A-D) and in situ hybridization (RNAscope) showing the expression of ScPax2, ScSix2, ScEya1, ScWt1 mRNAs in the renal progenitors (E). Renal progenitors in the nephrogenic area are observed either as large mesenchymal aggregates (A, white dashed line) or cap mesenchyme adjacent to an epithelial tubule (B, white dashed line). Folded tubules with a bulk of mesenchymal cells (C and D, white dashed line) at their proximal ends are also visible in this area and correspond to nascent nephrons. ScPax2, ScSix2, ScEya1 and ScWt1 mRNAs are expressed in mesenchymal aggregates (E, upper part), and in the mesenchymal cells at the proximal end of nascent nephrons (E, lower part) in post-embryonic kidneys. These mesenchymal cells do not express ScHoxb7 or ScLhx1 mRNAs which are restricted to the collecting ducts and epithelial
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 2 Figure Supp 2. In situ hybridization (RNAscope) showing the expression of several gene products in catshark embryos (two months old A, B, C) and juvenile catsharks
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 344 Figure Supp 3. General anatomy of a juvenile catshark. Picture at the top left represents juvenile catshark (picture: Wilfried Thomas). The kidney is located within the portion delimited by the double arrows. (A to H) shows a selection of Alcian blue and nuclear fast red-stained paraffin sections within this portion where section A is the most anterior and section H the most posterior. The kidney stands ventrally between the notochord and the gut (red rectangles in each section). Legend: l, liver; s, stomach; sp, spiral valve; c, colon; cl, cloaca; vf1, 1 rst pair of ventral fins; vf2, 2 nd pair of ventral fins; nt, neural tube; n, notochord; k, kidney; llc, lateral line canal.
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  Figure Supp 5. 4E-BP1 phosphorylation sites T37, T46, S65, T70 and S83 are highly conserved in cartilaginous fish. 4E-BP1 protein sequences from mouse, coelacanth and five Chondrichthyes species (elephant shark, cloudy catshark, great white shark, bamboo shark and zebra bullhead shark) were aligned using MULTALIN. Sequences were obtained from databases mentioned in Figure Supp 4.
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 12 expression was found in the progenitor cells and then became restricted to the glomeruli. Additionally, the coelomic epithelium expressed ScWt1 (Results 3, Figure2Dand Figure supp. 2), consistently with Wt1 regulation of gonad development from the ventromedial surface of the mesonephros in mice[START_REF] Wilhelm | The Wilms tumor suppressor WT1 regulates early gonad development by activation of Sf1[END_REF]. In the catshark, ScHoxb7 could be seen in the nephric ducts and collecting duct portions but not in the mesenchymal aggregates (Results 3, Figure2D), consistently with what has been observed in mammals(Srinivas et al. 1999). Our data included the expression of ScPax2, ScWt1, ScHoxb7 and ScSix2 in other catshark tissues consistently with known vertebrate patterns (Results 3, Figure supp. 2). Taken together, these results show a conservation of the Osteichthyes nephron progenitor markers underlying nephrogenesis in the catshark embryos. The expression of Six2, Pax2, Lhx1, Eya1 and Wt1 transcripts could constitute the core set of molecules expressed in nephron progenitors across evolutionary distances. Conservation of the nephron progenitor genes in post-embryonic kidneys in S. canicula We found that the juvenile kidneys are clearly delimitated organs situated in the dorsal part of the peritoneal cavity and spanning from the first to second pairs of fins (Results 3, Figure supp. 3). The renal organization we observed in juveniles (post-hatching) was equivalent to the descriptions of adolescent (2-3 years old) and adult

Results 1 , 6 .

 16 The mTOR Signaling Roles during Homeostatic Growth and Stem Cell Maintenance in the Gut Epithelium). It could be interesting to see to what degree the molecular pathways involved in homeostatic vs. injury-induced nephrogenesis are similar.

Figure 37 :

 37 Figure 37: Initial steps of nephron formation in the small-spotted catshark (left) and little skate (right) are conserved in homeostatic (left) and regenerative (right) nephrogenesis.From Hentschel (1991, Elger et al. (2003).

Figure 38 :

 38 Figure 38: Variations in morphology of the mesenchymal aggregates in the juvenile catshark kidney: What are the functional differences associated to the morphology of mesenchymal cell aggregates (circled in white) in the nephrogenic zone, from Results 3: LUND-RICARD et al., 2021.

  The mesenchymal aggregates either showed persistence of BrdU label over time (Results 3, Figure5, C: T4) or were unmarked (Results 3, Figure5, E). The marked mesenchymal cells at the basis of nascent nephrons in T4 suggest that even though these cells cycled during the 48h pulse, they underwent no or few cell cycles in the 8-week chase (Results 3, Figure5, C: T4). Unmarked mesenchymal aggregates (Results 3, Figure5, E: T0 through T4) were found along the nephrogenic zone indicating that these cells had not cycled during the pulse. These results suggest that the mesenchymal aggregates in the nephrogenic zone are composed of:[START_REF] Shemi | Elucidating the composition and conservation of the autophagy pathway in photosynthetic eukaryotes[END_REF] proliferating cells that are epithelial or undergoing MET, (2) slow-cycling cells.These results are consistent with cell-cycle variations that can be found within stem and progenitor cells populations (See Introduction, A, II) Translational and cell-cycle signatures in adult or somatic stem/progenitor cells). Interestingly, distinct populations were discovered based on different cell-cycle speeds in nephron progenitors of the mouse metanephros[START_REF] Kopan | Chapter Eleven -Nephron Progenitor Cells: Shifting the Balance of Self-Renewal and Differentiation[END_REF]). The more quiescent population of the two correlates with higher levels of Six2 expression. It would be interesting to look at Six2 expression in comparison to BrdU signal in the nephrogenic zones. Morever, quiescent HSCs, MuSCs and HFSCs revealed that genes involved in DNA replication and cell-cycle progression were downregulated in all three quiescent stem cell types compared to their activated counterparts (van Velthoven & Rando 2019). Immunodetection of PH3 or PCNA could detect
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 23 global translation inhibition relative to structures undergoing differentiation. These assays revealed a difference in rates between mesenchymal progenitor cells and differentiating epithelial cells (Results 3, Figure6B and C). To check the specificity of OP-puro staining in nascent proteins, animals were co-injected with a global inhibitor of protein synthesis, cycloheximide (CHX) at 62,55 mM (Results 3, Figure6A). For the first time, nephron progenitor cells were shown to display low levels of translation compared to their differentiated progeny in the juvenile catshark. Notably, these data present the first global protein assay in the tissues of a Chondrichthyes model.In these OP-puro experiments, the rapamycin control treatment (an mTORC1 inhibitor) did not however completely extinguish the fluorescence (Results 3, Figure6A), proxy of the protein synthesis rates. A concentration of 36 µM of rapamycin in DMSO was injected into juveniles, based on concentrations administered in mice and corrected for body weight. An hour later, the juveniles were sacrificed. Quantification of fluorescence levels of the rapamycin condition was like the OP-puro condition. This result either indicates that translation activation during nephron formation is mTORC1-independent or the pharmacological inhibition is imperfect. Further characterization would be necessary to describe the level of mTORC1 inhibition in this experimental setup. Further experiments are planned to look into the degree of mTORC1 activation in the different compartments using antibodies against the phosphorylated forms of S6K1 and 4E-BP1 (Introduction, Figure Toolbox 1). At this stage of the manuscript, compatible antibodies are still being tried. Alignment of the mouse and the coelacanth 4E-BP1 protein sequences with genes orthologues from multiple Chondrichthyes species indicated that five classically conserved phosphorylation sites are highly conserved in elasmobranchs too (Results Figure supp 5). In addition, sequence alignment of the mouse S6K1 protein with orthologues from several cartilaginous fish species indicate that the T389 phosphorylation site (regulated by mTORC1) is conserved in Chondrichthyes (Results 3, Figure supp 6). Analysis of the phosphorylation status of S6K1 and 4E-BP1 would reveal the implication of mTOR activity in stem and differentiating compartments (in the OP-puro condition). In addition, phosphorylation status of S6K1 and 4E-BP1 in the rapamycin condition would give an idea of how the downstream targets of mTORC1 were affected by the treatment.Taken together, these results indicate that stem-like features, including nephron formation, renal progenitor markers, label-retaining cells and translational activation with differentiation, are present in the catshark nephrogenic zone (Figure39, below). This brings the question of how translational regulation controls the global balance between self-renewal and differentiation to maintain the nephrogenic zone over time.

Figure 39 :

 39 Figure 39: Recapitulation of the main characteristics of the small-spotted catshark nephron progenitor cells compared to other gnathostomes models. Original figure designed with powerpoint.

  changes that result in increased perception of Wnt signals (including R-Spondin) that lead to progenitor cell depletion. Tsc1 (harmatin) was suggested to coordinate this translatome change (Jarmas et al. 2021, See Introduction, Part C, c. The signaling pathways involved in the longevity of nephron progenitor cells in mice).
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 2 Figure 2 mTORC1 regulation of the translation initiation complex.
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 5 Figure 5 Translational activation in Embryonic Stem Cells (ESCs) differentiating into Embryoid Bodies (EBs).
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 6 Figure 6Label retaining assay for quiescent cells.
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 7 Figure 7 Overview of the presented selection of adult stem/progenitor cells in the human body.
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 8 Figure 8 Translational activation during the differentiation of Hematopoietic Stem Cells (HSCs).
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 9 Figure 9 Translational activation during Hair Follicle Stem Cell (HFSC) differentiation.
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 10 Figure 10 Translational activation during Muscle Stem Cell (MuSC or satellite cell) activation and differentiation.
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 11 Figure 11 Translational activation in Neural Stem Cells (NSCs) activation and differentiation.
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 12 Figure 12 Translation inhibition during Mouse Embryonic Fibroblast (MEF) reprogramming into induced Pluripotent Stem Cells (iPSCs).
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 13 Figure[START_REF] Johnston | Dedifferentiated Schwann Cell Precursors Secreting Paracrine Factors Are Required for Regeneration of the Mammalian Digit Tip[END_REF] TOR signaling, a conserved mediator of life span extension in multiple species.
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 14 Figure 14 Phylogenetic representation of the position of the model organisms used to illustrate embryonic kidney development.
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 16 Figure 16Embryonic origin and types of kidneys in vertebrates.
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 17 Figure 17General and simplified steps of nephron development in the mouse.
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 18 Figure 18Stages of pronephros morphogenesis in zebrafish.
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 19 Figure 19 Mesonephros development and nephron progenitor cells in the zebrafish.
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 20 Figure 20Overview of pronephros organogenesis and gene expression in Xenopus.
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 21 Figure 21 Overview of mesonephros organogenesis in Rana temporaria.
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 22 Figure 22Early kidney development and gene expression in the catshark.
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 23 Figure 23Overview of mouse kidney organogenesis and genes expressed in the metanephric mesenchyme.
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 24 Figure[START_REF] Borselli | Functional muscle regeneration with combined delivery of angiogenesis and myogenesis factors[END_REF] Wnt signaling pathway and molecular cross with the TOR pathway.

Figure 25

 25 Figure[START_REF] Matsumoto | mTORC1 and muscle regeneration are regulated by the LINC00961-encoded SPAR polypeptide[END_REF] Main genes and molecular pathways that have been involved in the maintenance/differentiation balance in the cap mesenchyme of mice.

Figure

  Figure Single-Cell RNA-Seq analysis of mouse renal progenitors from E12.5 dpc (embryonic day 12.5 post coitum) to P0 (birth).
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  Figure Metabolic model for NPC differentiation.
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  Figure Phylogenetic representation of vertebrates showing post-embryonic nephron formation. Figure Compilation of histological evidence of nephron progenitor cells in vertebrate models.

Figure

  Figure Schematic representation of neonephrogenesis and renal progenitor markers in the adult teleost.

Figure

  Figure Nephron progenitor cells organized in niches in the adult American alligator kidney.

FigureFigure

  Figure Nephrogenic zones express kidney progenitor marker Six2.Figure Schematics of the catshark kidney: general organization, zonation and nephrogenic niche.

Figure

  Figure Histology of the mesenchymal aggregates, putative nephron progenitor cells in elasmobranch kidneys.

Figure

  Figure Documented features of nephron progenitor cells in gnathostome organisms.

Figure

  Figure Principle of RNAscope and signal example.

Figure

  Figure Initial steps of nephron formation in the small-spotted catshark (left) and little skate (right) are conserved in homeostatic (left) and regenerative (right) nephrogenesis.

Figure

  Figure Variations in morphology of the mesenchymal aggregates in the juvenile catshark kidney.

Figure

  Figure Recapitulation of the main characteristics of the small-spotted catshark nephron progenitor cells compared to other gnathostomes models.
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Table 2 .

 2 Summary of the implication of the mTOR pathway in different regenerative processes.

  Dulvy et al. 2014; White and Last 2012). The threats faced by Chondrichthyes can be grouped into the effects of various fishing activities and of habitat loss(Dulvy et al. 2014;[START_REF] Jennings | Effects of large-scale anthropogenic development on juvenile lemon shark ( Negaprion breviros tris) populations of Bimini, Bahamas[END_REF]) and environmental degra dation such as pollution[START_REF] Lyons | Legacy polychlorinated biphenyl contamination impairs male embryonic develop ment in an elasmobranch with matrotrophic histotrophy, the round stingray (Urobatis halleri)[END_REF].

	Emerging Marine Model Organisms
	Conservation of Nature (IUCN) Red List (McClenachan
	et al. 2012; Alarmingly, sharks are subject to a global slaughter; shark
	products such as dried fins have high commercial value and
	a high exposure to international trade (Gross 2019). Human
	exploitation of Chondrichthyes is aggravated by certain life
	history traits, like low fecundity, the production of small
	numbers of highly precocious young, slow growth rates
	and late sexual maturity (Collin 2012). In 2020, a study
	showed that fishing exploitation in the Mediterranean might
	exert an evolutionary pressure toward early maturation in
	the catshark, Scyliorhinus canicula (Ramírez-Amaro et al.
	2020). Additionally, sharks are considered at a relatively
	high risk for climate change (Cavanagh et al. 2005; Rosa et
	al. 2014). Indeed, climate change is already affecting ocean
	temperatures, pH and oxygen levels. How ocean warming,
	acidification, deoxygenation and fishery exploitation may
	interact to impact Chondrichthyes populations is yet to be
	determined (Sims 2019; Rosa et al. 2017; Wheeler et al.

2020). The use of Chondrichthyes models in experimental biology must pay heed to conservation status.
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Results 3:

Post-embryonic nephron mesenchymal progenitors from an elasmobranch express conserved transcription factors and display less protein synthesis rate than their differentiated epithelial counterpart in the nascent nephron
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Conceived the project and designed the experiments: AB; Performed the experiments: AB, YLR, JC, VG, AH; SV Analysed the data: AB, YLR, JC, AH, EW, JM; Wrote the papier: AB, YLR, JM Also, young and old mammalian nephron progenitor cells display selective translation of genes governing metabolic profiles (Part B, c. The signaling pathways involved in the longevity of nephron progenitor cells in mice). Younger progenitor cells display high glycolytic flux relative to older progenitors [START_REF] Liu | Regulation of Nephron Progenitor Cell Self-Renewal by Intermediary Metabolism[END_REF]. The authors propose a model in which nephron progenitor cells progressively decrease glycolysis metabolism and become sensitized to the Wnt/β-catenin pathways, skewing the balance in favor of differentiation [START_REF] Liu | Regulation of Nephron Progenitor Cell Self-Renewal by Intermediary Metabolism[END_REF].

Considering this, metabolic regulations like glycolytic activity could be part of the global signals that maintain the nephron progenitor populations away from Wnt-associated differentiation. Accordingly, metabolic profiles in nephron progenitor cells in the catshark could help understand metabolic regulations in the maintenance of the nephrogenic zone. Glycolysis and autophagy could be part of the progenitor-associated signatures (reviewed in

Cheung & Rando 2013).

Intriguingly, Chen et al. (2015) demonstrated that "old" nephron progenitors remained in a "young" niche with a 50% net gain of their lifespan but only when they were surrounded by young neighbors. Indeed, contact with a young niche has been shown to influence the behavior of cells with "old" signatures. This suggests that the internal molecular "clock" is affected by paracrine (microenvironment signaling) or juxtracrine (cell-cell contacts) signals.

The authors demonstrated that the presence of younger cells influence how the older cells respond to the niche Several elements that control nephron progenitor longevity have emerged. In general, mTOR and genes linked to translation, the translation of Wnt agonists over antagonists as well as translational regulation of genes involved in metabolism, are postulated to be cell-intrinsic mechanisms that govern nephron progenitor longevity. In this PhD, we have demonstrated that the juvenile catshark nephron progenitors show a general translation inhibition relative to their differentiating counterparts. The role of the mTOR pathway is currently being investigated. To explain nephrogenesis maintenance in catsharks, progenitor cells are expected to display select translation of mRNAs in a low translation landscape. Microenvironment-cues could also be expected to regulate these translational mechanisms. The links between the translational regulation of specific mRNAs (mTOR, harmatin, Wnt, R-spondin, BMP/FGF, cell-cycle proteins) and progenitor cell longevity remains to be described in the catshark.

Abstract

Insights From The Small-Spotted Catshark: Kidney Development And The Persistence Of

Renal Progenitor Cells In A Chondrichthyes Model

While adult mammals do not have the possibility to grow new nephrons, the functional unit of kidney, kidneys from Elasmobranchii (sharks, skates and rays) display nephrogenesis throughout life. This is one of the fascinating examples showing how marine organisms (here, sharks) can help us explore regeneration mechanisms that have been lost in mammals over the course of evolution. Firstly, the activity of the mTOR pathway in stem and progenitor cells and how it modulates developmental and regeneration processes are described in various metazoan models. Then, we described the current research trends in Chondrichthyes experimental biology including embryology, evo-devo topics and contributions to the biomedical field.

In this work, we investigated the molecular properties of the nephron progenitor cells (NPCs) within the kidney of the catshark (S. canicula). We found that NPCs expressed molecular markers already identified in the embryonic mouse and teleost NPCs such as the transcription factors Six2, Pax2 and Wt1. Transcript detections were made using the branched DNA (bDNA) in situ hybridization technology (e.g. RNAscope).

At post-embryonic stages (juvenile catsharks), these NPCs are integrated in a specific nephrogenic area located in the ventro-medial part of the kidney and contain slow-cycling cells, identified after BrdU injection and immunodetection on paraffin sections. To question the mechanism allowing the maintenance of NPCs in the postembryonic kidney of catshark, we measured the rate of global protein synthesis using in vivo OP-puromycin (OPpuro) incorporation. OP-puro allows the detection of nascent proteins in all tissues after its intraperitoneal injection. In the kidneys of juvenile catsharks, we evidenced that NPCs have lower protein synthesis levels than the differentiating cells present in the forming nephrons. Such transition from low to high translation rates has been previously observed in several populations of vertebrate stem cells as they undergo their differentiation program.

We are currently investigating the activity of the mTOR pathway, an important signaling pathway involved in translation modulation, in catshark NPCs and in their progeny.

This first molecular analysis of NPCs in an elasmobranch species might contribute to the development of strategies focused on the reactivation of nephrogenesis in the adult mammalian kidney.

Key words: kidney development, nephron progenitor cells, neonephrogenesis, Chondrichthyes, translation.