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Title : Identification of telomerase molecular targets in the adult kidney

Telomerase exhibits non-canonical functions that play key roles in both progenitor and cancer cells. In the adult organism, the adult mammalian kidney shows a high sensitivity to telomerase non-canonical functions. Thus, conditional overexpression of the protein component of telomerase TERT in adult mice triggers the reprogramming of kidney epithelial cells into dedifferentiated and proliferating cells, ultimately leading to renal failure. However, the molecular mechanisms underlying this ability of TERT to reprogram the kidney epithelium in vivo remain unknown. In this study, we performed highthroughput sequencing on TERT-activated kidney epithelial cells that have been FACS sorted along their cellular reprogramming. This approach allowed us to identify potential master regulators and effectors of TERT-induced reprogramming. In addition, pathway analysis unexpectedly showed that one of the first signaling pathways targeted by TERT during reprogramming involves remodeling and interaction with the extracellular matrix (ECM). In situ analysis further showed remodeling of ECM in the kidney upon TERT induction in adult mice. Using and in vitro culture system of primary kidney epithelial cells, we found that TERT promotes cell adhesion during the initial step of reprogramming.

Assessment of telomerase functions in aged mice further revealed that aging restrains the ability of TERT to reprogram kidney epithelial cells. High-throughput sequencing approaches carried out on aged animals highlighted the molecular mechanisms involved in the impairment of TERT functions upon aging of kidney epithelium. Finally, in vitro Hydrogel-based culture systems revealed that ageassociated stiffness of the microenvironment is not involved in the repression of TERT functions on kidney epithelial cells.

Our findings demonstrate that the ECM plays a crucial role in implementation of telomerase noncanonical functions in vivo, and open new perspectives for the modulation of these functions in kidney diseases associated with the upregulation of telomerase.

RESUME (FR) Titre : Identification des cibles moléculaires de la télomérase dans le rein adulte

La télomérase présente des fonctions non canoniques qui jouent un rôle clé dans les cellules progénitrices et cancéreuses. Dans l'organisme adulte, le rein de mammifère montre une grande sensibilité aux fonctions non canoniques de la télomérase. Ainsi, la surexpression conditionnelle du composant protéique de la télomérase TERT chez la souris adulte déclenche la reprogrammation des cellules épithéliales rénales en cellules dédifférenciées et prolifératives, conduisant à terme à une insuffisance rénale. Cependant, les mécanismes moléculaires qui permettent à TERT de reprogrammer l'épithélium rénal in vivo restent inconnus. Dans cette étude, nous avons effectué un séquençage à haut débit sur des cellules épithéliales rénales activées par TERT qui ont été triées par FACS au cours de leur reprogrammation cellulaire. Cette approche nous a permis d'identifier les régulateurs maîtres potentiels et les effecteurs de la reprogrammation induite par TERT. De plus, l'analyse des voies moléculaires a montré de manière inattendue que l'une des premières voies de signalisation ciblées par TERT lors de la reprogrammation implique le remodelage et l'interaction avec la matrice extracellulaire (ECM). L'analyse in situ a permi d'observer un remodelage de l'ECM dans le rein lors de l'induction de TERT chez des souris adultes. À l'aide d'un système de culture in vitro de cellules épithéliales rénales primaires, nous avons découvert que le TERT favorise l'adhésion cellulaire au cours de l'étape initiale de reprogrammation. L'évaluation des fonctions de la télomérase chez les souris âgées a en outre révélé que le vieillissement limite la capacité du TERT à reprogrammer les cellules épithéliales rénales. Des approches de séquençage à haut débit réalisées sur des animaux âgés ont mis en évidence les mécanismes moléculaires impliqués dans l'altération des fonctions TERT lors du vieillissement de l'épithélium rénal. Enfin, des systèmes de culture in vitro à base d'hydrogel ont révélé que la rigidité du microenvironnement associée à l'âge n'est pas impliquée dans la répression des fonctions TERT sur les cellules épithéliales rénales.

Nos résultats démontrent que l'ECM joue un rôle crucial dans la mise en oeuvre des fonctions non canoniques de la télomérase in vivo et ouvrent de nouvelles perspectives pour la modulation de ces fonctions dans les maladies rénales associées à la régulation et à la hausse de la télomérase. The kidneys serve also essential endocrine functions that will not be further described in this manuscript, including:

-Synthesis of erythropoietin (EPO) that stimulates red blood cell production.

-Synthesis of renin by the juxtaglomerular apparatus that regulates sodium reabsorption and blood pressure through the renin-angiotensin-aldosterone system (RAAS).

-Hydroxylation and activation of vitamin D that regulates the phosphocalcic balance and bone metabolism.

Each adult human kidney contains around one million of the functional unit called nephron, while a mouse kidney contains about 12,500 nephrons. Each nephron is composed of an initial spherical portion called the glomerulus, ensuring the filtration of plasma into primitive urine (FIGURE 1B). The glomerulus is followed by tubules that support reabsorption of a large part of the filtered water and solutes while regulating the water-electrolyte and acid-base balance of the body (FIGURE 1B).

The glomerulus

Blood filtration occurs within the glomerulus which displays a vascular pole, where the afferent glomerular arteriole arrives, and from where the efferent glomerular arteriole leaves. The afferent arteriole branches into a network of small capillaries forming the glomerular tuft. This glomerular tuft is maintained in the urinary space thanks to the vascular pole and is surrounded by the epithelial layer forming Bowman's capsule. The glomerulus includes four cell types (FIGURE 2):

-The fenestrated endothelial cells lining the capillaries.

-The visceral epithelial cells surrounding the capillaries called podocytes. Those podocytes exhibit numerous cytoplasmic extensions called "foot process" which are interconnected by specialized junctions called slit diaphragms.

-The parietal epithelial cells (PECs) delimiting Bowman's capsule.

-The mesangial fibroblast cells, which provide structural support to the glomerular tuft by producing and maintaining an extracellular matrix, and which contribute to the regulation of the glomerular capillary flow via their contractile properties.

The blood arriving by the renal artery then the afferent arteriole is filtered in the glomerulus through a specialized barrier called the glomerular basement membrane (GBM), composed of three successive layers (FIGURE 3). The GBM displays a thickness of 300 nm, and it is made of extracellular matrix components including Blood filtration through this barrier occurs thanks to a pressure and concentration gradient between the arterial system and the urinary chamber. This barrier allows to selectively filter plasmatic molecules based on their electrical charge and size. Thus, this complex barrier is highly permeable to small molecules such as water, electrolytes, amino acids, and glucose. While these compounds are freely filtered from the blood into Bowman's space, this barrier prevents the passage of proteins of the size of albumin (66 kDa) and larger. Damage to any of the three layers of the glomerular filtration barrier will affect the filtration selectivity, and lead to a glomerulopathy characterized by abnormal urinary leakage of high molecular weight proteins (proteinuria) such as albumin (albuminuria), or even red blood cells (hematuria), and often chronic renal disease when the lesions progress to sclerosis (glomerulosclerosis).

Podocytes

Podocytes, also called visceral epithelial cells as opposed to parietal epithelial cells (PECs) lining Bowman's capsule, form a monolayer of polarized and highly differentiated epithelial cells covering the outer layer of the glomerular filtration barrier, and anchored to the GBM through integrins. Podocytes are characterized by their foot processes, a network of interdigitating cellular extensions (primary, secondary, and tertiary), which interact at specialized cell-to-cell junctions called slit diaphragms (FIGURE 4). 
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Slit diaphragms contains proteins that are typically found in tight junctions and adherents' junctions; it connects with the actin cytoskeleton to initiate signaling pathways that regulate podocyte function, mechanosensation, calcium flux, endocytosis, cell polarity, and cell survival. This complex cytoskeletal architecture, and the inability to reproduce it in cell culture, limited in vitro studies on podocytes.

The podocyte slit diaphragm is the final barrier in the glomerular filtration barrier to filtration of macromolecules. Distortion of foot processes architecture resulting in foot process effacement or flattening is observed in most kidney disorders characterized by proteinuria. Such effacement is thought to result from disruption of the actin cytoskeleton of foot processes, which is a complex contractile apparatus that allows podocytes to be dynamic and to rapidly reorganize in response to changes in filtration requirements. Thus, podocytes are injured in many forms of chronic kidney disease, and inadequate renewal of podocytes in these disease contexts leads to the development of end-stage renal failure. The number of podocytes indeed seems to be critical for kidney health as in animal models the loss of >20% of podocytes result in irreversible glomerular damage that progress to end-stage renal disease (Lal, M. A., & Patrakka, J. (2018). Podocytes foot processes interact with the GBM components and in particular with collagen IV and laminin, integrins, Talin1, syndecans, and dystroglycan, the most important being the integrin heterodimer α3β1 (Garg, Am J Nephrol, 2018). The foot processes adhesion proteins are connected to the actin cytoskeleton, playing roles in its relaxation and contraction, which regulate the width of the slit diaphragm and determine the size and rate of filtered molecules.

To allow the cell to remain adhered to the GBM while maintaining its barrier function, it is believed that there is dynamic signaling between the silt diaphragm and the focal adhesions.

Indeed, mutations of constituents of the silt diaphragm or GBM contribute to diseases.

Mutation in nephrin gene (Kestilä et al,1998;Lenkkeri et al, 1999) Collagen is composed of 3 chains, wound together in a tight triple helix (FIGURE 5). In vertebrates, 46 distinct collagen chains assemble to form 28 possible collagen types, the most common being collagen type I through IV. Although the three chains in the triple helix of each collagen type can be identical, heterotrimeric triple helices are more prevalent than homotrimeric triple helices.

THE EXTRACELLULAR MATRIX (ECM)

Collagen synthesis occurs mainly in fibroblasts, which are the most common cells of connective tissue in animals. Collagen biosynthesis is a complex process involving transcription, translation, co-translational modification and folding, secretion, and finally, extracellular processing and maturation. (Mecham RO, 2012); (Hulmes 2002).

Upon normal ECM turnover in tissue homeostasis collagen is degraded and newly synthesized, and the rate of collagen renewal differs drastically between tissue types.

Figure 5: Collagen formation and assembly

A : Tropocollagen fiber formation through the association of three polypeptide strands twisted together, and cleaved (From "Collagen by : Maryam behmaneshn published by carmella Goodman.) B : Classification of collagens based on supramolecular assembly(From Comprehensive biomaterials II, 2017)

A B 1.2.1.2. Fibronectin
Fibronectin is a large dimeric glycoprotein involved in the attachment of cells to the surrounding ECM through its binding to collagen and to the cell surface (FIGURE 6). 

Interaction of cells with the ECM

ECM macromolecules together with a multitude of different molecules residing in the ECM space play a critical role in the regulation of cellular phenotype and behavior. This is achieved via constant reciprocal interactions between the ECM and the cells.

The ECM-cell interactions are mediated via cell surface receptors. In addition, cells constantly reshape and remodel the structure of the ECM in order to modulate their movement, proliferation and differentiation.

The ECM-cell interactions are mediated by integrins and other cell surface receptors and co-receptors. In vertebrates, integrins are heterodimeric receptors composed of α and β subunits forming a noncovalently bound heterodimers. Their family is composed of 18 α and 8 β subunits that can assemble into 24 different known combinations. Both α and β subunits are transmembrane proteins with large modular extracellular domains that interact with ECM components or receptors of adjacent cells, single transmembrane helices, and short cytoplasmic regions that coordinate the assembly of cytoskeletal proteins and signaling complexes (FIGURE 8). These interactions allow cells to sense the chemical and mechanical properties of the environment and to adapt properly to them by activating signaling pathways that regulate cell fate. Renal fibrosis is the result of a failed wound healing process that occurs after an initial insult. The pathophysiology of renal fibrosis can be divided into four phases: 1) cellular activation and injury phase or priming; 2) fibrogenic signaling phase or activation; 3) fibrogenic phase or execution; and 4) destructive phase or progression. Among the effectors causing a pathological matrix accumulation, plasminogen activator inhibitor- Moreover, main collagen-binding integrins as α1β1 and α2β1 are the two major collagen receptors expressed by mesangial cells, endothelial cells and podocytes.

α1β1 binds Coll IV and α2β1 binds Coll I (Heino J. T 2000). Their expression is increased during kidney injuries but are not sufficient to cause them [START_REF] Kuhara | Expression of beta 1-integrins on activated mesangial cells in human glomerulonephritis[END_REF].

Integrin α1β1 has been identified to have an anti-fibrotic role as a negative regulator of collagen IV synthesis and it does this by downregulating the activation of the profibrotic EGF receptor [START_REF] Chen | Integrin alpha1beta1 controls reactive oxygen species synthesis by negatively regulating epidermal growth factor receptor-mediated Rac activation[END_REF]). Contrary to α1β1, α2β1 seems to have a pro-fibrotic role in collagen I and ROS synthesis, thus contributing to glomerular injury (Ivaska J, et al 1999)

Finally, integrins αvβ6 and αvβ8 regulate glomerular matrix homeostasis by mediating the activation state of TGF-β. TGF-β is a pro-fibrotic cytokine that influences glomerular cells survival, proliferation, and matrix production, thus leading to mesangial expansion and, ultimately, glomerulosclerosis. TGF-β is secreted by podocytes and mesangial cells and its expression is upregulated in various glomerular diseases [START_REF] Lee | Pathogenic role of TGF-β in the progression of podocyte diseases[END_REF].

Usually sequestered in the extracellular matrix in the inactive form and is tightly bound Muller named this protective structure « telomeres» from the Greek word telo meaning "end" and mere meaning "part", thus giving an identity to the native ends of chromosomes.

Twenty years later, Leonard Hayflick and Paul Moorhead described that primary human cell had a limited replication potential of 50 to 60 doublings, a limit that they designated as the Hayflick limit or replicative senescence [START_REF] Hayflick | The serial cultivation of human diploid cell strains[END_REF]). In the seventies, Alexey Olovnikov and James Watson pointed out independently the "end replication problem" by describing that the DNA replication machinery was not able to synthetize all the way out to the very end of DNA ends, because of removal of the terminal RNA primer. The result was a loss of chromosomal DNA from the termini of the lagging strand at each cell division (Olovnikov, 1971;[START_REF] Watson | Origin of Concatemeric T7DNA[END_REF]. Olovnikov further hypothesized that the end replication problem leading to chromosome shortening was the cause of the replicative senescence described earlier by Hayflick [START_REF] Olovnikov | A theory of marginotomy. The incomplete copying of template margin in enzymic synthesis of polynucleotides and biological significance of the phenomenon[END_REF]).

However, it was known that some cells were immortal, for example, HeLA cells were cultivated since 1951 and were able to divide indefinitely. Several models speculated that chromosome ends contained inverted repeats, which would bypass the end replication problem (Cavalier- [START_REF] Cavalier-Smith | Palindromic base sequences and replication of eukaryote chromosome ends[END_REF][START_REF] Bateman | Letter: Simplification of palindromic telomere theory[END_REF][START_REF] Holmquist | Telomere replication, kinetochore organizers, and satellite DNA evolution[END_REF]). The unusual nature of telomeres was discovered later when Elizabeth They found that telomere sequences contained 20-70 tandem copies of a hexanucleotide composed of the sequence 5'-CCCAA-3' on one strand and 5'-TTGGGG-3' on the complementary strand [START_REF] Blackburn | A tandemly repeated sequence at the termini of the extrachromosomal ribosomal RNA genes in Tetrahymena[END_REF]. In 1982, Elizabeth Blackburn, as an independent investigator, collaborated with Jack Szostak to demonstrate that telomeric DNA could be transferred from one organism (Tetrahymena) to another (Saccharomyces cerevisiae) meaning that the structural and protective properties of telomeres were evolutionarily conserved [START_REF] Szostak | Cloning yeast telomeres on linear plasmid vectors[END_REF]. Finally, in 1985, Elizabeth Blackburn with her graduate student Carol

Greider identified an enzymatic activity capable of adding telomeric sequences to balance the natural loss of repeats from chromosome ends [START_REF] Greider | Identification of a specific telomere terminal transferase activity in Tetrahymena extracts[END_REF]. Two years later, they found that this activity was attributable to a ribonucleoprotein complex that they named telomerase for "telomere terminal transferase" [START_REF] Greider | The telomere terminal transferase of Tetrahymena is a ribonucleoprotein enzyme with two kinds of primer specificity[END_REF]. They found that the RNA subunit of telomerase comprises a sequence which is complementary to the sequence of the telomeric repeat, indicating that the RNA component of telomerase was used as a template for repeats addition [START_REF] Greider | A telomeric sequence in the RNA of Tetrahymena telomerase required for telomere repeat synthesis[END_REF]. Mutation of telomerase in yeast demonstrated that telomerase was responsible for telomere length maintenance (Lundbland and Szostak, 1989). In 1990, Carol Greider and Elizabeth

Blackburn respectively showed that telomere shortening is correlated with replicative lifespan in human primary fibroblast, establishing that short telomeres trigger the Nevertheless, several accessory proteins including shelterins and others such as TCAB1 (telomerase Cajal body protein 1) have been identified to play a role in biogenesis, assembly, and trafficking of the whole complex and the localization on telomeres by direct association to the holoenzyme (Roake and Artandi, 2020). Biologically active human telomerase includes two Dyskerin complexes that interact with the H/ACA motif of TERC. In these complexes, NOP10 (nucleolar protein 10), NHP2 (non-histone protein 2), and GAR1 (glycine/arginine-rich domain containing protein 1) associate to Dyskerin. The Dyskerin-NOP10-NHP2-GAR1 protein complexes binds to TERC co-transcriptionally, a process that is crucial for TERC In the nucleus, processing of telomerase components and assembly of the complex occur at multiple sites, and defects in these processes result in telomerase mislocalization and blockade in telomere elongation process. Thus, to stabilize the nascent hTERC transcript, the ATPases reptin and pontin need to associate with dyskerin, a process crucial to promote H/ACA RNP assembly into a stable complex (Venteicher, Cell, 2008). Then, the telomerase complex needs to transit through Cajal 

Telomerase non-canonical activity

In addition to its telomere-lengthening function there is growing evidence that telomerase has other independent functions that are referred to as non-canonical. 

Proliferation

The ability of TERT to promote proliferation in a telomere-independent manner was described upon ectopic expression of hTERT in primary human mammary epithelial cells (HMECs). In this context, HMECs showed the ability to proliferate in mitogendeficient conditions through the induction of several growth-promoting genes, including the epidermal growth factor receptor (EGFR), and the repression of growth-inhibitor gene TGFβ [START_REF] Smith | Telomerase modulates expression of growth-controlling genes and enhances cell proliferation[END_REF]. In addition, the study of human and chicken TERT splice variants has identified variants lacking TERT catalytic domain that stimulate cell proliferation in several cell types (Hrdlickova et al., 2012).

Cell survival

The observation that TERT suppression in cancer cells induced growth suppression and apoptosis prior to measurable telomere shortening supported the idea that TERT 

Impact of non-canonical functions of telomerase on tissue homeostasis

A study describing the impact of TERT non-canonical functions in skin progenitor cells represented a step forward in understanding these functions [START_REF] Sarin | Conditional telomerase induction causes proliferation of hair follicle stem cells[END_REF]. In this study, the authors used a conditional tetracycline regulated transgenic system to induce TERT overexpression in adult mice. This system is composed of two independent transgenes. Actin-rtTA+ consists of the β-actin promoter/CMV enhancer elements (pCAGS) directing expression of the chimeric transcription factor, rtTA, which in the presence of doxycycline binds and activates the second transgene. Tetop-TERT+ contains a promoter with multimerized binding sites for rtTA controlling expression of the mouse TERT cDNA. These double transgenic mice are referred to as inducible TERT, or i-TERT mice. Using this model, the authors showed that induction of mouse TERT in adult mice promotes hair growth by activating the quiescent stem cells located in the bulge of the hair follicle. Such activation of hair follicle stem cells did not require the RNA subunit TERC of telomerase, and a following study showed that conditional induction of a mutant version of mouse TERT that is not able to elongate telomeres (TERT ci for catalytically inactive) also lead to the same phenotype (Choi et al., 2008). An independent study showed that the ability of mouse TERT to stimulate hair follicle stem cells was also observed upon its constitutive overexpression in the K5 layer (Flores et al., 2005). While those studies strongly suggest that TERT carries non-canonical functions that have potent effects on stem/progenitor cells in vivo, strong opposition to this concept remains active in the telomerase field. These opponents primarily argue that ectopic expression of telomerase most likely does not reflect telomerase functions in physiological conditions. Nevertheless, TERT overexpression occurs in pathological conditions in humans, and those mouse models therefore may prove relevant to study the pathogenesis of those diseases. However, the best approach to decipher extracurricular functions of TERT in steady state conditions requires development of genetic models allowing acute deletion of TERT. Such approach performed in zebrafish revealed that acute deletion of TERT results in low blood cell counts through impairment of hematopoietic cell differentiation, despite telomere length being unaffected (Imamura et al., 2008). Similar approach is still missing in the mouse and needs to be explored in order to convince the more reluctant regarding the in vivo relevance of telomerase non-canonical functions.

Non-canonical functions of telomerase in signaling pathways

Several studies suggested that TERT elicits its non-canonical functions through its ability to modulate signaling pathways that are critical for proliferation and differentiation. Thus, some studies performed in vitro suggested that TERT modulates transcription of genes involved in cell growth (Smith et , 2009). In this study, the authors showed that TERT acts as a cofactor in the β-catenin transcriptional complex through its interaction with Brg1, a chromatin remodeling factor. Thus, TERT overexpression resulted in the activation of Wnt-reporters both in vitro and in vivo, and chromatin immunoprecipitation assays revealed TERT occupancy at promoters of Wnt target genes in the mouse intestine. 

TERT and NF-kB

In addition to Wnt/β-catenin signaling, TERT was shown to be involved in the regulation of NF-κB signaling. Thus, a study showed that NF-κB inhibition restrained the ability of telomerase to stimulate cell proliferation, and found that TERT binds to the NF-κB p65 subunit and localizes to promoters of NF-κB target genes [START_REF] Ghosh | Telomerase directly regulates NF-κB-dependent transcription[END_REF]. Then, a subsequent study showed that both TERT and its catalytic mutant TERT K626A, which lacks reverse transcriptase activity, could activate NF-κB-mediated transcription and regulate the expression of several NF-κB target genes to similar extents [START_REF] Ding | Human telomerase reverse transcriptase regulates MMP expression independently of telomerase activity via NF-κB-dependent transcription[END_REF].

TERT and MYC

Myc has been mostly described as a direct activator of TERT transcription by binding to E-boxes within the TERT promoter region. Nonetheless, TERT was also shown to regulate MYC in a telomere elongation-independent manner (Koh et al., 2015). Indeed, first-generation TERT-null mice exhibit a delayed onset of MYC-induced lymphomagenesis, and TERT was found to stabilize MYC protein levels, contributing to either activation or repression of its target genes. Such functions of TERT appear to be mediated by the modulation of MYC ubiquitination and proteasomal degradation, and this effect of TERT appears to be independent of its reverse transcriptase activity and of its role in telomere elongation. This connection between TERT and MYC highlight an additional feed-forward mechanism that may promote cancer progression.

Involvement of TERT in regulating RNA interference

An elegant study has enriched the knowledge regarding the telomere-independent biochemical properties of TERT. Thus, TERT was shown to interact with the mitochondrial RNA -processing endoribonuclease (RMRP) (Maida et al, 2009). TERT-RMRP complex exhibited an RNA-dependent RNA polymerase activity and led to production of double-stranded RMRP RNA molecules, subsequently processed into siRNAs by RNA-induced silencing complex (RISC). These results highlight a role for TERT in controlling gene expression through RNA interference. The first evidence that telomerase modulates regeneration has been unveiled in the mouse kidney epithelium (Shkreli et al., 2012). In this study, the authors used the i-TERT ci mouse model that previously revealed the potent effect of TERT non-canonical functions on hair follicle stem cells (Figure 11 
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RESULTS

Telomerase non-canonical functions target the extracellular matrix in the adult mouse kidney

Nicolas Soubeiran 1,# , Margo Montandon The etiology of CG mainly involves genetic factors, viruses, and drug-associated podocyte damage. However, the molecular mechanisms that contribute to mitogenic stimulation of podocytes in CG remain unknown. In the present study, we sought to exploit our TERT ci -induced model of CG to characterize the molecular mechanisms that underlie podocyte dysregulation observed in this pathological context. Toward that goal, we used a high-throughput sequencing approach on FACS-sorted podocytes during their TERT ci -induced cellular reprogramming. We demonstrated that TERT ci primarily targets remodeling and interaction with the extracellular matrix (ECM) during the early stages of podocyte dysregulation. To assess the functional impact of such deregulation of signaling pathways involving the ECM on cell behavior, we carried out an in vitro analysis of primary podocytes, and demonstrated that TERT ci promotes podocyte adhesion. In addition, we document that aging impairs the ability of TERT ci to trigger podocyte reprogramming, but that age-associated stiffening of the podocyte microenvironment is not implicated in this repression of TERT non-canonical functions.

Thus, bulk RNA sequencing profiling further shed light on key molecular signals showing specific activation in aged podocytes upon TERT ci stimulation, including TGF- signaling. Altogether, our results reveal that modulation of the interaction characteristics between podocytes and the ECM plays a crucial role in the pathogenesis of CG.

RESULTS

TERT modulates genes involved in ECM remodeling during initiation of podocyte deregulation

To analyze the transcriptome of podocyte during their TERT ci -induced reprogramming, we used double transgenic mice which allow conditional overexpression of TERT ci in adult animals (i-TERT ci mice). TERT ci overexpression is observed in the kidney of these mice as early as 5 days of doxycycline administration (Supplementary Figure 1A). Podocyte reprogramming in i-TERT ci mice is characterized by the loss of their differentiation markers after 7 days of TERT ci overexpression followed by cell-cycle reentry after 15 days of doxycycline treatment (Supplementary Figure 1B). Based on these observations, we defined an 'early reprogramming' stage, i.e. before 7 days of treatment, in which no phenotypic changes are observed in podocytes, but in which TERT is overexpressed and thus might have initiated the reprogramming process at the molecular level, and a 'late reprogramming' stage, i.e. after 7 days of treatment, in which phenotypic changes associated to dedifferentiation are observed in vivo.

The i-TERT ci mice were crossed with WT1 CreERt2 ;R26 mTmG mice which allow specific EGFP-podocyte labeling following tamoxifen injection. EGFP permanent labeling of mature podocyte was induced in compound WT1 CreERt2 ;R26 mTmG ;i-TERT ci mice prior TERT ci induction (TERT ci ON) (Figure 1A). To identify TERT key target genes, we isolated and FACS-sorted EGFP-tagged podocytes in WT1-Cre ERT2 ;R26 mTmG ;i-TERT ci and WT1-Cre ERT2 ;R26 mTmG control mice after 5 and 10 days of doxycycline treatment, using an enrichment method that consists in intracardiac perfusion of magnetic beads (M Takemoto et al ;2002) (Supplementary Figure 2). RNA extracted from FACS sorted podocytes were subsequently analyzed by high throughput sequencing (RNA-seq) (Figure 1A). We then mapped genes whose expression is deregulated upon TERT-driven reprogramming, revealing a set of specifically up-and down-regulated genes at both 5 and 10 days of TERT ci overexpression (Figure 1B). Our kinetic approach allowed us to discriminate potential master regulators of the reprogramming process vs. effectors of this process. Indeed, while more than 1500 genes are deregulated at a late time point of reprogramming, only 55 genes are targeted at an early time point of reprogramming (Figure 1B). Further Gene Set Enrichment Analysis (GSEA) performed on deregulated genes (DEG) identified in podocytes sorted after 10 days of treatment showed that TERT ci primarily targets the epithelial-to-mesenchymal transition as previously reported (Montandon M, Hamidouche T, et al 2022) (Figure 1C). In addition, assessment of signaling pathways associated with these DEGs using Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis revealed modulation of autophagy, inflammation, and extracellular matrix (ECM) remodeling (Figure 1D).

Analysis of Gene Ontology (GO) term further highlighted targeting of components involved in ECM organization (Figure 1 E). Altogether, these results highlight the core pathways involved in TERT ci -mediated deregulation of podocytes, and demonstrate that ECM modulation precedes cell-cycle re-entry.

TERT ci overexpression promotes ECM remodeling in kidney glomeruli

To determine whether early deregulation of genes involved in ECM organization in podocytes leads to effective ECM remodeling in the kidney, we overexpressed TERT ci for 20 days in i-TERT ci mice and performed high-throughput sequencing (bulk RNAseq) and histological analysis on the kidneys of these mice (Figure 2A). Comparison of transcriptomes from i-TERT ci vs. control actin-rtTA+ mice identified 1861 differentially expressed genes (DEG). GSEA analysis revealed enrichment of gene signatures including that of epithelial-to-mesenchymal transition (Figure 2B). GO terms analysis showed the involvement of these DEGs in the ECM organization (Figure 2 C).

Further examination of the status of metalloproteinases (MMPs) revealed that upregulation of MMPs observed at an early time point in podocytes is also observed in whole kidneys after 20 days of TERT ci overexpression (Figure 2D). We next examined deposition of the ECM components fibronectin, collagen I and collagen IV in kidney glomeruli of mice treated with doxycycline for 10 and 20 days (Figure 2A). Such analysis showed that while only collagen I is increased after 10 days of TERT ci overexpression, deposition of the 3 components is significantly increased at 20 days of treatment (Figure 2E,2F). Collectively, these results show that TERT non-canonical functions promote ECM remodeling, and that podocytes deregulation participates in this modulation of the glomerular microenvironment.

TERT ci promotes podocyte adhesion to the ECM

Our results show that TERT ci ovexpression deregulates genes involved in ECM organization in podocytes leading to ECM remodeling in kidney glomeruli. Hence, we sought to determine whether ECM interaction features were modulated in podocytes.

Examination of integrinsthe transmembrane proteins mediating interaction of cells with the ECMin the transcriptome of TERT ci -activated podocytes revealed their deregulation in this context (Figure 3A). Assessment of RNA expression level in glomeruli extracted from i-TERT ci mice using size-selective sieving (Supplementary Figure 3) showed sustained upregulation of major integrins after 20 days of doxycycline treatment (Figure 3B). These results suggest that non-canonical functions of TERT modulate the specificities of interaction between podocytes and the ECM.

To determine whether deregulation of integrins in podocytes induced by TERT leads to a functional modulation of these cells, we assessed cell adhesion in vitro using culture of primary podocytes extracted from WT1 CreERt2 ;R26 mTmG ;i-TERT ci mice (Supplementary Figure 4). We first sought to determine if TERT ci functions on podocytes were preserved on these primary cultures. To that goal, we assessed mRNA expression levels of genes found to be highly deregulated in our RNA-seq analysis of podocytes sorted after 5 days of TERT ci overexpression. Such analysis showed that the overexpression of TERT ci for 24h is sufficient to induce a significant upregulation of 2 of these genes and an upward trend for the other 4 genes tested (Figure 3C). The adhesion capacity of podocytes on a support coated with collagen IV, the main component of the glomerular basement membrane, was then evaluated using the xCELLigence system (Supplementary Figure 5). Monitoring of podocyte adhesion with this system showed that TERT ci overexpression promotes podocyte adhesion (Figure 3D). These results show that TERT-mediated deregulation of integrins at an early time point is associated with modulation of podocyte adhesive properties.

Aging impairs non-canonical functions of TERT on kidney podocytes

Our results show that TERT non-canonical functions modulate podocyte microenvironment as well as podocyte adhesion properties. We next aimed to determine whether podocyte microenvironment properties interfered with the ability of TERT to deregulate podocytes. Hence, we assessed the ability of TERT ci to reprogram podocyte in aged mice. Indeed, kidney aging is characterized by profound changes in the ECM properties within the organ, with an increased level of fibrosis in the interstitial compartment associated with increased incidence of sclerosis within glomeruli (glomerulosclerosis). Proteinuria monitoring revealed that aging prevents TERT ciinduced kidney dysfunction (Figure 4A). Immunostaining for the proliferation marker Ki-67 showed that aging impairs the ability of TERT ci to induce proliferation in glomeruli (Figure 4B).

We next aimed to determine if age-associated deterioration of the ECM was involved in repression of TERT non-canonical functions in aged animals. ECM exhibits unique biochemical and mechanical features, and aging is associated with alteration of these two characteristics. Assessment of ECM mechanical properties using Atomic Force Microscopy (AFM) showed that glomeruli from aged mice are 10 times stiffer than glomeruli from young animals (Figure 4C). Hence, we developed an in vitro primary culture system on hydrogel to assess the impact of microenvironmental stiffness on TERT functions on podocytes (Supplementary Figure 6). Quantitative RT-PCR (qRT-PCR) analysis showed that TERT ci target genes were significantly induced in primary podocytes cultured on hydrogels showing stiffness characteristics of young animals, i.e. 0.2 kPa (Figure 4D). In addition, such induction of TERT target genes was similar with hydrogels showing stiffness feature of aged animals, i.e. 2 kPa (Figure 4D).

Altogether, these results show that the age-associated change in ECM stiffness is not involved in the repression of TERT ci functions observed in aged animals.

Activation of TGF- and Notch signaling pathways is associated to impairment of TERT ci functions in aged animals

To gain insight into the molecular mechanisms that lead to the repression of TERT non-canonical functions in aged animals, we performed high-throughput sequencing analysis of FACS-sorted podocytes from aged i-TERT ci mice. Comparison of transcriptomes of old and young control mice first enabled us to highlight 3974 genes specifically deregulated in podocytes during aging, including CDKN2A encoding for p16 (Log2FoldChange: 4.49, padj: 0.01) (Figure 5A). GSEA analysis revealed enrichment of gene signatures in podocytes from aged control animals, including those of oxidative phosphorylation and reactive oxygen species (ROS) pathways, inflammation-associated pathways, and mTORC1 signaling which is shown to play an important role in aging (Figure 5B). Assessment of GO term cellular components further showed active involvement of podocytes in differential ECM remodeling with aging when compared to podocytes from young mice (Figure 5C). We next compared the genes signatures observed in TERT-stimulated podocytes of aged mice to the gene signatures observed in TERT-stimulated podocytes of young mice. Such comparison highlighted gene signatures specifically enriched in the TERT-stimulated aged context including TGF- and Notch signaling pathways (Figure 5D). Interestingly, such analysis also revealed impairment of TERT-mediated induction of TNF/NFB signaling in an aged context (Figure 5D). Finally, GO term analysis showed aging does not impede activation of ECM remodeling upon TERT stimulation in podocytes, but is rather associated to its promotion and to enhancement of podocyte adhesion (Figure 5F, Supplementary Figure 7). Altogether, the molecular profiling of the signals triggered by TERT in an aged versus a young context highlights the main pathways involved in the repression of TERT functions in the aged podocyte, and further shows that this repression is associated with a specific modulation of the ECM in aged podocytes. RNA extraction and qRT-PCR. Design of primers specific for the selected genes Primers specific for the selected genes were designed using the PerlPrimer software.

METHODS

Primers used were: 

Image analysis.

Synaptopodin/Fibronectin, Synaptopodin/CollagenI, and Synaptopodin/CollagenIV, tained sections were sequentially scanned for far red or red or green signal, allowing a global image for the complete kidney section. Glomeruli were manually cropped using synaptopodin signal as a reference. The total signal quantity and intensity for fibronectin, collagen I and collagen IV were then quantified inside each glomeruli using imageJ software. For EDU analysis, the total number of EDU positive nuclei in the plate was determined by imageJ using a size and circularity threshold.

Atomic Force Microscopy. Sections (10μm) from OCT-included kidneys obtained using a cryostat (Leica, CM3050s). Cut sections were taken directly from young (2 month) and aged mice (30 month) without treatments. 10 glomeruli were analyzed on 100 to 200 areas on each section per individual and 3 different mice were used per group.

3.

DISCUSSION

In this study, we were able to dissect the molecular mechanisms that contribute to podocyte deregulation during the initiation stage of TERT-induced collapsing glomerulopathy (CG). We found that one of the first signaling pathways targeted by TERT non-canonical functions during podocyte deregulation involves remodeling and interaction with the extracellular matrix (ECM). We further showed that aging impairs the ability of TERT to deregulate podocytes but that this repression of telomerase noncanonical functions doesn't rely on age-associated stiffening of podocyte microenvironment, but rather rely on specific activation of signaling pathways, including TGF- and Notch signaling.

Modulation of the extracellular matrix in collapsing glomerulopathy

Glomerular ECM is generated, organized, and maintained by the three resident cell types, podocytes, mesangial cells and endothelium. It is composed of a complex network of collagens, elastin and several glycoproteins and proteoglycans forming basal membranes which is in constant homeostasis.

My results show that TERT ci induction is associated to early deregulation of several genes in podocytes that are involved in ECM organization and that such deregulation leads to ECM remodeling in situ with progressive deposition of collagen I, IV and fibronectin inside the glomerular capsule.

In contrast to other chronic kidney disease, CG is associated to podocyte dedifferentiation and proliferation, and these phenotypic alterations of podocytes appear to precede the glomerular injury, suggesting that podocytes play a primary role in the pathogenesis of CG. In addition, biopsies from patients with CG display glomerular ECM characteristics distinct from those seen in other chronic kidney diseases (Merchant et al, JASN, 2020). However, the involvement of podocytes in glomerular ECM remodeling during CG remained unexplored until now. The specificity of our i-TERT ci model is that it allows us to control the moment of activation of podocytes. Thus, their isolation a few days after the overexpression of TERT ci made it possible to examine the very first stages of the establishment of CG. Our results have therefore demonstrated the involvement of podocytes in the initial phase of CG, through the activation and secretion of factors capable of remodeling their environment.

ECM remodeling associated to fibrosis progression is also described in non- studies are needed to determine how TERT modulates the expression of its target genes such as ADAMTS-like 4 in podocytes. For example we could perform ChIP-seq (Chromatin Immunoprecipitation sequencing) to cross-link TERT and its associated proteins to the DNA, isolate the cross-linked DNA-protein complexes, and then sequence the DNA to identify the regions that TERT binds to in the genome.

Telomerase non-canonical functions primarily target the ECM remodeling in the adult kidney

Telomerase non-canonical functions targets other processes including inflammation

Our results show that one of the three main pathways deregulated in podocytes upon TERT ci overexpression involves inflammation. While we chose to focus on the ECM In the present study, the impact of the non-canonical activity of TERT on inflammation should not be neglected in the context of CG pathogenesis. Indeed, modulation of inflammation certainly plays a role in disease initiation and in fibrosis promotion.

Renal fibrosis is almost always preceded by the infiltration of inflammatory cells, including lymphocytes, monocytes/macrophages, dendritic cells and mast cells. After injury, infiltrated inflammatory cells become active, produce tissue-damaging molecules such as reactive oxygen species (ROS) and induce the production of fibrogenic cytokines and growth factors. Future studies should therefore explore the role of TERT-induced inflammation in the initiation and progression of CG.

For example; an in vivo studies: could use mouse models of collapsing glomerulopathy like kd/kd mouse (Barisoni, Laura et al 2005), to study the role of TERT in the progression of the disease by inducing TERT expression in those mice. Then, we could also use TERT inhibitors to reduce TERT levels and then measure the levels of inflammation and disease progression.

Non-canonical conserved and tissue-specific functions of telomerase

We previously showed that the pro-regenerative functions of TERT in the adult kidney implicate ECM remodeling, and here we found that TERT primarily targets the genes associated to ECM remodeling in podocytes at early time point following its induction.

Pioneering studies of telomerase non-canonical functions have shown that TERT promotes the mobilization of hair follicle stem cells in the skin epithelium of adult mice [START_REF] Sarin | Conditional telomerase induction causes proliferation of hair follicle stem cells[END_REF], and further microarrays analysis highlighted the core genes and signaling pathways targeted by TERT in this context including Myc and Wnt signaling pathway genes, through direct binding to their regulatory regions. (Choi J et al, 2008).

Comparative analysis of deregulated genes found in this study and in podocytes in our RNA-seq data identified 59 genes similarly deregulated in both contexts, as well as organ-specific genes.

We have seen that podocytes and skin cells are particularly affected in their respective tissue by the non-canonical activity of TERT compared to other cells. Yet, in our model, we uniformly overexpress TERT in all cells of the mouse body. So, one wonders what factors make these cells more sensitive than others? This could be due to the genetic construction, their genetic programming of the cells or their differentiation, their environment, or interaction with other transcription factors. The crossing of 59 genes between podocyte and skin cells shows the presence of transferase COLGATLT1, one of our main deregulated targets in podocyes; as well as collagen 18 and ADAMTS2 are deregulated in the same way. Thus, the analysis of the transcriptomes and proteomes of these cells, bioinformatics approaches, such as the modeling of gene regulatory networks, could provide a better understanding of how TERT exerts its activity.

Old mice are more resilient to TERT non-canonical functions than young mice.

Our analyzes on aged i-TERT ci mice reveal that aging impedes non-canonical functions of TERT on the adult kidney.

As we age, the kidney changes. glomerulosclerosis and tubulointerstitial fibrosis accompany functional decline. Distinct matrix proteomes of basement membrane components (laminins, type IV collagen) were reduced, and interstitial matrix proteins (collagens I, fibrinogens) were increased. [START_REF] Denic | Structural and Functional Changes With the Aging Kidney[END_REF]. In addition, this alteration occurs extemporaneously, and this may explain why the glomeruli of older mice are stiffer than younger ones and why old mice present a greater variability of rigidity within their glomeruli in our experiment.

Our results show that environmental stiffness associated to glomerular aging is not involved in the impairment of TERT non-canonical functions observed in aged animals. 

4.

5.

Figures and legends

  Mots clés : Rein, Télomérase, TERT, Hyalinose segmentaire et focale, Podocytes, Matrice extracellulaire, Vieillissement Table des matières 1. INTRODUCTION ..........................................................................................................................9 1.1 THE ADULT MAMMALIAN KIDNEY ..............................................................................................9 1.1.1.

1 .

 1 Kidney structure and functionMammals possess two kidneys located either side of the retroperitoneal space. The "cortex" represents the peripheral part of the kidney which contains the glomeruli and the proximal and distal tubules. The inner region is called the "medulla", and it contains the loops of Henle and the collecting ducts. These tubules converge to the papilla, which channel the urinary fluid (FIGURE1A, 1B).Kidneys support blood filtration and formation of the urine allowing elimination of endogenous (metabolism waste) or exogenous (drugs, toxics) toxins, and fine regulation of blood pressure and of the hydro-electrolyte and acid-base balance.

Figure 1 :

 1 Figure 1 : Mammalian adult Kidney and nephron structure A. Human kidney cross-section and annotations. (Illustration from Encyclopedia Britanica,inc). B. Representation of one among multiple nephrons constituting the kidney blood filtration function and urine production. (Copyright South Shore Nephrology by Basstrail Design.)

Figure 2 :

 2 Figure 2: Glomerular cell type composition

Figure 3 :

 3 Figure 3: Glomerular basement membrane Schematic representation of the GBM, the basal lamina layer of the glomerulus, performing the filtration function of the glomerulus. (Adapted from Damien Luque Paz, Yannick Le Meur and Yves Renaudineau, Autoantibodies, Chapter 65, 553-560 « Glomerular Basement Membrane Autoantibodies »)

Figure 4 :

 4 Figure 4: Glomerular filtration barrier A : The luminal surface of the glomerular capillary vessel while podocytes wrap around with foot processes. (From Ebefors et al, Modeling the Glomerular Filtration Barrier and Intercellular Crosstalk, Frontiers in Physiology, 2021) B : The schematic cross section of the GFB. The basement membrane (GBM) is covered by glycoproteins, proteoglycans, and glycosaminoglycans. On the opposite side the podocytes are attached by slit diaphragm proteins, such as nephrin and podocin. (From Yin L et al Controversies in Podocyte Loss: Death or Detachment? Front Cell Dev Biol. 2021)

1. 1 . 1 . 1 .

 111 Podocyte specific proteinsDiscovery of genes that play critical function in podocyte root from the study of hereditary nephrotic syndromes and was further enriched by studies conducted using animal models developed to inactivate single genes exclusively in podocytes. Inherited diseases are frequently caused by mutations in genes with restricted expression patterns that generally do not cause early embryonic lethality but instead manifest at the time when gene function becomes critical for a specific tissue and subsequent survival. This is the case for NPHS1 (Kestila et al, Mol Cell, 1998), the first podocyte gene cloned in nephrotic syndrome encoding nephrin, an immunoglobulin superfamily member that is exclusively expressed in the podocyte slit diaphragm and which support a key role in filtration. Intensification of nephrotic syndrome analysis and implementation of next generation sequencing approaches for these patients thereafter revealed specific markers of podocyte differentiation that play key function in podocyte maintenance including Wilms' Tumor 1 WT1, and Synaptopodin SYNPO. 1.1.1.2. Podocytes: links to GBM The glomerular basement membrane is a compilation of proteins continuously produced by podocytes and endothelial cells and lies at the interface of the two cell types. It contains collagen IV, laminin, entactin, agrin, and perlecan (Miner, 1999) ; but also matrix modifying enzymes (MMP-9). Podocytes, linked together by the silt diaphragm mostly constituted by nephrin are attached to the GBM through a series of focal adhesion and cell surface receptors. Martin, C. E., & Jones, N. (2018).

  , deletion of α3 or β1 integrin subunits (Pozzi, Aet al, 2008); Nicolaou N, et al, 2012; (Borza, C. M., & Pozzi, A. 2012) collagens and laminins are required to form the filtration barrier and a leak of them can leads to proteinuria and podocyte detatchement from the GBM and cause nephrotic syndrome. 1.1.1.3. Podocyte quiescence and proliferation Mature podocytes are highly differentiated cells that do not proliferate in normal conditions. They remain quiescent by constitutively expressing differentiation factors including WT1 that downregulates Wnt signaling, and the cyclin-dependent kinase inhibitors p27 and p57 (Grouls et al., 2012). Despite the observation that podocytes are quiescent, podocyte cell cycle re-entry does occur in collapsing glomerulosclerosis, in either the idiopathic variant or the form seen in HIV (HIV associated nephropathy, HIVAN) (Barisoni, Kidney Int, 2000). In these conditions, podocytes become dedifferentiated, losing their foot processes and their differentiation markers. These profound changes in podocytes are thought to contribute to the glomerular damage seen in collapsing glomerulosclerosis. Indeed, proliferating podocytes lose their ability to support blood filtration. In addition, due to inability of actin assembly to form mitotic spindle and support the cytoskeletal structure of foot processes at the same time, cellcycle reentry in podocytes may generate aneuploid cells. Such aneuploid podocytes rapidly detach from the GBM, a process referred as mitotic catastrophe[START_REF] Lasagni | Podocyte mitosis -a catastrophe[END_REF].The detachment of podocytes can also be caused by the increased mechanical shear forces, by glomerular hypertension and hyperfiltration or by disruption of the cell-GBM adhesion. It is though that these mechanisms are put in place as adefense mechanism of the podocytes against these disturbances (Kriz and Lemley, 2015) (Benzing and Salant, 2021). As mentioned before, podocyte-GBM adhesion is modulated by several integrins and cytoskeletal protein such as αVβ3 or α3β1 integrin and talin-1 and their disruption causes podocyte detachment[START_REF] Yu | Integrin-matrix clusters form podosome-like adhesions in the absence of traction forces[END_REF][START_REF] Tian | Podocyte-associated talin1 is critical for glomerular filtration barrier maintenance[END_REF]. Podocyte detachment is one of the major mechanisms of podocyte loss. Benzing and Salant, 2021.The explanation whether podocytes loss is due to death or because they lose their adhesion to GBM remain controversial. (Yin, L., Yu, L., He, J. C., & Chen, A. (2021).However, the isolation of podocytes in the urine and subsequent culture of urinary podocytes in vitro suggest that some of them are still viable and share the same morphology and growth pattern with primary podocytes isolated from human kidneys after being detached from the glomeruli (Petermann et al., 2003)[START_REF] Sakairi | Conditionally immortalized human podocyte cell lines established from urine[END_REF].

Fibronectin

  is composed of three different types of modules termed type I, II, and III repeats and is synthesized by many types of differentiated cells. Durbeej M. (2010) 1.2.1.3. Laminin Laminin family comprises about 20 glycoproteins that are the major components of basal lamina, one of the layers of basement membranes located between epithelial

Figure 6 :

 6 Figure 6: Fibronectin formation and assembly A : Fibronectin genesis. Biding of fibronectin to it α5β1 receptor cause a pulling force of actin cytoskeleton to unflod the fibronectin fiber. B : fibronectin-dependent collagen assembly model . C collagen-dependent assembly. The collagen integrins α2-β1 and α11-β1 are required in this assembly (adapted from Musiime M, et al; Collagen Assembly at the Cell Surface: Dogmas Revisited. Cells. 2021)

Figure 7 :B

 7 Figure 7: Laminin formation and assembly A : Laminin domain structure assembly of α-β-γ chain B : schematic drawing of laminin self-interaction assembly, and anchoring on cell surface (Hohenester E, Yurchenco PD. Laminins in basement membrane assembly. Cell Adh Migr. 2013 )

Figure 8 :

 8 Figure 8: Integrins structure, association and ligands A: Integrin αβ heterodimer association. B : representation of the major integrin-ligand combinations known and their cellular distribution. (From M Bachmann et al, 2019)
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 1 to latency associated peptide (LAP), Several αV containing integrins bind LAP and release TGF-β,[START_REF] Munger | The integrin alpha v beta 6 binds and activates latent TGF beta 1: a mechanism for regulating pulmonary inflammation and fibrosis[END_REF];(Mu D, et al. 2002). The expression of αvβ6 increase following injury in kidneys and blocking integrin αvβ6 or β6 deficiency reduces renal fibrosis in the COL4A3 Alport mice , suggesting that integrin αvβ6 have a profibrotic role, via activation of TGF-β with the help of matrix metalloproteinases[START_REF] Hahm | Alphav beta6 integrin regulates renal fibrosis and inflammation in Alport mouse[END_REF]). In contrast, αvβ8 decreases following injury in mouse models of glomerulosclerosis. Nevertheless, whether its downregulation contributes to, or it counteracts the disease is unclear. (lakhe-Reddy S, et al 2006) 1.2.4.5. ECM remodeling Enzymes playing a role in ECM remodeling are MMP, ADAM and Serine proteases (plasmin and cathepsin G) and cysteine proteases (cathepsins B, H and L). Among all 23 existing MMPs in humans, at least 10 of them are expressed in kidney (MMP-1, -2, -3, -9, -13, -14, -24, -25, -27 and -28) (Altemtam N, Nahas ME, Johnson T. 2012). Their role in kidney fibrosis depends on a balance between MMP and tissue inhibitors of metalloproteinases (TIMPS). 3 of the 4 TIMPs are present in the kidney (TIMP1,2 and 3) so MMP are constantly inhibited but a disruption of this balance can help to the progression of renal diseases. (Johnson TS, 2002) Degradation of collagens by MMP9 creates collagen fragments, which possess chemotactic properties for neutrophils (Catania JM, Chen G, Parrish AR. 2007) MMPs are also known to modulate growth factors and their receptors (TGF-β, FGF-R1), adhesion molecules (integrins and cadherins), cytokines and chemokines which give them a role in angiogenesis, cell migration and cell apoptosis, giving them a pro or anti-fibrotic role. However, exact role and balance comprehension remain to be explored, as MMP1, MMP2 and MMP9 seemed to be expressed in the proteolysis of collagen type IV, leading to an upregulation of their expression in renal fibrosis. Turck J,et al. 1996; Gonzalez-Avila G, et al 1998). In many cases the findings are based on up-or downregulated expression of MMP genes, which do not necessarily translate into an increased presence of active proteases. Discovery of telomere and telomerase The origins of telomere characterization trace back to the 1930's with the work of Hermann Muller (Nobel prize 1945) on the fruit fly Drosophilia melanogaster and the work of Barbara McClintock (Nobel Prize 1983) on the maize Zea Mays. Their work revealed that the ends of eukaryotic chromosomes are capped by a protective structure that prevents them from fusing between each other (Muller, 1938; McClintock, 1939).

  Hayflick limit (Harley C, Futcher A, Greider C, 1990), and that alteration of telomerase leads to progressive telomeres shortening in Tetrahymena precipitating an immortal organism toward cell death (Yu GL, Bradley JD, Attardi LD, Blackburn EH, Nature 1990). Telomerase from evolutionarily diverse organisms all contain a conserved protein component and an RNA template, providing consistent evidence that the fundamental mechanism of telomeric DNA synthesis is widely conserved (Harrington et al., 1997) (Nakamura and Cech, 1998). Drs Elizabeth Blackburn, Carole Greider and Jack Szostak were awarded for the Nobel Prize of Physiology or Medicine in 2009 for the « discovery of how chromosomes are protected by telomeres and the enzyme telomerase ». Since its discovery, studies on telomerase represent nearly 1000 publications each year, showing that it continues to fascinate the world of research, and that its implications in health and disease are far from being fully discovered. 1.3.2. Telomeres In humans and other vertebrates, the telomeric DNA sequence located at chromosome extremities is a tract of tandem of G-rich nucleotide repeats, TTAGGG (Moyzis et al, 1988; Allshire et al, 1988). These 6-nucleotides sequence repeats serve as binding sites for a specialized group of protective proteins collectively called shelterin (Titia de Lange, 2005). The average number of telomeric repeats per chromosome end varies greatly from only 20 bps to several tens of kbs depending on the organism. Moreover, even in the same organism, the number of telomeric repeats per end varies from chromosome to chromosome and from cell to cell. Telomeric DNA has a single-stranded 3' end, called G-tail, which overhangs and can fold back on the double-stranded telomere in a lariat structure termed the t-loop. The t-loop enables chromosome terminus sequestration and prevents telomeres from being recognized as a double-strand break by DNA damage repair pathways. T-loops are generated by the shelterin complex and are also crucial for telomere maintenance and chromosome stability through a dynamic equilibrium mechanism of telomere shortening and lengthening (Griffith et al., 1999). Nevertheless, without the protective activity of the shelterin complex, telomeres are no longer hidden from the DNA damage surveillance network and chromosome ends are inappropriately processed by DNA repair pathways. Thus, a telomere of sufficiently long tract length is essential to protect a chromosome end from eliciting DNA damage responses, deleterious degradation or participation in genome destabilizing recombination or fusion events (Palm and de Lange, 2008).The human shelterin complex specifically interacts with telomeric DNA thanks to the recognition of TTAGGG repeats by three of its components: Telomere Repeat Binding Factor 1 (TRF1), Telomere Repeat Binding Factor 2 (TRF2), and Protection of Telomeres 1 (POT1). These three components are interconnected by three additional shelterin proteins: TRF1-Interacting Nuclear protein 2 (TIN2), TIN2-Interacting Protein 1 (TPP1) and Repressor/Activator Protein 1 (Rap1). Altogether, those components form the whole shelterin complex that allows cells to distinguish telomeres from DNA double-strand breaks (Figure9). While telomere sequence remains the same in all vertebrates, the length of telomeres differs significantly depending on the species. Humans thus display much shorter telomeres(5-15 kb) than laboratory mice (40-150 kb) and this difference is clearly not correlated to life expectancy of those species (Kipling and Cooke, 1990; Calado and Dumitriu, 2013). Nonetheless, mouse telomeres appear to shorten 100-times faster than human telomeres during life (Vera et al., 2012). 1.3.3. Structure of telomerase In 1997, a study revealed that only human TERT and human TR are sufficient for telomeric DNA repeats synthesis in vitro, in rabbit reticulocyte lysates (Weinrich et al., 1997). In addition, ten years later, Scott Cohen and colleagues successfully purified the human telomerase, and they described it as a large dimeric complex of 650 kDa (Cohen et al, 2007). Indeed, by mass spectrometric sequencing they demonstrated that the most abundant protein composition of the human telomerase is composed of a minimal catalytic core including two molecules each of the human protein catalytic subunit TERT, the human RNA component of telomerase TR, and dyskerin.

Figure 9 :

 9 Figure 9: Telomere shelterin complex Representation of the shelterin complex loaded on the telomeric DNA. TRF1 and TRF2 are shown as dimer. Illustration from Doksani, Ylli. (2019). The Response to DNA Damage at Telomeric Repeats and Its Consequences for Telomere Function. Genes. 10. 318. 10.3390/genes10040318.

Figure 10 :

 10 Figure 10: Telomerase structure and assembly Representation of the telomerase assembly in cajal bodies and association to the shelterin complex (representation from ArmaniosM, Blackburn EH, 2012 : "the telomeres syndrome")

  bodies which are subnuclear compartments enriched in factors of splicing and of other RNA-related processes and which act as distributor centers that deliver telomerase to telomeres. Telomerase localization to Cajal bodies require interaction of hTERC with TCAB1. Thus, proper folding of TCAB1 by the chaperone TriC is required for telomerase assembly with TCAB1 (Freund et al., Cell, 2014). In addition to its critical role in telomerase trafficking, TCAB1 was recently found to be involved in proper folding of the high catalytic state of the holoenzyme hTERC thereby promoting its interaction with TERT (Chen et al., Cell, 2018). Telomerase is then recruited to telomeres during the S-phase of the cell cycle by a direct interaction between the telomeric protein TPP1 and hTERT (Abreu et al, 2010; Zhong et al, 2012; Nandakumar et al2012; Sekne et al, 2022). Interestingly, telomerase appears to preferentially elongate the shortest telomeres in the cell. Maintenance of those shortest telomeres plays a critical role in determination of the cellular fate since the shortest telomeres and not the average telomere lengths are the mediators of telomere dysfunction which limits cellular survival and results in aging (Hemann et al., Cell, 2001; Teixeira et al., Cell, 2004; Bianchi and Shore, Genes and Dev, 2007).

  These functions have been described as either requiring telomerase catalytic functions or not(Parkinson et al., 2008). Nonetheless, and despite growing evidence from several research groups in human and mouse cells as well as in several animal models including the adult mouse and the zebrafish, non-canonical activity of telomerase remains nowadays a highly controversial topic in the telomerase field. 1.3.5.1. First evidence of telomerase non-canonical activity Results from TERT transgenic mice provided the first strong evidence that telomerase serves other roles in long telomere settings. Indeed, although telomeres in laboratory mice are very long and never reach critical lengths that could trigger senescence or crisis responses, TERT transgenic mice are cancer prone. Thus, Artandi et al. constructed a mouse in which the TERT gene is driven ubiquitously by the chicken β-actin promoter (actin-TERT transgenic mice), allowing TERT overexpression in a broad variety of tissues. Although this constitutive expression was ubiquitous, the actin-TERT transgenic mice showed to be prone to spontaneous development of mammary intraepithelial neoplasia and invasive mammary carcinomas at long latency, but with high penetrance (Artandi et al., 2002). In a separate experiment, transgenic TERT expression was driven in skin and other stratified epithelia by the keratin 5 (K5) promoter. K5-TERT mice showed increased susceptibility to skin papilloma formation when treated with chemical carcinogens (González-Suárez et al., 2001). Characterization of K5-TERT mice in a p53 +/- background revealed an increased rate of spontaneous tumors in the skin of these mice (González-Suárez and Flores, 2002). Therefore, TERT has pro-oncogenic activities even in laboratory mice with very long telomeres and these effects must be mediated by mechanisms other than prevention of senescence/crisis responses. In addition, another hint came from experiments performed on ALT cells. Telomeres can be maintained by a non-telomerase mechanism, termed ALT (Alternative Lengthening of Telomeres) that is recombination based. Primary human fibroblasts can be transformed by expression of activated H-Ras, SV40 large and small T oncoproteins and TERT. Human fibroblasts expressing SV40 T antigens can often spontaneously immortalized by activating the ALT mechanism, resulting in cells with long and heterogeneous telomeres. If ALT can substitute for telomerase, then ALT fibroblasts should be rendered malignant by the addition of activated H-Ras alone. However, expression of H-Ras was insufficient to transform ALT fibroblasts, a process that required the addition of TERT as well as Ras (Stewart et al., 2002). Similarly, mTERT -/-mouse embryo fibroblasts (MEFs), that express Myc and activated H-Ras, and have evolved an ALT mechanism to maintain telomeres, formed tumors poorly when injected intravenously in immunocompromised mice. Reconstitution of telomerase by transfection of the mTERT gene dramatically enhanced tumor formation in this assay despite the presence of long telomeres in these murine ALT cells (Chang et al., 2003). Therefore, in both human and mouse ALT fibroblasts, TERT provides a critical tumor-promoting function that is lacking in ALT cells with long telomeres. 1.3.5.2. Cellular processes targeted by non-canonical functions of telomerase Further overexpression or inhibition experiments performed in human and mouse cells in vitro showed that TERT exhibits telomere-independent functions that interfere with several cellular processes. Cellular transformation Cellular transformation refers to the phenotypic changes that a normal cell undergoes as it becomes malignant. As mentioned above, ectopic expression of TERT enhanced tumor development in laboratory mice despite them possessing long telomeres suggesting that TERT had prooncogenic activity independent of its ability to maintain telomeres (Artandi et al., 2002) (González-Suárez et al., 2001) (González-Suárez andFlores, 2002). This ability of TERT to confer additional oncogenic capabilities, independent of its telomeric function, was further highlighted in cells that maintain their telomere by ALT[START_REF] Stewart | Telomerase contributes to tumorigenesis by a telomere length-independent mechanism[END_REF] (Chang et al., 2003).

  al2003; Lindvall et al., 2003). To date, the most studied TERT-regulated signaling pathway is Wnt/b-catenin signaling. TERT and Wnt/b-catenin Transcriptomic profiling performed in vivo using the i-TERT mice revealed that the TERT-regulated transcriptional program closely overlapped with those regulated by Myc and Wnt (Choi et al., 2008). This study showed for the first time a connection between telomerase and the Wnt/β-catenin signaling pathway. Such connection between telomerase and Wnt/β-catenin signaling was subsequently strengthened by a study that showed the first evidence for direct regulation of Wnt/β-catenin signaling by telomerase (Park et al.

Finally, examination

  of TERT -/-mice revealed homeotic transformations in their vertebrae, an abnormality associated with defective Wnt signaling in developmental stages. Those findings were challenged by two studies from the Blackburn and Greider labs that reported a lack of interaction between TERT and Brg1 in cancer cell lines, and the absence of developmental defects in TERT-deficient mice (Strong et al.,; Listerman et al., 2013). Nonetheless, such discrepancy could be attributed to differences in the cell types analyzed, in the experimental setup, and in the mice background, particularly on single telomere status in the founders of the TERT -/-mice analyzed (Ségal-Bendirdjian and Géli, 2019). The role of telomerase on Wnt signaling therefore appears to be context dependent.

  TERT and the DNA damage response An additional function of TERT in modulating the DNA damage response (DDR) was proposed(Masutomi et al, 2005). Thus, down-regulation of TERT in fibroblast exposed to DNA damaging agents was shown to reduce the level of H2AX phosphorylation and ATM autophosphorylation while telomere length was unchanged. Such impact of TERT down-regulation on DRR was proposed to be mediated by alteration of chromatin structure.Modulation of the cellular microenvironment by TERTThe microenvironment composition comprises blood vessels, immune cells, fibroblasts, signaling molecules and the extracellular matrix (ECM). Microenvironment plays a crucial role during cancer development. Stimulated by tumor cells, the microenvironment support cancer cell survival, local invasion, and metastasis by promoting angiogenesis through the secretion of growth factors and cytokines (Anderson and simons; 2020). TERT is overexpressed in many cancers, playing a pivotal role in tumorigenesis by both telomere-dependent and independent activities. Thus, TERT can activates vascular epithelial growth factor (VEGF) promoter through its interaction with the transcription factor Sp1, which facilitates tumor angiogenesis and progression (Liu et al, 2016). Moreover, a recent study suggested that TERT promotes immunosuppression in cancer. Thus, TERT and Sp1 would activate a subclass of endogenous retroviruses (ERVs) independently of TERT telomerase activity to form double stranded RNAs which can trigger interferon signaling in cancer cells. This signaling induces the infiltration of suppressive T-cells population, establishing an immunosuppressed microenvironment in tumors (Mao et al; 2022). In tumors, matrix metalloproteinases (MMPs), are involved in cell migration, contribute to invasive potential of cancer cells. However, the expression of TERT induced cancer cell invasion accompanied by the up-regulation of the MMP1, -3, -9, and -10 . This upregulation was accompanied by the increase of several NF-κB target genes, TERT interacted with NF-κB p65 and increased NF-κB p65 nuclear accumulation and DNA binding. (Ding, D., et al, 2013). Moreover, Feline oral squamous cell carcinoma (FOSCC) expression of TERT, and its transcriptional activator cMyc along with expression of MMP-1, -2, and -9 show a contribution in cell immortalization and invasion pathways. Altamura, Get al (2020). Finally, our team recently observed that TERT deletion prevented the upregulation of MMP-24, MMP-12, MMP-10, and MMP-3. Moreover, the upregulation of TERT in mice was associated with specific upregulation of three metalloproteinases, namely MMP-23, MMP-9, and MMP-2 in the global kidney. Montandon M, Hamidouche T, et al 2022. Thus, those analysis reveals that it is possible that, independently of telomere elongation, telomerase recomposes the ECM landscape by acting on its components, contributing to cancer development and progression. 1.3.5.5. Impact of non-canonical functions of telomerase on kidney epithelium

FIGURE 11 :

 11 FIGURE 11: DOUBLE TRANSGENIC I-TERT CI MOUSE MODEL

Mice.

  Tetracycline-regulated i-TERT ci transgenic mice, WT1 CreERt2 mice (The Jackson Laboratory, stock# 010912), R26 mTmG mice (The Jackson Laboratory, stock# 007576) were previously described (Montandon M, Hamidouche T, et al 2022). Mice were PCRgenotyped using the following oligonucleotide pairs: 5'-cgcccagaagcttggtgtag-3', ', 5'-TCAATGGGCGGGGGTCGTT-3' (R26 mTmG ).Mice experiments. All mice were treated in accordance with the Institutional Animal Care and Use Committee approved guidelines at the Université Côte d'Azur (UCA, Nice, France).TERTci overexpression in i-TERTci mice. Double transgenic i-TERTci mice encompass both actin-rtTA+ and tetOp-TERTci+ transgenes, allowing doxycyclineregulated and ubiquitous expression of TERTci in those mice. Those mice are maintained at a heterozygous status for each transgene. In order to induce TERTci overexpression in adult i-TERTci mice, doxycycline (2 mg/ml in 5% sucrose) (Doxycycline Hyclate, Sigma, Ref# D9891) was administered in drinking water in lightprotected bottles and changed biweekly. The actin-rtTA+ control mice followed the same treatment than i-TERTci mice. All mice were weighed twice a week in the time course of the experiments, and urine was collected for each individual mouse twice a week.Podocyte labeling in mice. The WT1-CreERt2 R26-mTmG mice, were injected three times with 1.5 mg of tamoxifen (4OHT, Sigma, reference#H7094) in corn oil by intraperitoneal injections. The CreERT2 induction will recombine all WT1 cells into GFP-labelled cells and will leave non-recombined cells in Tomato.Proteinuria analysis. Urine was collected from all individual mice before the start of the experimental procedure, and twice a week in the time course of the experiment. Urine samples were assessed for protein content by the Bradford protein assay (BioRad, Ref# 5000002).Immunohistochemistry. Antigen retrieval was performed on 5μm paraffin sections using Vector unmasking reagent (Vector Laboratories, Ref# H3300). Mouse monoclonal primary antibodies were detected using a biotinylated anti-mouse IgG (MOM kit, Vector Laboratories, Ref# BMK-2202) followed by streptavidin-AlexaFluor647 (Jackson ImmunoResearch, Ref# 016-600). For immunostaining using rabbit, and chicken primary antibodies, kidney sections were blocked (PBS; 10 mg/ml BSA; 5% NGS; 0.01% Triton), then incubated with the primary antibody diluted in the blocking solution for overnight at 4 °C. For immunostaining using goat primary antibody, NGS was substituted by donkey serum in blocking solution. Detection was performed with a Cy3-conjugated goat anti-rabbit secondary antibody (Jackson Immunoresearch, Ref# 111-165), AlexaFluor488-conjugated goat anti-chicken secondary antibody (Jackson Immunoresearch, Ref# 103-545), and AlexaFluor594conjugated donkey anti-goat secondary antibody (Thermo Fischer, Ref# A-11058). The primary antibodies used were Mouse Monoclonal Synaptopodin (undiluted, Progen, Ref# 65194), Rabbit Monoclonal Ki67-specific (1:100, Spring Bioscience, Ref # M3062), Mouse Monoclonal Fibronectin (undiluted, Sigma, Ref#F3648), Mouse monoclonal Collagen I (Undiluted, Ref#1310-01); Mouse monoclonal Collagen IV (Undiluted, Ref#1340-01);Primary podocytes cell culture. After sacrifice, the WT1-CreERt2 R26-mTmG mice kidneys were finely minced using scalpels and then incubated in an enzymatic mix of collagenase IV (1mg/ml), DNase (0.02mg/ml) and pronase (1mg/ml) at 37°C for 40 minutes under agitation. The cell suspension, containing the glomeruli, is filtered through 100 μm to eliminate large clusters, then the glomeruli are retained on a second 40 μm filter. After washing with PBS, the glomeruli are deposited in a 6-well plate in the presence of medium (DMEM+GlutaMAX 10% FBS 1% PS) and placed in an incubator at 37°C (5% CO2). (DMEM reference#10564011, Fisher; Penicillinstreptomycin (PS) reference#11548876, Fisher; FBS, Fisher, reference#16000044).The medium is slowly renewed the next day without washing; then changed every 3 days for 11 days with PBS washing. During this period, the podocytes contained in the glomeruli come out and spread out around them. On the 8th day, the cells are treated with tamoxifen (1mg/ml) (4OHT, Sigma, reference#H7094) in order to specifically induce the expression of mEGFP in the podocytes, according to(Zhou et al. , 2008; Muzumdar et al., 2007). On the 11th day, the cells are detached with trypsin/EDTA and resuspended in a syringe in 500 μL of SEPBS (0.5M EDTA + 2 % FBS in HBSS), then transferred to FACS tubes. The podocytes expressing mEGFP are then sorted by flow cytometry and put back into culture at a rate of 7000 cells per cm² in flasks containing so-called conditioned medium. This is made up of half of culture supernatant (DMEM+10% FBS+1% PS) and for the other half culture supernatant of immortalized fibroblasts (3T3) in order to provide them medium enriched with growth factors promoting their growth and their survival.Glomeruli extraction from mice. Glomeruli isolation was performed as previously described(Montandon et al, NPJ Rengen Med, 2022). Mice were anesthetized with ketamin/Xylazin intraperitoneally. Then, using a pump, the left ventricle of the heart have been infused by 10ml of heparin, followed by 8*107 inactivated Dynabeads (Dynabeads M-450 Tosylactivated: Reference#14013 -Termofisher) diluted in 40ml of phosphate-buffered saline (HBSS, Reference# H9269 -Life). The kidney was then removed, minced into pieces, and digested in an enzyme mix of collagenase (1mg/ml) /dnase (0,2mg/ml) /pronase (1mg/ml) in HBSS at 37°C for 30 minutes with agitation. -Merk millipore Collagenase Reference#C5138-100MG -Sigma). The digested tissue was passed through a 100-μm cell strainer using a flattened pestle and the cell strainer was then washed three times with 5 ml of HBSS.The suspension was then centrifuged at 200 × g for 5 minutes. The supernatant was discarded, and the cell pellet was resuspended in 5 ml of HBSS. Finally, glomeruli containing Dynabeads were gathered by a magnetic rack and washed for at least three times with HBSS. Then, the glomeruli were digested a second time in the same enzymatic mix, at 37°C with gentle agitation. The resulting cell mix was centrifugated and resuspended in SEPBS (2% SVF-2mM EDTA in PBS) for FACS sorting. During the procedure, kidney tissues were kept at 4°C except for the collagenase digestion at 37°C. FACS sorting. The cells were sorted through FacsAria 3 Becton Dikinson (Cytomed platform IRCAN, Nice, France). GFP-labelled podocytes were detected and sorted from the other non-green cells and debris. RNA-seq. Total RNA was isolated using RNeasy micro kit (Quiagen Ref#74004) according to the manufacturer's instruction. Total RNA was extracted from 10 00 to 100 000 podocytes following the FACS sorting. The RNA quality was validated using Bioanalyzer RNA 6000 nano kit (Agilent, Reference#5067-1511). Only samples with a RIN >7 were used for RNA sequencing. Samples were subjected to high-output (2×100 bp) paired-end sequencing by Genomics core facility (IRCAN). The quality of raw reads was assessed with FastQC. Clipping adaptor sequences were carried out using Trimmomatic and the trimmed reads were aligned to the mouse genome.Analysis of RNA-seq data. Differentially expressed genes (DEGs) were identified using the Bioconductor package DESeq2. DEGs were considered statistically significant at an adjusted p-value (Padj) < 0.05. DEGs were then sorted by log2 fold change (log2FC), and PCA and Heatmaps were plotted to check clustering and the homogeneity of the samplesWe used the GOrilla (http://cbl-

  proliferative chronic kidney diseases (CKD), and ECM modulation therefore appear to play a critical role in disease progression independently of the cellular mechanisms associated to CKD. Several MMPs have been identified as playing a role in the establishment of fibrosis in non-proliferative CKD (Matrix metalloproteinases contribute to kidney fibrosis in chronic kidney diseases -PMC (nih.gov)), and our results highlight involvement of specific MMPs and ADAM metalloproteinases in the pathogenesis of CG. Targeting these factors and renal fibrosis could therefore be a promising path to explore to ameliorate CKD progression regardless of the cellular pathological mechanisms involved.

  However, we were able to identify the main signaling pathways associated with the inhibition of non-canonical functions of TERT during aging. Analysis of deregulated genes in aged mice showed stimulation of TGF- and Notch signaling. A recent study conducted by the team showed that initiation of senescence blocked disease initiation in i-TERTci mice, requiring TGF- functions. TGF- and Notch act as antiproliferative signaling factors by regulating cell differentiation and mitosis signaling pathway, as well as other pathways involved in the regulation of cell proliferation.Disruptions to these pathways can contribute to the progression of diseases, and the accumulation of senescent cells. (Tominaga K, Suzuki HI. 2019 ) During aging, senescent cells accumulate and are much more numerous in old mice than in young ones. It would therefore be advantageous to use a pharmacological or other treatment allowing the selective elimination of senescent renal cells such as senolytic. This would have the effect of removing this potential TERT inhibitor and observing whether older mice regain a "sensitivity" to non-canonical telomerase activity like younger ones.
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 12 Figure 1: TERT modulates genes involved in ECM remodeling during initiation of
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 3 Figure 3: TERTci promotes podocyte adhesion to the ECM
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 45 Figure 4: Aging impairs non-canonical functions of TERT on kidney podocytes

  

  

  

  

  

  

  Integrin α3β1 association is the main integrin expressed on podocytes and function as the major GBM receptor in these cells. The lack of α3 or β1 is known to cause developmental abnormalities, FSGS, diffuse interstitial fibrosis, high proteinuria,

	1 (PAI-1), which is induced by TGF-β, was shown to modulate fibrosis via effects on diseases, glomerular necrosis, focal segmental glomerulosclerosis (FSGS) Alport
	cell migration, matrix turnover and macrophage infiltration (Fogo AB. 2003) syndrome… Bülow, R. D., & Boor, P. (2019)
	The secretary cells are the most important contributors to fibrosis of their respective
	ECM. For example, in focal segmental sclerosis (FSGS), parietal epithelial cells are 1.2.4.4. Integrins-linked pathologies in podocytes
	the major ECM producing cells, and ECM of FSGS-lesions is like Bowman's Several integrins have been identified in glomerulopathies, directly targeting
	capsule. (Smeets B, et al, 2011; Smeets B, et al 2004). Fibronectin is the first ECM podocytes.
	protein that is deposited in fibrogenesis Eddy A. A. (1996). It activates integrins on cells
	and will promote the production of a large variety of ECM proteins. Upregulation of
	collagen I and III is considered an early event in renal fibrosis (Soylemezoglu et al
	.1883) ; (Sharma AK, et al 1993); The synthesis, deposition and degradation of
	different ECM proteins, their post-translational modifications, together with the
	induction of proteases and protease inhibitors and other ECM remodeling enzymes will
	affect glomerular ability to perform blood filtration and lead to glomerulosclerosis.
	1.2.4.3. Glomerulosclerosis
	With advancing age, kidneys undergo anatomical and physiological changes called
	nephrosclerosis (glomerulosclerosis, tubular atrophy, arteriosclerosis, and interstitial
	fibrosis). they are not only the consequences of normal organ senescence but also of
	specific diseases (such as atherosclerosis or diabetes) that occur with greater
	frequency in older individuals. Disentangling these two processes, one pathologic and
	the other physiologic, is difficult. (Glassock RJ, Rule AD, 2012). As glomeruli become
	increasingly sclerosed, downstream tubules atrophy/involute so that glomerular size
	increase and glomerular density decrease, interstitial fibrosis accumulates, and
	kidneys eventually lose mass. The ECM components in cause are related to collagen
	III, IV or XVII dysregulation, laminin accumulation, fibronectin and nidogen deposits.
	These changes are accompanied with decreased filtration function, leading to several

podocytes loss, and disturb glomerular structural integrity. (Pozzi, Aet al. 2008) ; (Nicolaou N, et al 2012 D) ; Borza, C. M., & Pozzi, A. (2012)

  Blackburn left Fred Sanger's lab in Cambridge to move in Joseph Gall's group to do her post-doctoral research using the ciliated protozoan Tetrahymena thermophila as a model organism. In 1978, Joseph Gall and Elizabeth Blackburn sequenced the native ends of the ciliate Tetrahymena thermophila macronuclear ribosomal DNA molecules.

  The 3' region of the template aligns the DNA substrate, while the 5' portion is copied. The pseudoknot motif is adjacent to the template and is proposed to be involved in the positioning of the template in the active site of the enzyme.The CR4-CR5 domain interacts directly with TERT independently from the core domain(Chen et al, 2002). Together with TERT, the CR4/CR5 domain and the core domain of TERC are the minimal requirements for reconstituting telomerase activity in vitro(Autexier et al., 1996; Mitchell and Collins, 2000).The TEN contains sequences conserved among all TERT homologs identified to date and it includes the anchor site for telomeric DNA that is essential for telomerase function and for repeat addition processivity (RAP) (Jurczyluk et al., 2011; Robart and Collins, 2011). TRBD is highly conserved among phylogenetic groups and contains key motifs crucial for specific binding of TERT with the RNA component of telomerase TERC (Nakamura et al., 1997; Bryan et al, 1998; Bryan TM et al., 2000, Bachand andAutexier, 2001). The CTE comprises a bundle of three alpha-helices analogous to the thumb domain of conventional RTs. This domain is proposed to be involved in This study revealed that the telomerase holoenzyme adopts a bilobal architecture when bound to its substrate, with the RNA component TERC acting as a

	scaffold (FIGURE 10). In contrast to the previous low-resolution study, which
	suggested a telomerase dimer, this study revealed that the human telomerase
	1.3.3.1. Telomerase RNA Component (TERC or TR) The H/ACA scaRNA domain is required for TERC accumulation in vivo as a stable holoenzyme contains only one TERT protein. Thus, it displays a catalytic core, that
	The Telomerase RNA Component, called TR or TERC, is a core subunit of telomerase ribonucleoprotein. In other H/ACA RNAs, the H/ACA core motifs function as guides for includes the core and CR4/CR5 domains of TERC wrapped around TERT. This
	that contains the template for DNA synthesis (Greider and Blackburn, 1989). A striking site-specific RNA pseudouridylation. However, no putative target sequence catalytic core is flexibly tethered by TERC to an H/ACA ribonucleoprotein lobe that
	includes the H/ACA proteins dyskerin, NOP10, NHP2, GAR1 and TCAB1 (Nguyen et
	al., 2018).
	binding domain (TRBD), reverse transcriptase (RT), and C-terminal extension (CTE)
	(FIGURE 10) (Kelleher et al., Trends 2002). Roake, C. M., & Artandi, S. E. (2020)

characteristic of TERC is the remarkable divergence in sequence and size between species. Thus, TERC is about 150 nucleotides in ciliates, 400-600 nucleotides in vertebrates, and 1300-1500 nucleotides in yeasts. Nonetheless, TERC display conserved secondary structures in all species, and these structural motifs are essential for synthesis of telomere repeats. Other regions of TERC are involved in speciesspecific roles in telomerase biogenesis, RNA processing, localization, and accumulation.

Three majors structural and functional domains are conserved in all vertebrates: the core domain, the conserved regions 4 and 5 (CR4/CR5) domain, and the H/ACA scaRNA domain that includes the CR7

(Chen et al, 2000)

. (Chen JL, Blasco MA,

Greider CW 2000)

. The core domain is made of a universal pseudoknot, and the template region. complementary to TERC has been found, suggesting that TERC does not guide pseudouridylation. The H/ACA scaRNA domain of TERC thus appears to be mainly involved in its maturation and in its trafficking. Thus, like in all scaRNA, the H/ACA domain of TERC harbors the Cajal body localization signal (CAB box) that is found in CR7 (Zhu et al., MBC, 2004). 1.3.3.2. Telomerase Reverse Transcriptase (TERT) Telomerase is composed of a protein subunit, which is called Telomerase Reverse Transcriptase, TERT, because of its homology with the reverse transcriptase (RT) family of DNA polymerases in its C-terminal (Lingner et al., 1997). TERT contains roughly 1,100 amino acids in humans and mice and even if its size differs between species, TERT structural domains are strikingly conserved in evolution. Thus, TERT is composed of four domains: telomerase essential N-terminal (TEN), telomerase RNA promoting enzyme processivity, in regulating telomerase localization, and in differential binding of DNA, but it does not appear to be essential for catalytic functions (Huard et al., 2003; Autexier and Lue, 2006; Tomlinson et al, 2016). The RT domain presents conserved motifs shared with reverse transcriptase of diverse origins. These motifs contain the three aspartic acid residues which form the catalytic center of the reverse transcriptase, and those residues are essential for TERT reverse transcriptase activity (Lingner et al., 1997). Thus, genetic constructions of mice encompassing disruption of RT motifs abrogate telomerase activity in vivo (Liu et al., 2000) and specific substitution of Aspartate to Alanine in position 702 in the RT domain is sufficient to totally blunt telomerase activity in all organs of the homozygous targeted mice indicating a crucial role for this specific residue (Nakayama et al., 1998 ; Yuan et al., 1999).

1.3.3.3. Telomerase holoenzyme architecture A critical step forward in understanding telomerase structure was recently overcome thanks to a study that revealed the cryo-electron microscopy structure of the substrate-bound human telomerase holoenzyme at subnanometer resolution (Nguyen et al., 2018). Although, a recent cryo-electron microscopy study of hTERT and hTERC bring new elements to understand telomerase organization. Shelterin complex TPP1 forms a structured interface with TEN and RAP. Conformational dynamics of TEN-RAP is damped upon TPP1 binding, defining the requirements for recruitment and activation. This interaction TERT-TERC and TEN-RAP-TPP1 are usually mutated in telomeropathies, highlighting their importance for telomerase activity. (Liu, B., He, Y., Wang, Y. et al. 2022). 1.3.3.4. Telomerase-associated proteins While TERT and TERC alone are capable of reconstituting telomerase catalytic activity on oligodeoxynucleotide substrates in vitro, many additional factors are required for telomere elongation in vivo (Autexier and Lue, 2006).

  1,# , Tynhinane Hamidouche 1 , Catherine Pons 1 , Florent Tessier 1 , Ludovic Cervera 1 , Valérie Vial 1 , Sabrina Pisano 1 , Mélanie Pousse 1 , Eric Gilson 1,2,3 , Chloé Féral 1 , Marina Shkreli 1INTRODUCTIONAs a reverse transcriptase that synthesizes telomere repeats, telomerase maintains telomere length and prevent senescence, apoptosis and massive chromosome instability (REF). In addition, there is mounting evidence that the protein component of telomerase TERT exhibits other activities, termed non-canonical activities, that play a key role in tissue homeostasis in vivo. In the adult mice, kidney epithelial cells called podocytes that support blood filtration display high sensitivity to TERT non-canonical activity. Thus, overexpression of TERT ci , the catalytically inactive version of TERT that is unable to elongate telomere sequences, induces acute dedifferentiation and cell cycle entry of podocytes (REF). TERT

	Collapsing glomerulopathy (CG) is characterized by rapidly progressive renal failure
	and poor renal prognosis. CG has been recently described as a manifestation of
	COVID-19 in patients with moderate respiratory symptoms (COVID-19-associated
	nephropathy, COVAN), stressing the need of effective treatment (REF). No specific
	therapy exists for CG, and patients with this disease condition are currently treated
	with drugs used for the other non-proliferative variants of glomerulopathy which consist
	of immunosuppressive treatment. Nonetheless, patients with CG exhibit poor
	responsiveness to steroid therapy. Understanding the pathogenic mechanisms of CG
	would provide critical insights for treatment development.

ci -induced podocyte dysregulation results in a collapsing glomerulopathy resembling those in humans, including HIV-associated nephropathy (HIVAN). Human and mouse HIVAN kidneys show increased levels of TERT, indicating that these are general features of collapsing glomerulopathies (REF).

  Matrix remodeling is of great interest because of its impact on early cellular changes in shape and fate. In vitro studies have previously suggested that telomerase noncanonical functions target the ECM (Ding et al 2013, liu et al 2016; Caixia he et al, 2022)). The authors of the papers highlight the the available evidence on the role of various cellular and molecular players in the development and progression of kidney fibrosis, including immune cells, growth factors, and extracellular matrix proteins. like MMP (1,3, 9 and 10). Moreover, the paper of Caixia he suggest that carefully regulating telomerase activity may be important for controlling the growth and movement of placental mesenchymal stem cells Our current results, as well as our previous study[START_REF] Montandon | Telomerase is required for glomerular renewal in kidneys of adult mice[END_REF] support the idea that non-canonical functions of telomerase directly modulate the expression of genes involved in ECM modulation. The molecular mechanisms by which TERT exerts its non-canonical functions are still poorly understood and highly debated. It would be therefore of great interest to exploit our results in order to dissect the molecular mechanisms involved in the deployment of TERT non-canonical functions in

podocytes. Our data highlight in particular induction of ADAMTS-like 4 in podocytes at a very early time point (5 days of doxycycline treatment). Further in vitro molecular

Supplementary figure 3 : Glomeruli isolation by sieving (A)

After doxycycline treatment, Kidneys are removed and miced into small pieces. Glomeruli are dissociated from the organ by enzyme digestion, then successively using a filter of size 100 then 40µm allowed us to mainly isolate glomeruli from the rest of the kidney. (B) Microscopy picture of glomeruli after sieving, small spheres are glomeruli.

Supplementary figure 4 : Podocyte isolation from glomeruli

Imaging of gloeruli just after sieving and isolation from mice, after 24 hours and first washing (glomeruli are attached to the bottom of the plate) and after 11th day of culture, after almost all cells move out. The last picture is a microscopy imaging after flow cytometry sorting of podocytes in culture.

Supplementary figure 5 : Impedence measurement with xcelligence

Primary podocyte ability to attach on surface have been measured by using the xCELLigence system based on culturing cells in wells lined with gold electrodes on 80 of the surfaces. Within this network of electrodes circulates an alternating current of weak voltage. The cell culture medium added to the wells of the microplate acts as an electrolyte. When cells are deposited in the wells, they will gradually adhere to the bottom of the support. The presence of cells on electrodes will have effect of locally affecting the ionic environment (at the electrode/solution interface) by inducing an increase in impedance. Wells have been cotated with collagen IV as it didn't' affect the signal transmission. 

Supplementary figure 7 : GO term comparison between old and young i-TERTci

Analysis of GO terms using cellular components process using cellular process. The top processes upregulated in i-TERTci old podocytes upon dedifferentiation are shown in red, and further compared to the same processes in TERTci young podocytes in blue.