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The nuclear receptor RXRA controls cellular senescence by regulating calcium signaling
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de la thèse Identification d'un nouveau régulateur et d'une nouvelle fonction de la sénescence cellulaire La sénescence cellulaire, arrêt stable de la prolifération cellulaire, est accompagnée de la sécrétion de nombreux facteurs pro-inflammatoires (programme sécrétoire associé à la sénescence appelé SASP). La sénescence est induite par divers stimuli, et joue un rôle clé dans de multiples contextes physiopathologiques. Cependant, la régulation de la sénescence est encore mal comprise. Notre laboratoire a récemment identifié le récepteur inositol 1,4,5-trisphosphate de type 2 (ITPR2, canal calcique du ER) comme nouveau régulateur de la sénescence. L'expression du gène ITPR2 est réprimée dans la plupart des cancers, mais sa régulation transcriptionnelle est peu connue. Dans ce contexte, le premier objectif de ma thèse était de caractériser de nouveaux régulateurs de l'expression d'ITPR2. Par un criblage (siRNA) et une analyse Nanostring, nous avons identifié le récepteur nucléaire RXRA comme répresseur transcriptionnel d'ITPR2. Nous avons montré que dans les fibroblastes primaires humains, le knockdown de RXRA induit l'expression d'ITPR2 et de ce fait la signalisation calcique, la production d'espèces réactives de l'oxygène (ROS), le dommage de l'ADN et finalement la sénescence via l'activation de la voie p53-p21. Inversement, la surexpression constitutive de RXRA retarde la sénescence réplicative. Les molécules du SASP, induisant ou renforçant la sénescence, peuvent réguler la signalisation calcique. Le deuxième objectif de ma thèse était d'étudier le rôle du SASP et la participation de la signalisation calcique dans celui-ci. Nous avons observé que le SASP induit la sénescence cellulaire accompagnée d'une différenciation neuroendocrine (NED) dans des cellules de cancer du sein. Le SASP induit une accumulation de calcium dans le cytoplasme qui paraît être impliquée dans la régulation de la NED. Une analyse de données d'échantillons de tumeurs du sein humaines et observé que les échantillons positifs pour la NED présentent des marques de sénescence.
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Introduction Introduction 1. Replicative cellular senescence

Cellular senescence is a state of stable proliferation arrest. This phenomenon was first described in primary human diploid fibroblasts as they stop proliferating after about 50 divisions in culture (Hayflick & Moorhead, 1961). A similar "Hayflick limit" was later observed in various cell types and called "replicative senescence". The senescent cells, which display a flat and enlarged morphology (Figure 1), remain metabolically active and can eventually be maintained in culture for several years. (Cristofalo & Sharf, 1973). We now know that the replicative senescence described by Hayflick and Moorhead is due to telomere shortening after cell division. Telomeres (tandem TTAGGG repeats) are known as protective structures at the end of linear chromosomes that prevent genome instability. They are subject to attrition because of the intrinsic inability of DNA polymerase to fully synthesize the lagging strands during cell division, which was called "end-replication problem" (Figure 2) (Watson, 1972). Consistent with this theory, the amount and length of telomeric DNA decrease in human fibroblasts after serial passages (Harley et al, 1990). Furthermore, it has been demonstrated that ectopic expression of the enzyme telomerase hTert, which encodes the human telomerase catalytic subunit, is able to counteract telomere shortening and thus to bypass the replicative senescence arrest in vitro (Bodnar et al, 1998). These findings proved that telomere length plays a central role in the replicative senescence. Telomeres act as molecular clock to keep a record of the replicative history and their protective structure is disrupted after reaching critical minimal length. This disruption leads to a DNA damage like response (DDR). Indeed, DNA damage proteins such as 53BP1, MDC1 and phosphorylated forms of H2AX are recruited to the DNA of short telomeres. In addition, DNA damage kinases ATM and ATR, which are members of the phosphatidylinositol 3-kinase (PI3K) like family of protein kinases (PIKKs), are also found to be activated during senescence (di Fagagna et al, 2003). Once activated, ATM and ATR phosphorylate an overlapping set of DNA repair and/or checkpoint targets, including CHK2 and CHK1. These activated and phosphorylated proteins activate several cell cycle proteins, including p53. Taken together, these proteins allow cells to repair the DNA damages by inducing a transient proliferation arrest but if the damages exceed a certain threshold, senescence or cell death are induced. In addition to p53, replicative senescence is also linked to retinoblastoma (Rb) protein and its upstream regulators such as the cyclin dependent kinase (CDK) inhibitor p16 [START_REF] Kuilman | The essence of senescence[END_REF]. Various studies have revealed the critical roles of p53 and p21 (encoded by CDKN1A, which is a target gene of p53) as well as p16 in replicative senescence (Ben-Porath & Weinberg, 2005;Wei et al, 2003). Detailed description of p53 and p16 pathway will be introduced in part 4 of this chapter but to note here, both activation of p53 and p16 are essential for the induction of replicative senescence (Figure 2).

Other studies suggest that telomere dysfunction could also occur in a length-independent manner. Indeed, constant telomeric DDR can occur under genotoxic stresses irrespectively of telomeres length in human fibroblasts (Fumagalli et al, 2012;Victorelli & Passos, 2017). They also hypothesized that DNA damage is more likely to occur at chromatin with long telomeres as they represent more abundant targets for lesion formation.

Replicative senescence appears to be a fundamental feature of normal cells, and its role in physiological and pathological context, which will be reviewed in part 5 of this chapter, has been established by numerous studies.

Premature cellular senescence

In vitro, both human and mice cells are sensitive to the culture environment: oxygen concentration, concentration of nutrients or different extracellular matrix. Classical culture conditions generate a "culture shock" for the cells after their derivation from organs (Sherr & DePinho, 2000). These stimuli can trigger premature cellular senescence independently of telomere length. Cell proliferation arrest caused by "culture shock" can be rescued by optimizing culture conditions (Parrinello et al, 2003). However, various studies have demonstrated that multiple other stresses, including oncogene activation and oxidative stress, can induce premature senescence before shortening of telomeres [START_REF] He | Senescence in Health and Disease[END_REF].

Stresses lead to premature senescence

Nontelomeric DNA damages

Cells undergo oxidative stress if there is a disturbance in the balance between the production of reactive oxygen species (ROS) by mitochondria and antioxidant defenses (Betteridge, 2000).

Exposing cells to sublethal concentration of ROS such as H 2 O 2 induces cellular senescence (Chen et al, 1998). Interestingly, lowering the oxygen environment, a condition in which ROS production is inhibited, can bypass oncogenic Ras-induced senescence in human dermal fibroblasts (Lee et al, 1999). The ROS levels increase due to many different types of stresses, including telomere shortening or dysfunction, DNA damage or oncogene activation. This means that ROS is implicated in both replicative and premature senescence. The role of ROS in senescence is proved by the fact that treatment of primary cells with antioxidants can delay or prevent senescence. For example, increasing intracellular ROS levels are observed in human bone marrow mesenchymal stromal cells (hBM-MSCs) during replicative senescence, which could be bypassed by treating cells with antioxidants (Jeong & Cho, 2015). Mechanistically, the accumulation of ROS causes strand breaks in DNA and activates mitogen-activated protein kinase (p38 MAPK), leading to the transcriptional activity of p53 and expression of its CDKN1A target. It has also been reported that ROS induce damage of the mitochondrial DNA, membranes, and some of respiratory chain proteins, which is closely related to the ATP production (Davalli et al, 2016;Orrenius, 2008).

In addition, hydrolytic DNA damage, including deamination or loss of individual DNA bases (depurination or depyrimidination), could possibly mutate genes or inhibit gene transcription if left unrepaired and thus lead to cellular senescence. Hydrolytic DNA damage may be due to the biochemical reactions of various metabolites, such as reactive nitrogen species (RNS), and/or the overabundance of ROS. Beside of this, nonenzymatic methylation is shown as another inducer to damage the DNA double strand (Lindahl, 1993).

Normally, almost all of these stresses are counteracted by specific DNA repair genes and processes; however, cells undergo senescence or cell death if those damages overbalance their capacity to repair (Lodish et al, 2000;Mao et al, 2007). Nonetheless, other stresses, such as ultraviolet, ionizing and chemotherapeutic drug treatment, can break the DNA double strands in an irreversible way, leading to senescence (Han et al, 2014).

Therefore, as has been well established, these nontelomeric events resulting in DNA damages play important roles in senescence.

Non-genotoxic stresses

Non-genotoxic stresses can disrupt cellular structures, change the rate of cell proliferation and induce senescence without directly damaging DNA sequences (Lee et al, 2013). For example, nutlin, a murine double minute 2 (MDM2) antagonist, activates p53 by occupying the p53-binding pocket of MDM2, which blocks interaction of the two proteins and p53 degradation. Nutlin can induce premature senescence through stabilization and activation of p53 in a non-genotoxic manner (Aziz et al, 2011;Drakos et al, 2007;Kumamoto et al, 2008). In general, ectopic expression or activation of certain tumor suppressor genes, such as p53 or the downstream p21, pRB or the upstream p16 INK4a , p38MAPK and protein kinase C, can induce proliferation arrest and senescence (Campisi, 2013).

Non-genotoxic stresses can also lead to premature senescence through perturbations of chromatin organization. Induction of senescence is accompanied by a loss of histone H1 from chromatin and its replacement by High-mobility group AT-hook 2 (HMGA2) (Georgieva et al, 2016). Misregulation of epigenetic modifiers that are involved in DNA methylation and its recognition or in histone modification, can trigger premature senescence (Di Bernardo et al, 2012).

Global chromatin relaxation caused by broad-acting histone deacetylase inhibitors also induces cellular senescence through the p16/Rb pathway (Munro et al, 2004;Narita et al, 2003).

The known non-genotoxic carcinogens such as DL-ethionine, clofibrate and 1,4-dioxane, as well as 17b-estradiol (E2), diethylstilbestrol (DES), Wyeth-14643 (WY) and cyclosporine A (CsA) are also able to induce premature senescence (Jennings et al, 2007;Léonard et al, 2006;Lee et al, 2016;Rattan, 2007;[START_REF] Huang | Retinoid X receptor alpha enhances human cholangiocarcinoma growth through simultaneous activation of Wnt/beta-catenin and nuclear factor-kappaB pathways[END_REF].

Researchers have regarded cellular senescence as a therapeutic goal in the context of cancer, thus the senescence induced by non-genotoxic chemicals has drawn attention (Ewald et al, 2010;Pérez-Mancera et al, 2014); however this idea is now compromised by recent findings showing that senescent cells can be harmful (Baker et al, 2016;Van Deursen, 2014).

Mitogenic stimuli

Mitogenic stimulation is a double-edged sword as it can induce both cell proliferation by activating transition from G1 to S phase and cell cycle arrest through cellular senescence. For example, chronic exposure to tumor necrosis factor alpha (TNF-) not only activates cell proliferation through activating activator protein 1 (AP-1) (Westwick et al, 1994), but also leads to premature cellular senescence in endothelial progenitor cells by activating the p38 mitogen-activated protein kinase (MAPK) pathway (Zhang et al, 2009).

The classical MAPK signaling cascade involves the sequential activation of Ras, Raf1, MAPK kinase (MEK) and extracellular signal-regulated kinase (ERK). MAPK signaling pathway can induce cyclin D1, resulting in the activation of cyclin-dependent kinases 4/6 (CDK4/6) which phosphorylate Rb, causing the release of E2F, a key cell cycle inducer. Besides this primary action of the MAPK signaling pathway, this pathway can also lead to cellular senescence through indirectly activating CDK inhibitors (CDKIs) such as p21, p16, p15 and p57 (Figure 3). They can halt the cell cycle in different phases by binding to and inhibiting the different cyclin-CDK complexes. In addition, signaling through the JNK (Jun kinase) and p38 kinases also occurs (Blagosklonny, 2003;Chang et al, 2002). It has been demonstrated that strong and/or sustained activation of the MAPK pathway leads to cell cycle arrest, while transient activation induces cell proliferation (Marshall, 1995). Oncogene-induced senescence (OIS) was first observed by expression of an oncogenic form of human Ras (H-RAS V12 ) in primary human fibroblasts (Serrano et al, 1997). This phenotype showed striking resemblance with replicative senescence, but could not be bypassed by hTert expression, which meant that is was telomere-length independent (Wei et al, 1999). Later studies showed that activated Ras in normal human fibroblasts actually triggers an initial wave of proliferation, but followed by anti-proliferative response: accumulation of p53/p21 and p16

proteins and subsequent premature senescence (Serrano et al, 1997). Ras provokes premature senescence by sequentially activating the Raf-MEK-ERK and MKK3/6-p38 pathway in human fibroblasts (Terry et al, 2008;Wang et al, 2002). In addition, Ras-activated MEK-ERK cascade may transduce mitogenic signals through the sequence-specific transcriptional activator AP-1(Figure 4) (Karin, 1995;Plotnikov et al, 2011). One of the common hallmarks shared by both replicative senescence and OIS is the involvement of the p16 and p53 pathways. Inhibition of p16 can bypass the senescence induced by Ras; similarly, functional inactivation of p53 contributes to a similar escape in murine cells (Beauséjour et al, 2003;Michaloglou et al, 2005).

In the initial steps of tumorigenesis OIS is a crucial barrier that needs to be bypassed for tumor progression. However recent studies have point out some deleterious effects of OIS, such as tumor promotion (Liu et al, 2018;Rao & Jackson, 2016), which will be discussed in part 5 of this chapter.

In addition to oncogenes, loss of tumor suppressors, such as PTEN (Chen et al, 2005), neurofibromin 1 (NF1) (Courtois-Cox et al, 2006) or von Hippel-Lindau disease tumor suppressor (VHL) (Young et al, 2008) can also trigger premature senescence.

Other stresses

Besides the stresses described above, multiple other inducers of premature cellular senescence have been identified.

Cell-cell fusion triggered by endogenous and exogenous fusogenic proteins was identified as a trigger for cellular senescence (Chuprin et al, 2013). At the same time, Mannava and his colleagues found that downregulation of deoxyribonucleoside pools cause Ras induced senescence in normal human fibroblasts (Mannava et al, 2013). Another study demonstrated that heat stresses, such as heat shock (HS) and hyperthermia, could induce DNA damages and p53/p21-dependent cellular senescence in early S phase cells (Velichko et al, 2015).

In conclusion, numerous stresses can lead to cellular senescence.

Characteristics of cellular senescence

When normal cells are exposed to stresses and enter senescence, including both replicative and premature senescence, they display a number of features (Table 1). Senescent cells generally show enlarged and, if adherent, flattened morphology, which may due to anabolic processes after exiting the cell cycle, such as protein synthesis (Sharpless & Sherr, 2015). Besides this phenotype, there are also a variety of characteristics outlining senescence. Indeed, senescent cells show a senescence-associated -galactosidase activity (SA--gal) and potentially senescence-associated heterochromatic foci (SAHF) [START_REF] Dimri | A biomarker that identifies senescent human cells in culture and in aging skin in vivo[END_REF]Narita et al, 2003). Although senescent cells can no longer divide, they are resistance to apoptosis, remain metabolically active and display a pro-inflammatory secretome called Senescence-Associated Secretory Phenotype (SASP) (Campisi, 2013). On the whole, the two main features of senescent cells are the stable proliferation arrest and the SASP. However, no single feature is specific to senescence. Senescent cells are identified by the combination of several of these markers in vitro and in vivo. 

Cell cycle arrest

Cell cycle is described as a series of cellular events leading to duplication of its DNA (DNA replication) and to cell division, resulting in two daughter cells. There are 4 main phases during the cell cycle: G0/G1 phase, S phase, G2 phase and M phase. In G1, cells start to increase their size and prepare materials for DNA synthesis. DNA replication occurs during S phase. In G2 phase, like in G1, cells synthesize proteins for the next step and continue to enlarge. Then cells divide into two daughter cells in the coming M phase. Classically, cellular senescence is defined as a stable cell cycle arrest in G1 phase but can also occur in other phases of the cell cycle (Krenning et al, 2014;Stein & Duli , 1998).

A stable cell cycle arrest is an indispensable marker for the identification of cellular senescence both in vitro and in vivo. However it cannot be used as the only marker to identify senescent cells as it is not a specific for senescence [START_REF] Kuilman | The essence of senescence[END_REF]. For example, cells undergo quiescence in response to stresses like mitogen deprivation or contact inhibition and also show cycle arrest. However, unlike senescence, in quiescence, replication competent cells go through a reversible arrest and can re-enter the cell cycle when favorable growth conditions are restored [START_REF] He | Senescence in Health and Disease[END_REF]. Terminally differentiated cells similarly undergo stable proliferation arrest, exhibit functional and morphological changes but which do not involve the induction of tumor suppressors like p16 or p53 [START_REF] Kuilman | The essence of senescence[END_REF].

Senescence is mainly considered as a permanent cell cycle arrest, nevertheless, studies show that there are multiple ways to reverse cellular senescence and allow senescent cells to re-enter the cell cycle, such as inactivation of some interleukins or p53, which can abolish the cell cycle arrest and allow cells to re-proliferate (Beauséjour et al, 2003;Coppé et al, 2008). While this kind of reversility is rare in cultured cells it could more frequently happen in in vivo settings [START_REF] Kuilman | The essence of senescence[END_REF].

Cell morphology

In addition to the cell cycle arrest, cellular senescence can typically be identified with distinct cell size and morphological changes, at least in vitro. Senescent cells show multiple phenotypes, like flatten, enlarged cytoplasm (as mentioned in replicative senescence part), or multinucleation, depending on cell types and senescence triggers (Figure 5) [START_REF] Kuilman | The essence of senescence[END_REF]. Typically such cells loose cell-cell contact and display increased adhesion to the extracellular matrix (Ben-Porath & Weinberg, 2005). In general, cells induced in senescence by Ras-or DNA damage usually appear with a flatten and enlarged morphology (Chen et al, 2001;Serrano et al, 1997), while elongated, spindle-shaped morphology is found in the oncogenic Raf-or MEK-overexpressing cells (Michaloglou et al, 2005). Moreover, when undergoing Ras-induced senescence, melanocytes display extensive vacuolization, potentially because of endoplasmic reticulum stress caused by the unfolded protein response (Denoyelle et al, 2006).

Senescence-associated -galactosidase activity

In 1995, Dimri et al found that several human cells display a -galactosidase activity, which was detectable at pH 6, upon senescence in culture. At the same time, they observed asimilar blue staining in skin samples preferentially from old donors. Therefore this activity was proposed to be a biomarker of cellular senescence in vitro and in vivo [START_REF] Dimri | A biomarker that identifies senescent human cells in culture and in aging skin in vivo[END_REF]. Later it was called "senescence-associated -galactosidase activity (SA--gal)" (Figure 5). The SA--gal activity at pH 6 is due to the increased abundance of the lysosomal enzyme in the senescent cells or tissues.

Actually, normal non-senescent cells display -galactosidase activity in the lysosomes at optimally pH 4 (Lee et al, 2006). This enzymatic activity is easily detected using the chromogenic substrate 5-bromo-4-chloro-3-indoyl -D-galactopyranoside (X-gal), which yields an insoluble blue compound when cleaved by -galactosidase. It was proposed that this increased activity is due to increased expression of GLB1, which encodes the classical lysosomal -galactosidase enzyme (Kurz et al, 2000;Lee et al, 2006).

SA--gal activity is regarded to be associated with senescent cells, as it is not detected in quiescent or terminally differentiated cells. This assay is now widely used in studies of cellular senescence in culture and in vivo (Debacq-Chainiaux et al, 2009). However, limitations exist as even under normal physiological conditions, -galactosidase activity is enriched in some specific cell types like mature tissue macrophages and osteoclasts (Kopp et al, 2007). Besides, increase of lysosomes activity which is unrelated to senescence would also lead to elevated -galactosidase activity. Thus, SA--gal activity assay is applied to identify senescence but it has to be combined with additional markers. 

Senescence-associated secretory phenotype

Senescent cells exhibit profound alterations in their transcriptomes, resulting in a complex pro-inflammatory response which constitute the senescence-associated secretory phenotype (SASP), also known as the senescence messaging secretome (SMS) (Coppé et al, 2008). The SASP was first found in human fibroblasts undergoing replicative senescence (Shelton et al, 1999) and then observed in premature senescence (Coppé et al, 2008;Rodier et al, 2009). The SASP shows a wide profile. The components mainly include 3 types of proteins (Table 2): soluble signaling factors (interleukins, chemokines, growth factors and regulators), secreted proteases, and secreted insoluble proteins/extracellular matrix proteins (ECM) (Coppé et al, 2010). Some of the SASP components, such as plasminogen activator inhibitor 1 (PAI-1) and matrix metalloproteinase 3 (MMP3), have been used as senescence markers since a long time (Goldstein et al, 1994;Millis et al, 1992). 

Interleukins (IL)

IL6

Insoluble factors (ECM)

Fibronectin

Table 2. The main SASP factors.

Adapted from (Coppé et al, 2010) The SASP can trigger multiple cellular responses. Classically, the secreted proteins contribute to enforcing and diffusing stresses and recruiting the immune system to eliminate the senescent cells (Rao & Jackson, 2016). The SASP reinforces the senescent phenotype both in an autonomous way through an autocrine feedback loop and on the surrounding cells by paracrine effects (Acosta et al, 2008;Rodier, 2013). When co-cultured with senescent cells, non-senescent cells can enter senescence (Acosta et al, 2013). Some inflammatory cytokines of the SASP have the ability to establish and maintain senescence. Senescent cells can directly affect adjacent cells through interleukin-6 (IL6), one of the most prominent cytokines and pro-inflammatory component of the SASP (Kuilman et al, 2008). IL8 receptor CXCR2 has also been proved to be essential for cells to enter senescence (Acosta et al, 2008;Coppé et al, 2010). Similarly, TGF can trigger senescence in neighboring cells (Acosta et al, 2013;Hubackova et al, 2012). Senescent cells can thereby modify the tissue microenvironment (Coppé et al, 2008). By promoting the accumulation of senescent cells, the SASP may play an important role in linking cellular senescence with aging and age-related diseases (Hayakawa et al, 2015), which will be discussed in part 5. Furthermore, in certain conditions, the SASP promotes proliferation and epithelial-to-mesenchymal transition (EMT) (Kuilman et al, 2008), or by contrast stemness (Ritschka et al, 2017). It can also provoke an endoplasmic reticulum (ER) stress (Dörr et al, 2013).

Senescence-associated heterochromatic foci

In 2003, Narita et al found that the nuclei of senescent human fibroblasts contain punctate DNA foci as visualized by DAPI staining that can be readily distinguished from normal cells.

These foci, corresponding to condensed chromatin, were designated senescence-associated heterochromatic foci (SAHF) (Narita et al, 2003). SAHFs are specifically enriched in some repressive epigenetic marks, such as methylated lysine 9 of histone H3, H2A variant histone macroH2A and heterochromatin protein 1 (HP1), whereas euchromatic marks like histone H3-Lys 9 acetylation and Lys 4 methylation are excluded from SAHFs [START_REF] Zheng | Systems analysis of transcriptome and proteome in retinoic acid/arsenic trioxideinduced cell differentiation/apoptosis of promyelocytic leukemia[END_REF]. A series of studies have shown that the formation of SAHF requires the translocation of histone cell cycle regulation defective A (HIRA) to promyelocytic leukemia protein (PML) nuclear bodies, which is driven by downregulation of the canonical Wnt signaling pathway [START_REF] Salama | Cellular senescence and its effector programs[END_REF]Ye et al, 2007a;Ye et al, 2007b). Moreover, alteration of specific chromatin architectural proteins, for instance accumulation of the high mobility group A (HMGA) or loss of histone H1, is also implicated in SAHF formation (Narita et al, 2006;[START_REF] Zheng | Systems analysis of transcriptome and proteome in retinoic acid/arsenic trioxideinduced cell differentiation/apoptosis of promyelocytic leukemia[END_REF].

SAHF formation depends on the recruitment of heterochromatin proteins and the Rb tumor suppressor, which repress proliferation-promoting genes (E2F target genes) (Bernadotte et al, 2016;Narita et al, 2003) Interestingly, SAHF seem to sustain and perpetuate the senescent cell cycle arrest once they are formed (Shi et al, 2017). Although OIS often shows SAHF formation, the foci are not a general phenomenon in all the senescence contexts.

Other markers of senescence

In addition to the above markers, there are many other identified senescence markers. The tumor suppressor proteins Deleted in Esophageal Cancer (DEC1) and Decoy Receptor 2 (DcR2), both of which are p53 transactivation targets, are accumulated in senescent cells (Collado et al, 2005). Sprouty2 (also known as SPRY2) is induced and its overexpression is sufficient to trigger senescence (Courtois-Cox et al, 2006). Upregulation of Smurf2 is observed during telomere shortening in human fibroblasts and induces senescence in early passages (Zhang & Cohen, 2004).

The Wnt family member Wingless-type MMTV integration site family member 16B (WNT16B) is also induced during senescence where it regulates tumor microenvironment in response to DNA damage (Binet et al, 2009). Repression of the nuclear lamina protein lamin B1 (LMNB1) has been described as a hallmark of senescence in DDR-induced senescence, OIS or replicative senescence in human fibroblasts, keratinocytes and melanocytes, as well as during aging of human skin (Freund et al, 2012;Sadaie et al, 2013;Shimi et al, 2011). Aberrant Ras/ERK signaling was also found in human or mouse primary fibroblasts or other cells with short telomeres, such as human mammary epithelia cells, leading to a proteasome-dependent protein degradation process named senescence-associated protein degradation (SAPD). Mechanistically, the proteins degraded are proteins required for cell cycle progression, cell signaling, cell migration and mitochondrial functions (Deschênes-Simard et al, 2013).

However, no single marker can identify senescence alone in vitro or in vivo. Combination of several markers is applied for senescence confirmation, but what is the exact number and type of markers needed has not reached a consensus yet. For the identification of senescence, in addition to several of these common markers, the proliferation marker Ki-67 or the thymidine analog bromodeoxyuridine (BrdU) should be used in parallel.

Molecular pathways underlying senescence

As many genes display altered expression during senescence, numerous studies have focused on unveiling the reasons and meanwhile elucidating their role in regulating senescence. However these research seem to be quite complicated by the fact that senescence is not a constant process and the pathways causing cells to enter senescence vary between species, cell types and cell inducers (Zhang, 2007). For instance, during normal cell culture, human fibroblasts enter senescence after finite passages in culture because of telomere shortening, whereas (i) human mammary epithelial cells become senescent due firstly to p16 upregulation and secondly, for cells spontaneously escaping this first senescence plateau, to telomere shortening, (ii) mouse embryonic fibroblasts enter into senescence because of hyperoxia and ROS accumulation (Bodnar et al, 1998;Kiyono et al, 1998;Liu et al, 2015;MacLaren et al, 2004). Even though, much progress has been done in understanding the pathways and mechanisms involved in senescence (Ben-Porath & Weinberg, 2005). It is accepted that senescence can be triggered by multiple afferent signaling pathways, among which the p53 and p16 tumor suppressor pathways are the most commonly activated ones (Figure 6). To note, different cell types differ in the activation of p53 or p16 pathways due to their different sensitivity to stresses. 

p16 pathway

Mechanistically, p16 (also known as cyclin-dependent kinase inhibitor 2A), an inhibitor of cyclin D-CDK4/6 complexes, binds to CDK4/6 and prevents Rb phosphorylation. (Lukas et al, 1995;Rayess et al, 2012). Rb is an important tumor suppressor gene. Interestingly, phosphorylated Rb (pRb) in turn can lead to increased p16 expression (Li et al, 1994). Unlike cyclins, p16 level does not change appreciably during cell cycle (Hara et al, 1996) Increased expression of p16 is observed during replicative senescence, OIS and DNA damaging stimuli including telomere dysfunction, UV light, ionizing radiation, oxygen radicals and some chemotherapeutic agents (Chen et al, 2004;Jacobs & de Lange, 2004;Meng et al, 2003;Pavey et al, 1999).

p53 pathway

In humans, the p53 gene is located on the chromosome 17 and acts as "the guardian of the genome" due to its role in conserving genome stability (Kern et al, 1991;Matlashewski et al, 1984). Although p53 is maintained at a low level in cells by the proteasome degradation pathway as it is not required for normal cell growth or development, it can be quickly stabilized and activated to induce cell death or senescence. Pathways regulated by p53 include DNA repair, cell cycle arrest and other processes such as apoptosis, autophagy, angiogenesis and migration, (Vogelstein et al, 2000). p53 is a major tumor suppressor gene and is mutated or lost in a majority of human cancers (Hollstein et al, 1991;Liu et al, 2013).

p53 can block cell cycle progression and induce cellular senescence in response to ROS accumulation and DDR induction and/or in response to to p14/p19 ARF transcriptional induction.

p53 activates the transcription of its downstream effectors such as the cyclin-dependent kinase inhibitor p21, which is upregulated during senescence (Herbig et al, 2003). Nonetheless, p21 is not sufficient to explain the essential role of p53 in the establishment of senescence; Aksoy et al and Carvajal et al have described the transcription factor E2F7 as another p53 target during cell-cycle arrest and senescence (Aksoy et al, 2012;Carvajal et al, 2012). p53 can also interact with the mTOR pathway to prevent cell proliferation (Budanov & Karin, 2008).

As a transcription factor, p53 mainly exerts its function by binding to its target genes including DNA repair and cell cycle arrest genes, and thereby activating or repressing them (Beckerman & Prives, 2010). Through the transcriptional regulation of the target genes, p53 regulates many cellular biological processes to maintain the stability and fidelity of the genome and prevent mutations and tumor formation or development (Liu et al, 2013). In addition, under pro-senescent stresses, p53 transcriptionally induces a group of pro-apoptotic target genes at a lower level than that in apoptosis, including PUMA (p53 upregulated modulator of apoptosis), BAX (BCL2-associated X protein), NOXA (PMAIP1) (Lee et al, 2008;Tavana et al, 2010).

Relationships between p16 and p53 in senescence

Senescence can be mediated by the p53 pathway, leading to arrest of the cell cycle, independently of p16 axis. p14 Arf , encoded by the CDKN2A gene (as p16), plays a central role in senescence through trapping MDM2 ubiquitin ligase in a stable complex, thus inhibiting degradation of p53 (Rayess et al, 2012). On the other hand, p14 expression is repressed by E2F1, which is regulated by p16 (Rowland et al, 2002). This information connects p16 and p53 pathways to form a feedback loop through p14 and E2F1. Experimental approach showed the upregulation of p16 in response to Ras in p53-deleted mouse embryonic fibroblasts (MEFs) which may be due to its regulator Ets1 (Fujikawa et al, 2007). Another study demonstrated that the level of p63, a member of p53 family, is required for mouse skin development by controlling INK4A andINK4D (p19) gene expression [START_REF] Hayashi | MAM: more than just a housekeeper[END_REF]. To conclude, p16 and p53 activities closely interplay and their cooperation is often essential for maintaining senescence signaling network and further outputs.

Other pathways

As described, p16 and/or p53 are essential in most cases for stable proliferation arrest during senescence induction. However they are not sufficient for SASP induction. SASP induction is mainly mediated by nuclear factor-B (NF-B) (Chien et al, 2011) and CCAAT/enhancer-binding protein-(C/EBP ) signaling (Herranz et al, 2015) (Figure 7). Pro-inflammatory cytokines like IL1 and mammalian target of rapamycin (mTOR) signaling have been proposed as upstream effectors of the SASP (Hubackova et al, 2012). mTOR inhibition by rapamycin can suppress the translation of IL1 , diminishing NF-B transcriptional activity and controlling the majority of the SASP (Herranz et al, 2015;Laberge et al, 2015). p38MAPK induces SASP secretion also largely by activating NF-B signaling pathway (Freund et al, 2011). In addition, DNA damage response plays key roles in SASP production (Freund et al, 2011;Rodier et al, 2009). Another study showed that GATA family member 4 (GATA4) mediates cellular senescence by regulating SASP through NF-B during DDRs (Kang et al, 2015). SASP can also be regulated in many other manners. For instance, chromatin reorganization can modulate the expression of SASP genes (Aird et al, 2016).

Epigenetic regulators, such as bromodomain-containing protein 4 (BRD4), directly bind to super-enhancer regions in close proximity to pivotal SASP genes, playing key roles in regulating SASP (Tasdemir et al, 2016). Apigenin reduces SASP through suppressing IL1 signaling (Perrott et al, 2017). In addition, mitochondrial dysfunction also elicits the SASP (Wiley et al, 2016). Transforming growth factor-(TGF-) can bind to specific cell surface receptors and then interact with small mothers against decapentaplegic (SMAD) proteins. The formed complexes bind to target DNA sequences after transferring to nuclei (Lin et al, 2012). TGF-can induce p21 expression through this signaling and thus trigger senescence through G1 arrest in a p16-and p53-independent but p21-dependent manner (Datto et al, 1995;Senturk et al, 2010).

Several senescence regulators has been identified and I tried to present the most important ones, but we have to keep in mind that cellular senescence results from the regulation of multiple pathways (Martínez-Zamudio et al, 2017).

Pathophysiological effects of cellular senescence

Senescence is driven by multiple inputs leading to diverse outputs, it is a collective phenotype of many functional networks triggered by a wide variety of stimuli (Young et al, 2013).

It has been considered that the timely and spatially regulated short-term induction of cellular senescence plays beneficial roles such as during embryonic development, wound healing and tumor suppression, whereas the long-term accumulation of senescent cells or chronic senescence will be harmful and lead to aging and potential age-related diseases including cancer development (Campisi, 2005;Collado et al, 2007;Coppé et al, 2008;Finkel & Holbrook, 2000) (Figure 8). Short-term presence of senescent cells plays a beneficial role in embryonic development, wound healing and tumor suppression. However, the long-term persistence of senescent cells in tissues can paradoxically promote aging and cancer progression.

Embryonic development

It For example, IL8 is required for placental growth during pregnancy and it is also protecting the fetus from pathological organisms (Jovanovi et al, 2010).

In addition to the placenta, senescent cells have been described to play important roles in tissue growth, in organ patterning and in maintaining tissue integrity during embryogenesis. The senescence-positive structures mainly include the endolymphatic sac of the inner ear, the mesonephric tubules during mesonephros involution, and the apical ectodermal ridge (AER) of the limbs (Muñoz-Espín et al, 2013). To note, the senescent cells observed in this context display common features of senescent cells, such as SA--gal activity, absence of proliferation as marked by Ki-67, increased heterochromatin markers and increased expression of CDK inhibitors like p15 and p21, while they do not express DDR markers, do not secrete typical SASP cytokines, do not depend on p16 and p53 but still depend on p21 expression through induction by the TGF-/SMAD and PI3K/FOXO (Storer et al, 2013).

Altogether, senescence during embryogenesis seems to display both some common markers and some specific features. Its physiological function during embryonic development is still largely unknown.

Wound healing

Mice show activation of p16 and appearance of senescent cells, at least senescent fibroblasts and endothelial cells, at wound sites few days after skin injury (Demaria et al, 2014;Tomasek et al, 2002). Eliminating p16-positive senescent cells in mice delays the healing. Senescence participates in wound healing although it is not essential for it. Regulation of wound healing by senescent cells might be due to secretion of SASP components. Indeed SASP factor platelet-derived growth factor AA (PDGF-AA) is produced by senescent fibroblasts and endothelial cells and impacts the wound healing process (Demaria et al, 2014;Purnell, 2015).

Another study shows that carbon tetrachloride (CCl 4 )-induced liver damage and fibrosis triggers senescence of hepatic stellate cells and expression of SASP and suggests that senescent cells arise to limit fibrosis during tissue repair (Krizhanovsky et al, 2008).

The matricellular cell adhesive protein CCN1/CYR61, which is commonly expressed in granulation tissues at sites of wound repair, promotes senescence of fibroblasts through binding to its cell adhesion receptors. This upregulates antifibrotic gene expression during tissue repair (Jun & Lau, 2010). In addition, NF-B activation is found in the wounding sites and seems to be important for healing (Baker et al, 2016).

It has been suggested that some p16-abundant cells around wound sites are specialized macrophages which are recruited by inflammatory signals and that SASP components which induce this recruitment may trigger senescence features in the macrophages. However, this is still controversial as these cells already have senescence features before being recruited (Hall et al, 2016). Several senescence promoters have been identified in wound microenvironment. For instance, PAI-1, IL6 or IL8, which are expressed by senescent cells, are able to regulate senescence and wound healing (Acosta et al, 2008;Coppé et al, 2010;Kortlever et al, 2006).

Altghough cellular senescence is clearly involved in wound healing, the knowledge about its exact role in this process is limited and thus many aspects such as the role of cellular senescence in different wound healing-related pathologies need to be further investigated.

Cancer

The stable cell cycle arrest induced by OIS or in replicative senescence has been regarded as a mechanism inhibiting tumor initiation and development. Genome analyses have shown that loss of p16 and/or p53, 2 master regulators of senescence, are among the most common genetic events in human cancers (Beroukhim et al, 2010). Actually, OIS has been shown to play important roles in preventing the development of numerous types of tumors. For example, OIS inhibits lymphoma development and contributes to response to therapy (Morgner et al, 2007). A K-Ras mice model showed that OIS may help to restrict tumor progression in lung and pancreas (Singh et al, 2010). It was demonstrated that a substantial number of cells undergo OIS in premalignant tumors but not in malignant tumor cells due to the loss of p16 or p53 (Collado et al, 2005). In a Eμ-N-Ras transgenic mice model, senescence bypass in response to oncogenic Ras was required for the development of invasive T cell lymphomas (Braig et al, 2005). Some studies focused on human nevi (moles), a benign melanocyte tumor, and showed that they display senescence markers (Michaloglou et al, 2005).

Senescent cells facilitate the immune surveillance through the SASP [START_REF] He | Senescence in Health and Disease[END_REF].

Moreover the SASP secreted by senescent cells can drive cell cycle arrest through juxtacrine signaling in cancer cells, which contribute to senescence of neighbor cells and finally tumor suppression [START_REF] Hoare | NOTCH1 mediates a switch between two distinct secretomes during senescence[END_REF]. However, some SASP factors like vascular endothelial growth factor (VEFG), IL8, IL6 and C-X-C motif chemokine ligand 1 (CXCL1), can also promote the initiation and development of cancer in a autocrine way (Liu et al, 2018;Rao & Jackson, 2016;Ritschka et al, 2017;Sparmann & Bar-Sagi, 2004). It has been hypothesized that this dual role of SASP depends on cell type tissue, as well as secretion period (acute or chronic) and doses (Ruhland et al, 2016).

Taken together, these studies demonstrated that cellular senescence can act as a protection mechanism against tumor initiation, a crucial barrier which needs to be bypassed for cancer development, but that senescence can nevertheless display some long-term pro-tumoral effects.

Aging and age-related diseases

Aging

Aging is defined as the progressive loss of tissue and organ function over time (Flatt, 2012).

There are numerous studies and results showing that cellular senescence is closely linked to aging.

Senescent cells are found to be accumulated in aged tissues. This is due to several reasons such as accumulation of senescence-inducing stresses, paracrine induction of senescence through SASP and defects in clearance of senescent cells by immune system. Ectopic expression of p53 has been shown to induce premature aging of many tissues in mice, indicating that p53 has an important role in regulating organismal aging (Tyner et al, 2002). Furthermore, age-induced increasing expression of p16 limits the regenerative capacity of tissue-specific stem cells (Janzen et al, 2006).

In addition, mitochondrial dysfunction leads to ROS production and aging through senescence (Herbig et al, 2006). Nevertheless the formal demonstration that senescent cells drive aging results from the observation that eliminating p16-positive senescent cells delays aging and increases lifespan (Baker et al, 2016;Van Deursen, 2014).

Accordingly, there are probably two main mechanisms by which senescence induces tissue dysfunction: (i) deterioration of tissue maintenance processes due to the SASP and (ii) removal of regenerative stem and progenitor cells from the proliferative pool through senescence itself. For example, IL6 overproduction was found in the aged adipose tissue (Childs et al, 2015;Starr et al, 2014). It has also been reviewed that senescent cells and especially SASP factors might lead to age-dependent thinning of the skin accompanied by loss of collagen (Campisi, 2013). Due to the involvement of senescence in aging, eliminating senescent cells and attenuating SASP have emerged as attractive lifespan extending targets. In fact, the therapeutic effects of the aging inhibitor rapamycin, whose signaling pathway through mTOR is involved in cellular senescence, has been applied for preclinical and clinical studies (Davalli et al, 2016). Genetic or pharmacological inhibition of mTOR signaling has been found to extend the lifespan of invertebrates, such as yeast, nematodes and fruit flies (Lamming et al, 2013).

Age-related diseases

Numerous age-related diseases have been associated with senescence, such as pulmonary fibrosis, chronic obstructive pulmonary diseases, type II diabetes, cardiovascular and neurodegenerative diseases (Mowla et al, 2014). Senescent cells are found accumulated in the altered tissues in these diseases and may cause, or at least maintain, them. Increased expression of p16 and ARF encoded by CDKN2A is implicated in atherosclerotic vascular disease (Harismendy et al, 2011). Further study proved this by removing p16 expressing macrophages from atherosclerotic lesions in murine models contribute to decreasing plaque size (Childs et al, 2016).

Furthermore, it has been reported that senescent cells accumulate in osteoarthritis-affected joints.

This is shown in a traumatic osteoarthritis mice model (Jeon et al, 2017). It was proposed that senescent chondrocytes are involved in osteoarthritis and intervertebral disc degeneration (Roberts et al, 2006). In conclusion, senescence markers and certain regulators, such as SA--gal, telomeres dysfunction, SASP factors and increased cell cycle inhibitors like p16, p14, p21, are accumulated at site of age-related diseases. Still, in vivo senescence markers for an easy detection of senescent cells in different age-related diseases need to be identified.

Eliminating senescent cells

Up to now, it has become more and more clear that clearance of senescent cells could extend healthy lifespan and improve numerous age-associated pathologies, at least in mice.

Mice model revealed that p16 inactivation prevents the formation of senescent cells in skeletal muscle, eye and fat and at the same time increases the lifespan of mutant mice with low level of the mitotic checkpoint protein BubR1. This study suggested a direct link between senescence and aging, and furthermore, pointed out that decreasing the amount of senescent cells seem to extend lifespan in mice (Baker et al, 2008). This kind of blunting aging process is further supported by selectively removing p16-positive cells using a senescence suicide transgene et al, 2016). Navitoclax is also shown to be senolytic in other contexts such as in rodent fibroblasts and human endothelial cells, but not in others like human primary preadipocytes (Zhu et al, 2016).

INK
In addition to lifespan aspect, the clearance of senescent cells is also found to be beneficial for several age-related diseases. For instance, selective removal of senescent intimal foam cells In conclusion, senolysis, which selectively clear the senescent cells with few off-target effects, provide a potential alternative choice for anti-aging therapy. However, several challenges and important considerations, such as identifying a target that can be inhibited in an undesirable target cell without toxicity to healthy cells and the potential toxicity of senolysis, need to be addressed before potential clinical application in humans (Childs et al, 2017).

Calcium signaling in cellular senescence

Recent year, emerging literatures indicate that calcium signaling is a key player in cellular senescence.

Intracellular calcium signaling: focus on ITPR and ER/mitochondria transfer

Calcium, which is considered as a highly multifaceted ion, controls various molecular processes and cellular functions through binding to thousands of proteins. It is considered as a second messenger inside the cells that will regulate the activity of numerous proteins, especially some kinases (Bers & Grandi, 2009;Racioppi & Means, 2012). Normally calcium levels are maintained at very low concentrations in the cytoplasm of cells (around 100nM, which is 20000 to 100000 times lower than outside the cells). This is due to its export from inside to outside the cells and to its sequestration in some organelles like the endoplasmic reticulum (ER) (Medler, 2010).

This imbalance between intra-and extracellular calcium is regulated by various calcium pumps located at the membranes. However, even kept at low level, the intracellular calcium regulates numerous basic cellular processes including proliferation, differentiation, cell death and cellular motility (Bose et al, 2016;Munaron et al, 2004).

A universal mechanism of intracellular calcium signaling is calcium release from ER through the activation of phospholipase C (PLC) and IP3 pathway. IP3 binds to its receptors (IP3 receptors named IP3Rs or ITPRs) and allows the release of calcium from ER through these ITPR calcium channels (Geyer et al, 2015). Interestingly, several oncogenes and tumor suppressors known to regulate cellular senescence can modulate the activity of ITPRs and ER calcium homeostasis (Akl & Bultynck, 2013). Mitochondria are equally important as the calcium released from ER preferentially enters mitochondria through Voltage dependent anion channels (VDAC) and the Mitochondrial Calcium Uniporter (MCU). This is facilitated by close connection between the ER membranes and the mitochondrial membranes through the formation of "mitochondria-associated ER membranes" (MAMs), which seem to playcrucial roles in regulating calcium homeostasis inside cells (Figure 9). MAMs involve numerous proteins such as ITPRs and they are regulated by senescence and cancer regulators such as the promyelocytic leukemia (PML) or Akt (Betz et al, 2013;Giorgi et al, 2010;Poston et al, 2013). MAMs play critical roles in ER-mitochondria crosstalk by allowing efficient transfer of calcium from ER to mitochondria. ITPRs in the ER as well as VDAC and MCU in the mitochondria mediate the release of calcium from ER and its transfer to mitochondria respectively. The interaction between ER and mitochondria is also regulated by glucose response protein 75 (GRP75) and mitofusins MFN 1 and 2.

Increased intracellular calcium during senescence

In the last five years, several studies have revealed that calcium signaling is implicated in cellular senescence. Indeed, an elevation of intracellular calcium level has been found in stress-induced senescence and replicative senescence (Bolinches-Amorós et al, 2014 ;[START_REF] Borodkina | Calcium alterations signal either to senescence or to autophagy induction in stem cells upon oxidative stress[END_REF][START_REF] Wiel | Endoplasmic reticulum calcium release through ITPR2 channels leads to mitochondrial calcium accumulation and senescence[END_REF]. It has been shown that rotenone induces senescence through calcium signaling, which could be prevented by a L-type calcium channel blocker isradipine, in human neuroblastoma SH-SY5Y cells (Yu et al, 2013). Moreover, our laboratory has observed that in human mammary epithelial cells (HMEC) and primary human fibroblasts, upon senescence-inducing stresses and telomere shortening, calcium is released from ER through ITPR2 and accumulated in mitochondria, leading to senescence [START_REF] Wiel | Endoplasmic reticulum calcium release through ITPR2 channels leads to mitochondrial calcium accumulation and senescence[END_REF]. Borodkina et al also found in human endometrium-derived stem cells (hMESCs) that sublethal H 2 O 2 -treatment resulted in a rapid calcium release from intracellular stocks and to senescence, whereas chelation of calcium by BAPTA-AM (BAPTA) reverses senescence induction [START_REF] Borodkina | Calcium alterations signal either to senescence or to autophagy induction in stem cells upon oxidative stress[END_REF].

These data demonstrate that increased intracellular calcium levels lead to cellular senescence.

Increased intracellular calcium leads to ROS and DNA damage

It has been well established that calcium released from ER can be taken up by mitochondria (Figure 10). In senescence, increased intracellular calcium level can lead to mitochondrial calcium accumulation, thus causing mitochondrial dysfunction and elevated ROS generation [START_REF] De Brito | An intimate liaison: spatial organization of the endoplasmic reticulum-mitochondria relationship[END_REF][START_REF] Wiel | Endoplasmic reticulum calcium release through ITPR2 channels leads to mitochondrial calcium accumulation and senescence[END_REF] . Indeed, our laboratory has demonstrated that upon OIS in mammary epithelial cells and replicative senescence in primary human fibroblasts, calcium released from the ER through ITPR2 and accumulated in mitochondria through MCU leads to a subsequent decrease of membrane potential ( ), elevation of ROS and ultimately senescence [START_REF] Wiel | Endoplasmic reticulum calcium release through ITPR2 channels leads to mitochondrial calcium accumulation and senescence[END_REF]. Besides, a very early study described that the intracellular calcium chelator Quin-2 prevents DNA damages induced by H 2 O 2 (CANTONI et al, 1989). Interestingly, calcium chelation can decrease the phosphorylation of ATM, H2AX and 53BP1 proteins, known as DDR markers, during H 2 O 2 -treated hMESCs [START_REF] Borodkina | Calcium alterations signal either to senescence or to autophagy induction in stem cells upon oxidative stress[END_REF]. 

Increased intracellular calcium regulates the SASP

Transcriptional effect of calcium in senescence

The activation of the calcium-dependent transcription factor nuclear factor of activated T-cells (NFAT) by the calcium/calmodulin/calcineurin pathway is known to regulate cellular senescence [START_REF] Manda | NFATc1 promotes prostate tumorigenesis and overcomes PTEN loss-induced senescence[END_REF]. Mechanistically, when calcium is released from ER or enters the cells, the calcium sensor protein calmodulin binds to the free calcium and subsequently activate calcineurin. This phosphatase dephosphorylates NFAT, triggering NFAT nuclear translocation and binding to its DNA target sequences, promoting the expression of its target genes [START_REF] Manda | NFATc1 promotes prostate tumorigenesis and overcomes PTEN loss-induced senescence[END_REF]Okamura et al, 2000) (Figure 10). Actually, calcineurin/NFAT signaling has been shown critically required for p53 and senescence-associated mechanisms in mouse skin [START_REF] Wu | Opposing roles for calcineurin and ATF3 in squamous skin cancer[END_REF].

Besides, it has been also demonstrated that ATF3, a transcription factor related to the AP-1 family, is directly repressed by calcineurin/NFAT signaling, and the increased ATF3 expression can inhibit p53-dependent senescence [START_REF] Wu | Opposing roles for calcineurin and ATF3 in squamous skin cancer[END_REF]. Furthermore, activation of the NFAT family member NFATc1 confers to cells the ability to overcome PTEN loss-induced cellular senescence by down regulating cell cycle inhibitorssuch as p21 [START_REF] Manda | NFATc1 promotes prostate tumorigenesis and overcomes PTEN loss-induced senescence[END_REF]. Besides, NFATc1 can also regulate ITPR2 gene expression through direct binding to its promoter, which may indicate a positive feedback loop between ITPR2 and calcineurin/NFAT signaling [START_REF] Sankar | Calcineurin-NFATc regulates type 2 inositol 1,4,5-trisphosphate receptor (InsP3R2) expression during cardiac remodeling[END_REF]. Taken together, calcium plays important roles in the transcriptional regulation of some genes involved in senescence regulation. Under stresses, intracellular calcium is released from ER through IP3 receptors (ITPRs) or enters the cells, followed with accumulation in mitochondria through mitochondria calcium uniporter (MCU).

The increased mitochondrial calcium leads to an elevation of ROS and ultimately senescence. Besides, the calcium sensor protein calmodulin can bind to the free calcium in cytosol and subsequently activates calcineurin. This phosphatase dephosphorylates NFAT, thus triggering NFAT nuclear accumulation and regulation of its target genes. On the other hand, accumulation of intracellular calcium activates the calcium-dependent protease calpain which subsequently regulates the SASP through IL1 and induces senescence.

Adapted from [START_REF] Martin | Calcium signaling and cellular senescence. Cell Calcium[END_REF] 

Other roles of calcium in senescence-associated features

Calcium signaling has been shown to play a role in different stages of the cell cycle, promoting progression of cells from G0 into G1, regulating events during G1 and G2, and pushing cells into mitosis (Steinhardt & Alderton, 1988). Indeed, Calmodulin kinase (CaMK) and calcineurin are required for cyclin D1 and CDK2 expression (Kahl & Means, 2004;Morris et al, 1998). Calcium is also implicated in other senescence features like DDR, and plays essential roles in physiopathological aspects such as regulating wound responses, migration and invasion during tumor progression (Farfariello et al, 2015;[START_REF] Martin | Calcium signaling and cellular senescence. Cell Calcium[END_REF].

Some studies have shown that an abnormal level of intracellular calcium in neurons is associated with aging-related disorders, such as Alzheimer's Disease (Brzyska & Elbaum, 2003).

Beside, decreasing the calcium release from the ER and mitochondrial calcium uptake contributes to the survival advantage in colorectal cancer (Pierro et al, 2018). These data suggest that calcium might regulate some aspects of aging and age-related diseases by controlling cellular senescence.

Objectives Objectives

Cellular senescence is a stable cell proliferation arrest, which is induced multiple stresses and which plays fundamental roles in physiopathological contexts such as embryonic development, wound healing, tumor suppression and aging. However, the molecular and cellular mechanisms controlling senescence are still incompletely understood.

Our laboratory recently identified the inositol 1, 4, 5-trisphosphate receptor type 2 (ITPR2) as a senescence regulator in a loss-of-function genetic screen. During OIS or replicative senescence, ITPR2, which is an endoplasmic reticulum calcium release channel, triggers calcium release from endoplasmic reticulum (ER), followed by mitochondrial calcium accumulation through the mitochondrial calcium uniporter (MCU) channel. Mitochondrial calcium accumulation leads to a subsequent decrease in mitochondrial membrane potential, reactive oxygen species (ROS) accumulation and ultimately senescence [START_REF] Wiel | Endoplasmic reticulum calcium release through ITPR2 channels leads to mitochondrial calcium accumulation and senescence[END_REF]. ONCOMINE database shows that comparing with normal cells, the expression level of ITPR2 in cancer cells is mostly repressed.

This suggests that transcriptional regulation of ITPR2 might be an important process; however it has only poorly been investigated so far. Therefore, the first objective of my PhD was to identify regulators of ITPR2 expression and question their ability to regulate senescence, potentially through ITPR2 and calcium signaling.

The second part of my PhD work was focused on the SASP. SASP has emerged during the last years as key in mediating some pathophysiological effects of senescent cells (Acosta et al, 2008;Coppé et al, 2008;Rodier, 2013). Calcium is an important molecule in potentially both promoting secretion and mediating ligand-receptor signaling because of the release of IP3 and subsequent activation of IP3R (ITPR) (Mikoshiba, 2015;Taylor & Tovey, 2010). In this context, the objective of this part of my PhD was to investigate biological effects of the SASP and the role of calcium in mediating them.

Material and methods

Materials and methods Biotechnology and used at 1μM. 4-Hydroxytamoxifen (4-OHT) was purchased from Sigma-Aldrich and used at 100 nM.

Vectors, transfection and infection

pLNCX2-mito-GCaMP2 vector [START_REF] Wiel | Endoplasmic reticulum calcium release through ITPR2 channels leads to mitochondrial calcium accumulation and senescence[END_REF] and pLPCx-roGFP2-ORP1 vector (Le Gal et al, 2015) were previously described. The lentiviral vector pLV-RXRA, pLV-CALB1 and the corresponding empty vector pLV were purchased from Vectorbuilder. GeneJuice transfection reagents were used according to the recommendations of the manufacturer (Merck Millipore) to transfect GP-293 cells with VSVg and the above-mentioned retroviral vectors and T-293 cells with gag-pol and envelop together with the above-mentioned lentiviral vectors. Two days after transfection, the viral supernatant was mixed with fresh medium and 8 g/mL hexadimethrine bromide (Sigma-Aldrich) and used to infect target cells. One day later, infected cells were selected with 100 μg/mL neomycin (Life Technologies) or 500 ng/mL puromycin (Invivogen).

siRNA transfection

For the siRNA screen and other knockdown experiments, an ON-TARGETplus non-targeting control pool (siCtrl), ON-TARGETplus siRNA SMARTpools targeting the genes of interest with 4 different siRNAs and ON-TARGETplus individual siRNAs were used (Dharmacon, GE Healthcare). Sequences of siRNAs comprised in the pools and of individual siRNAs are listed in Table 3 andTable 4. 

Screening and Nanostring analysis

For the screen, a library of 160 siRNA pools each targeting an epigenetic regulator or a transcription factor was used. The full list of the 160 genes targeted by the library is displayed in Supplementary Table 1 in the results part. The library was divided in 4 groups and for each of 4. Relative expression of ITPR2 was calculated for each siRNA pool according to its level in cells transfected with the control non-targeting siRNA pool.

Reverse transcription and real-time quantitative

The Maxima first strand cDNA synthesis kit (Life Technologies) was used to synthesize cDNA from total RNA, according to manufacturer's instructions. cDNAs obtained by this reverse transcription (RT) were used as templates for quantitative PCR (qPCR). The qPCR mixture also contained TaqMan mix (Roche), 100 μM of a Universal Probe Library probe (Roche) and 200 nM of primers (Sigma-Aldrich). Primer sequences are listed in Table 5.

qPCRs were carried out on a FX96 Thermocycler (Bio-Rad). qPCR reactions were as follows:

95°C 10min, followed with 40 cycles of 95°C 10s, 59°C 30s. The reactions were performed in at least in duplicate. The relative amount of mRNA was calculated using the comparative Ct ( Ct) method and data were normalized using two housekeeping genes (PGK1 and HPRT1).

Gene symbol Forward primers

Reverse primers

PGK1 5'-cagctgctgggtctgtcat-3' 5'-gctggctcggctttaacc-3' HPRT1 5'-tgaccttgatttattttgcatacc-3' 5'-cgagcaagacgttcagtcct-3' RXRA 5'-acatgcagatggacaagacg-3' 5'-tcgagagccccttggagt-3' ITPR2 5'-aaagcctcagtggaatcctgt-3' 5'-atggcaattccacgattttt-3' MCU 5'-ctggctcccctggaaaag-3' 5'-ccaccccatagcaccaaa-3' p53 5'-aggccttggaactcaaggat-3' 5'-ccctttttggacttcaggtg-3' CDKN1A 5'-tcactgtcttgtacccttgtgc-3' 5'-ggcgtttggagtggtagaaa-3' CDKN1B 5'-tttgacttgcatgaagagaagc-3' 5'-agctgtctctgaaagggacatt-3' CDKN2A 5'-gtggacctggctgaggag -3' 5'-ctttcaatcggggatgtctg -3' CDKN2B 5'-caacggagtcaaccgtttc-3' 5'-ggtgagagtggcagggtct-3' Ki67 5'-tcaaggaactgattcaggagaag-3' 5'-gtgcactgaagaacacatttcc-3' BMP2 5'-cggactgcggtctcctaa-3' 5'-ggaagcagcaacgctagaag-3' COL3A1 5'-ctggaccccagggtcttc-3' 5'-gaccatctgatccagggtttc-3' GDF15 5'-ccggatactcacgccaga-3' 5'-agagatacgcaggtgcaggt-3' IGFBP5 5'-ctaccgcgagcaagtcaag-3' 5'-gtctcctcggccatctca-3' IL6 5'-gatgagtacaaaagtcctgatcca-3' 5'-ctgcagccactggttctgt-3' IL8 5'-gagcactccataaggcacaaa-3' 5'-atggttccttccggtggt-3' INHBA 5'-agacagctcttaccacatgatacaa-3' 5'-tctcctcttcagcaaattctcttt-3' MMP1 5'-tttgatgtaccctagctacaccttc-3' 5'-ggattttgggaacgtccat-3' MMP3 5'-gcagtttgctcagcctatcc-3' 5'-tttctcctaacaaactgtttcacatc-3' PDGFA 5'-ggatacctcgcccatgttc-3' 5'-caggagtcgctggaggtc-3' TGFB1 5'-actactacgccaaggaggtcac-3' 5'-tgcttgaacttgtcatagatttcg-3' VEGFA 5'-ctacctccaccatgccaagt-3' 5'-ccatgaacttcaccacttcgt-3' BMI1 5'-ccattgaattctttgaccagaa-3' 5'-ctgctgggcatcgtaagtatc-3' CBX7 5'-cgtcatggcctacgagga-3' 5'-tgggtttcggacctctctt-3' DNMT1 5'-caaacccctttccaaacctc-3' 5'-taatcctggggctaggtgaa-3' EED 5'-aatccggttgttgcaatctt-3' 5'-cagaggatggctcgtattgc-3' EZH2 5'-ccgctgaggatgtggatac-3' 5'-cagtgtgcagcccacaac-3' PHC1 5'-cacccctcaaccagtctcag -3' 5'-gggttcggtttacctgcaa-3' PRDM2 5'-cctctgcaaatatgagagattctg-3' 5'-ctggaggcacctcctgact -3' SUV39H1 5'-gaggtggatgccaggaaag-3' 5'-cccaattcttggcctgtact-3' SUZ12 5'-acatgggagactattcttgatgg-3' 5'-gcaacgtaggtccctgagaa-3' TET3 5'-gtgcctccttctcctttggt-3' 5'-ttccggagcacttcttcct-3' UHRF1 5'-aagatccaggagctgttcca-3' 5'-aagagggtatggccgtcct-3' MEIS1 5'-gcatgaatatgggcatgga-3' 5'-catactcccctggcatactttg-3' ZBTB17 5'-agaagctgaggccgcttt-3' 5'-tcttgctccttttgctcctc-3' CALB1 5'-ctgaaggatctgtgcgagaa -3' 5'-aagatccgttcggtacagctt -3' SCG2 5'-cgtcgtattttcccaatcca -3' 5'-gcaccataagggagccttg -3' CHGB 5'-attctgaggagccggtgag -3' 5'-ggtcagccctgtccttttc -3' RXRB 5'-aggtgggtgtttgggaaag -3' 5'-ccccaagttagacaggaagagata -3' PPARG 5'-gacaggaaagacaacagacaaatc -3' 5'-ggggtgatgtgtttgaacttg -3' THRA 5'-ggctgtgctgctaatgtcaa -3' 5'-tgactcttctcgatcttgtcca -3' ITPR1 5'-tacccagcggctgctaac -3' 5'-tgcaaatcctgctcctctgt -3' ITPR3 5'-ctgctgtagccagtgcagac -3' 5'-ggagcaagatcgtccatca -3'
Table 5. Sequences of primers used for qRT-PCR in the experiments.

Western Blot

Cells were directly lysed in Laemmli buffer. Cell lysates were resolved by SDS-PAGE electrophoresis and transferred to nitrocellulose membranes (Bio-Rad). Membranes were then blocked with TBST-Milk 5% for 1h and incubated with primary antibodies overnight at 4°C.

Primary antibodies and dilutions used are listed in Table 6.

Horseradish peroxidase-conjugated donkey anti-rabbit and sheep anti-mouse antibodies (Interchim) were used as secondary antibodies and incubated for 1h at room temperature.

Detection was performed using ECL kit (Amersham). 

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed with the Millipore ChIP Assay Kit (17-295). MRC5 cells were crosslinked with 1% formaldehyde for 10 min at 37°C. Chromatin was prepared according to the Millipore protocol and sonicated to an average size of 300-500 bp using a Diagenode Bioruptor. Chromatin fragments were immunoprecipitated at 4°C overnight with RXRA antibody or normal rabbit IgG used as negative control (references of antibodies are indicated in Table 6), and next day the immune complexes were collected on Protein A agarose beads (ChIP assay kit, Millipore). Quantitative PCR was carried out using SYBR Green Supermix (Bio-Rad). Primers amplifying an ITPR2 region showing RXRA binding in the ENCODE ChIP-seq database were used, as well as primers for positive and negative controls. Primer sequences are indicated in Table 7. The amount of immunoprecipitated target DNA is represented as a percentage of input, which was calculated using a curve derived from serial dilutions of input chromatin. 

Name

SA--Galactosidase assay and crystal violet staining

For SA--galactosidase assay, cells were washed twice with PBS and fixed for 5 min in 2% formaldehyde / 0.2% glutaraldehyde. Cells were then rinsed twice in PBS and incubated at 37°C overnight in SA--Gal solution as previously described [START_REF] Dimri | A biomarker that identifies senescent human cells in culture and in aging skin in vivo[END_REF]. For crystal violet staining, cells were washed with PBS, fixed for 15 min in 3.7% formaldehyde and then stained with 0.5% crystal violet solution.

Calcium imaging

For Fluoforte and Rhod-2 calcium assays, six days after siRNA transfection in glass-bottom dishes (Thermo Scientific), live cells were treated either with 5 μM Fluoforte (ENZ-52014, Enzo

Life Sciences) or with 10 μM Rhod-2 (R-1245MP, Thermo scientific) for 1 hour at 37 °C in 

ROS detection

Six days after siRNA transfection in glass-bottom dishes (Thermo Scientific), cells stably expressing roGFP2-Orp1 were washed and incubated in HBSS with calcium, magnesium and no phenol red (14025050, Thermo scientific) for ROS detection. Fluorescence (Ex 405 and 488 nm/Em 500-554 nm) was monitored in live cells using Zeiss LSM 780 confocal microscope. The ImageJ software was used to quantify the fluorescence intensity and the ratio between 405nm

(oxidized state) and 488nm (reduced state) was plotted, as previously described [START_REF] Gutscher | Proximity-based protein thiol oxidation by H2O2-scavenging peroxidases[END_REF].

Immunofluorescence staining

Six days after siRNA transfection in 8 chamber tissue culture glass slides (Falcon, Corning), cells were fixed in ice-cold methanol for 10 min at -20°C and blocked in PBS-Tween 0.05% containing 20% FBS (PBST-FBS). Incubation with primary antibodies in PBST-FBS was performed overnight at 4°C. Primary antibodies and dilutions used are listed in Table 6. After three washes with PBS, the slides were incubated with Alexa Fluor 488 dye-conjugated goat anti-rabbit antibody or chicken anti-mouse antibody diluted in PBST-FBS for 1 h at room temperature. The slides were then mounted with DAPI Fluoromount G (SouthernBiotech) after three PBS washes.

Images were acquired with a Nikon fluorescence microscope and data were collected and analyzed with NIS software (Nikon). For 53BP1 foci, their number per nucleus was determined using the Focinator tool [START_REF] Oeck | The Focinator -a new open-source tool for high-throughput foci evaluation of DNA damage[END_REF]. More than 200 nuclei were analysed for each condition.

The Enzyme-Linked Immunosorbent Assay

Ninety-six-well plates (Falcon, Corning) were pre-coated with 100 L per well of the diluted 

Statistical analysis

Graphs are presented with SD as errors bars and Student's t-test was used to determine the P-value. * for P < 0.05; ** for P < 0.01; *** for P < 0.001.

Results

Results

Chapter 1 The nuclear receptor RXRA controls cellular senescence through calcium signaling 11). Based on this information, we asked the question: how can ITPR2 expression be repressed? Red corresponds to upregulation, blue to downregulation.

p-value <0.001, fold change >2, gene rank of 10%.

Screen regulators of ITPR2

To investigate the regulation of ITPR2, we transfected siRNA targeting 160 epigenetic regulators and transcription factors in IMR90 primary human fibroblasts and performed a

Nanostring analysis of ITPR2 expression to identify transcriptional regulators of ITPR2. We decided to focus on the genes whose knockdown triggered a more than 2 fold upregulation of et al, 2001;Evans, 1988;[START_REF] Evans | Nuclear Receptors, RXR, and the Big Bang[END_REF]Laudet & Gronemeyer, 2002).

ITPR2
RXRA shares its structural organization with other NRs [START_REF] Evans | Nuclear Receptors, RXR, and the Big Bang[END_REF], which consists of four major and one additional domains (Kumar & Thompson, 1999) (Figure 12). The 

RXRs bind target genes to regulate their expression

Classically, NRs regulate gene transcription through binding to NR response elements in the promoters of target genes. They form monomers, homodimers or heterodimers with another NR member (Amoutzias et al, 2007;[START_REF] Evans | Nuclear Receptors, RXR, and the Big Bang[END_REF]Lou et al, 2014). RXRs interact with co-repressors with histone deacetylase (HDAC) activity in the absence of ligands, whereas ligand binding to the receptors causes the dissociation of co-repressors and recruitment of co-activator proteins with histone acetyltransferase (HAT) activity, leading to chromatin decondensation. Then the HAT complex dissociates and the co-activator complex is assembled, resulting in transcription activation of the target gene (Figure 13) (Robinson-Rechavi et al, 2003).

However this mechanism is not general, as some NRs may act as activators in the absence of ligands, whereas others cannot interact with target genes without ligand binding [START_REF] Evans | Nuclear Receptors, RXR, and the Big Bang[END_REF]. Here we demonstrated that RXRA can directly bind to ITPR2, repressing its expression, and thus regulating the calcium flux from ER to cytoplasm, and subsequent accumulation in the mitochondria through MCU channel. RXRA knockdown leads to ROS production, DNA damage, activation of p53-p21 pathway and finally cellular senescence in normal human fibroblasts.

Conversely, RXRA can delay replicative senescence. I present here the version of the paper that will be re-submitted to the journal after revision.

Article

Cellular senescence is a permanent cell proliferation arrest induced in response to a wide variety of stresses including telomere shortening, oxidative stress, DNA damage and strong mitogenic signals. Senescent cells are mainly characterized by a stable cell cycle arrest and the appearance of features such as senescence-associated-β-galactosidase activity (SA-β-Gal)

and senescence-associated secretory phenotype (SASP) [START_REF] Kuilman | The essence of senescence[END_REF]. Senescence plays a key role in many pathophysiological contexts, such as embryonic development, wound healing, cancer and aging [START_REF] He | Senescence in Health and Disease[END_REF]. Understanding how senescence is controlled at the molecular and cellular level is therefore crucial. The senescence-associated cell cycle arrest is mainly induced by p53 and its downstream target p21, by the cyclindependent kinase inhibitor p16 and ultimately by RB which represses pro-proliferative E2F target genes [START_REF] Salama | Cellular senescence and its effector programs[END_REF]. Interestingly, calcium signaling is also emerging as a key player in the implementation of cellular senescence [START_REF] Martin | Calcium signaling and cellular senescence. Cell Calcium[END_REF].

Intracellular calcium levels have been shown to increase in various cell types in response to senescence-inducing stresses [START_REF] Borodkina | Calcium alterations signal either to senescence or to autophagy induction in stem cells upon oxidative stress[END_REF][START_REF] Wiel | Endoplasmic reticulum calcium release through ITPR2 channels leads to mitochondrial calcium accumulation and senescence[END_REF]Yu et al., 2013) and activation of the calcium-dependent transcription factor NFAT (nuclear factor of activated T-cells) by the calcium/calmodulin/calcineurin pathway is known to regulate senescence [START_REF] Manda | NFATc1 promotes prostate tumorigenesis and overcomes PTEN loss-induced senescence[END_REF][START_REF] Wu | Opposing roles for calcineurin and ATF3 in squamous skin cancer[END_REF]. However how calcium signaling is controlled is still only partially understood. We recently discovered that the inositol 1, 4, 5trisphosphate receptor type 2 (ITPR2), an endoplasmic reticulum (ER) calcium release channel, critically contributes to the implementation of cellular senescence [START_REF] Wiel | Endoplasmic reticulum calcium release through ITPR2 channels leads to mitochondrial calcium accumulation and senescence[END_REF].

Whereas ITPR2 activity has been shown to be modulated through protein interaction and post-translational modification (Vervloessem et al., 2014), how ITPR2 is regulated at the expression level is unclear. To address this question, we performed a genetic screen for regulators of ITPR2 and thereby identified the retinoid X receptor alpha (RXRA) as a transcriptional repressor of ITPR2.

RXRA is part of the nuclear receptor (NR) superfamily. NRs mainly function as transcriptional regulators, controlling organismal development, homeostasis and metabolism [START_REF] Sever | Signaling by nuclear receptors[END_REF]. More particularly, RXRA belongs to the type II receptors, which reside in the nucleus bound to DNA and repress the expression of their target genes in the absence of ligand through interaction with corepressor complexes [START_REF] Evans | Nuclear Receptors, RXR, and the Big Bang[END_REF][START_REF] Sever | Signaling by nuclear receptors[END_REF]. RXRA is known to be implicated in various biological processes including cell differentiation, cell death and lipid metabolism [START_REF] Evans | Nuclear Receptors, RXR, and the Big Bang[END_REF][START_REF] Szanto | Retinoid X receptors: X-ploring their (patho)physiological functions[END_REF]. However, no link between RXRA and calcium signaling has been reported so far. In this study we show that RXRA modulates calcium signaling by directly regulating ITPR2 expression and thereby controls cellular senescence.

| An siRNA screen identifies the nuclear receptor RXRA as a transcriptional repressor of ITPR2

To identify proteins controlling ITPR2 expression, we screened a library of 160 pools of 4 siRNAs targeting epigenetic regulators and transcription factors. ITPR2 expression was analyzed using the Nanostring technology (Figure 1a, Supplementary Figure 1a, Supplementary Table 1). This approach allowed us to identify several candidates which knockdown modulates ITPR2 expression (Figure 1b, Supplementary Table 1). Among them, 10 genes were able to upregulate ITPR2 expression by at least 2-fold when knocked down (Figure 1b, Supplementary Table 1). We re-tested the effect of some (based on these novelty in term of senescence regulation and/or calcium regulation) of these potential ITPR2 gene repressors in 3 different strains of primary human lung fibroblasts (IMR90, WI39 and MRC5)

and observed the most significant and reproducible upregulation of ITPR2 expression by knocking down the gene encoding the nuclear receptor RXRA (Supplementary Figure 1b-d).

We confirmed both at the mRNA and protein levels that RXRA knockdown induces ITPR2 expression (Figure 1c-d). A similar observation was made using either a pool of 4 siRNAs targeting siRNAs or two individual siRNAs targeting RXRA (Supplementary Figure 2a). As RXRA functions as a transcriptional repressor [START_REF] Evans | Nuclear Receptors, RXR, and the Big Bang[END_REF], we next asked whether RXRA could directly regulate ITPR2. We interrogated the ENCODE (Encyclopedia of DNA Elements) ChIP-seq database and observed 3 peaks of RXRA on intron 2 of ITPR2 in one dataset (Supplementary Figure 2b). In MRC5 fibroblasts, RXRA was found to preferentially bind the region 3 of ITPR2 (Figure 1e and Supplementary Figure 2b)..

Altogether, these data indicate that the nuclear receptor RXRA directly represses ITPR2 expression.

To test the relevance of this finding, we searched the SEEK (Search-Based Exploration of Expression Compendium) co-expression database and found out that RXRA is among the genes for which expression is the most significantly inversely correlated with the one of ITPR2 in lung non-cancer samples from 63 datasets (Figure 1f). Conversely, ITPR2

was found among the genes for which expression is the most significantly inversely correlated with the one of RXRA in these samples (Figure 1g). These data are consistent with a repression of ITPR2 by RXRA.

| RXRA regulates calcium release from the endoplasmic reticulum and accumulation in the mitochondria

As ITPR2 is an endoplasmic reticulum (ER) calcium release channel, we next investigated if RXRA, by repressing ITPR2 expression, regulates calcium fluxes. Using the cytosolic calcium indicator Fluoforte and calcium imaging, we observed that RXRA knockdown by a siRNA pool or two individual siRNAs increased histamine-induced calcium release from the ER (Figure 2a-b and Supplementary Figure 3a) and that ITPR2 knockdown (Figure 2a) impaired this effect (Figure 2b).

As calcium released by the ER can be transferred to mitochondria [START_REF] De Brito | An intimate liaison: spatial organization of the endoplasmic reticulum-mitochondria relationship[END_REF][START_REF] Hayashi | MAM: more than just a housekeeper[END_REF], the impact of RXRA on mitochondrial calcium accumulation was then investigated using the Rhod-2 mitochondrial calcium indicator. RXRA knockdown by a siRNA pool or two individual siRNAs triggered an increase in mitochondrial calcium accumulation induced by histamine (Figure 2c-e and Supplementary Figure 3b), and this was dependent on ITPR2 (Figure 2c-e). When assessing the involvement of the mitochondrial calcium uniporter MCU, which mediates calcium entry in mitochondria (de Brito, & Scorrano, 2010), we observed that MCU expression was not significantly regulated by RXRA (Figure 2c-d) but that MCU was contributing to the increased mitochondrial calcium accumulation triggered by RXRA knockdown upon histamine stimulation (Figure 2ce).

To measure basal mitochondrial calcium concentration, we introduced mitoGCaMP2, a genetically-encoded mitochondria-targeted calcium indicator [START_REF] Chen | Differential mitochondrial calcium responses in different cell types detected with a mitochondrial calcium fluorescent indicator, mito-GCaMP2[END_REF], in MRC5

fibroblasts by retroviral infection. A higher concentration of calcium in the mitochondria was observed upon RXRA knockdown and this increase was prevented when ITPR2 or MCU were concomitantly knocked down (Figure 2f). Altogether these data indicate that RXRA regulates calcium release from the ER through ITPR2 and calcium accumulation in the mitochondria through MCU.

| RXRA controls ROS production and DNA damage through calcium signaling

Mitochondrial calcium accumulation has been shown to trigger the generation of reactive oxygen species (ROS) [START_REF] Gorlach | Calcium and ROS: A mutual interplay[END_REF]. Therefore, we hypothesized that RXRA knockdown, by inducing calcium accumulation in the mitochondria, could cause ROS production. To monitor ROS, we introduced the ROS indicator roGFP2-ORP1 [START_REF] Gutscher | Proximity-based protein thiol oxidation by H2O2-scavenging peroxidases[END_REF] by retroviral infection in MRC5 fibroblasts. RXRA knockdown in these cells by a siRNA pool or two individual siRNAs triggered the generation of ROS (Figure 3a and Supplementary Figure 4a), which was prevented by treating cells with N-acetyl-L-cysteine (NAC), an antioxidant (Figure 3a). This production of ROS was dependent on ITPR2 and MCU (Figure 3b).

As ROS are known to cause DNA damage [START_REF] Cadet | DNA base damage by reactive oxygen species, oxidizing agents, and UV radiation[END_REF], we then performed immunofluorescence staining of 53BP1 foci, which mark sites of DNA damage [START_REF] Schultz | p53 binding protein 1 (53BP1) is an early participant in the cellular response to DNA double-strand breaks[END_REF]. RXRA knockdown by a siRNA pool or two individual siRNAs induced an increase in the number of 53BP1 foci (Figure 3c-d and Supplementary Figure 4b), which was prevented by knocking down ITPR2 or MCU together with RXRA (Figure 3c-d). By treating cells with NAC (Figure 3e-f) or Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2carboxylic acid), another antioxidant (Supplementary Figure 5), we observed that DNA damage induced by RXRA knockdown was due to ROS.

To assess whether calcium signaling is mediating these effects of RXRA, we used the intracellular calcium chelator BAPTA in RXRA knockdown experiments (Figure 4a).

Calcium chelation not only prevented calcium accumulation in the mitochondria as expected (Figure 4b-c), but also prevented ROS production (Figure 4d) and DNA damage (Figure 4e-f) induced by RXRA knockdown. Altogether, these data indicate that RXRA, by regulating calcium signaling though ITPR2 and MCU, controls ROS production and consequently DNA damage.

| RXRA knockdown triggers p53-dependent cellular senescence through ITPR2 and MCU

As DNA damage activates p53 [START_REF] Lakin | Regulation of p53 in response to DNA damage[END_REF], we then tested the effect of RXRA knockdown (Figure 5a) on the expression of the p53 target gene CDKN1A, which encodes the cyclin-dependent kinase inhibitor p21. An increase in CDKN1A mRNA level (Figure 5b) and p21 protein level (Figure 5c) were observed. By contrast, RXRA knockdown did not alter the expression of CDKN1B, CDKN2A and CDKN2B encoding other cyclin-dependent kinase inhibitors (Supplementary Figure 6a-b). RXRA knockdown also upregulated the expression of GDF15, a p53 target gene encoding a protein of the SASP (Figure 5d). A significant induction of the expression of several other genes encoding SASP components was observed (BMP2, COL3A1, GDF15, IGFBP5, MMP3, PDGFA, VEGFA) (Supplementary Figure 6c).

Interestingly, PDGFA and COL3A1 were recently described as part of the distinct SASP driven by NOTCH1 [START_REF] Hoare | NOTCH1 mediates a switch between two distinct secretomes during senescence[END_REF]. Furthermore, RXRA knockdown decreased cell proliferation as we observed a drop in the expression of the cell proliferation marker Ki67

(Figure 5e and Supplementary Figure 7) and a decrease in the number of cells (Figure 5f).

Importantly, RXRA knockdown also caused an increased SA-β-galactosidase activity (Figure 5g). Similar observations were made using either the siRXRA pool or individual siRNAs targeting RXRA, and both in MRC5 (Supplementary Figure 8) and in IMR90 cells (Supplementary Figure 9). Moreover, these effects of RXRA knockdown were rescued by overexpressing RXRA (Supplementary Figure 10). Altogether, these data indicate that RXRA knockdown triggers cellular senescence.

To assess whether this senescent phenotype was dependent on ITPR2, we knocked down ITPR2 together with RXRA (Figure 5a). ITPR2 knockdown impaired the upregulation of CDKN1A (Figure 5b-c) and GDF15 (Figure 5d). The proliferation arrest (Figure 5e-f and and Supplementary Figure 7) and the increase in SA-β-galactosidase activity (Figure 5g)

triggered by RXRA knockdown were also impaired. Similar observations were made using either a siITPR2 pool or individual siRNAs targeting ITPR2 (Supplementary Figure 11).

Using the same approach, we further showed that cellular senescence induced by RXRA knockdown was also dependent on MCU (Supplementary Figure 12) and p53 (Supplementary Figure 13). Altogether, these data indicate that RXRA knockdown triggers p53 activation and p53-dependent cellular senescence through ITPR2 and MCU.

| RXRA constitutive expression delays replicative senescence

We then tested if, conversely, RXRA overexpression impacts cellular senescence. RXRA was overexpressed in MRC5 primary human fibroblasts by lentiviral infection (Figure 6a-b) and the replicative potential of the cells was assessed. RXRA overexpression triggered an increase in the maximum number of population doublings (Figure 6c-d) and a decrease in SA-βgalactosidase activity (Figure 6e). In parallel, a reduction of ITPR2 expression, of mitochondrial calcium concentration, of DNA damage and of CDKN1A expression were observed (Figure 6f-i). Altogether these data indicate that RXRA constitutive expression regulates the ITPR2-mitochondrial calcium-DNA damage-p21 axis and delays replicative senescence.

In this study, we identified the nuclear receptor RXRA as a novel regulator of calcium signaling and cellular senescence. Indeed, we observed that RXRA knockdown increases ITPR2 expression and triggers calcium release from the ER and accumulation in the mitochondria. This calcium flux induces ROS production and DNA damage, which activates p53 and leads to cellular senescence through the p53-p21 pathway. Conversely, RXRA overexpression decreases ITPR2 level and the subsequent changes delaying replicative senescence.

Calcium signaling plays key roles in a number of biological processes including cellular senescence [START_REF] Martin | Calcium signaling and cellular senescence. Cell Calcium[END_REF] but how calcium signaling is controlled is poorly understood. In particular, apart from the involvement of the calcineurin-NFAT pathway [START_REF] Sankar | Calcineurin-NFATc regulates type 2 inositol 1,4,5-trisphosphate receptor (InsP3R2) expression during cardiac remodeling[END_REF], only few things are known about the transcriptional regulation of ITPR2 expression. Here we identify RXRA as a transcriptional repressor of ITPR2 and thus provide insights into ITPR2 regulation, which is important for cell fate decisions (Vervloessem et al., 2014). ENCODE ChIP-seq data and our ChIP experiment point out RXRA as a direct regulator of ITPR2 although the identified RXRA binding site does not contain AGGTCA sequences which are the most frequent RXRA binding motifs [START_REF] Evans | Nuclear Receptors, RXR, and the Big Bang[END_REF][START_REF] Sever | Signaling by nuclear receptors[END_REF] and is located in the second intron of ITPR2 rather than in its promoter. However, modulation of gene expression through the binding of transcriptional regulators in introns is more and more documented. Our work is the first to link RXRA with calcium signaling. We show that RXRA controls calcium release from the ER and accumulation in the mitochondria. As some calcium released from the ER is not transferred to the mitochondria but rather goes in the cytosol, RXRA might regulate calcium signaling in this compartment as well.

We also unveil that RXRA regulates cellular senescence as RXRA knockdown provokes premature senescence and RXRA overexpression delays replicative senescence. We investigated the effect -retinoic acid, an agonist of RXRA, and observed an upregulation of ITPR2 expression (Supplementary Figure 14). In line with these data, an increase in ITPR2 expression was observed in several transcriptomic analysis upon treatment of cells with retinoic acid (Yu et al., 2013;[START_REF] Zheng | Systems analysis of transcriptome and proteome in retinoic acid/arsenic trioxideinduced cell differentiation/apoptosis of promyelocytic leukemia[END_REF] However, in our experimental conditions, we did not observe any effect of retinoic acid on cell proliferation (Supplementary Figure 14)

suggesting that removing the repressive RXRA transcriptional activity (knockdown) and activating RXRA transcriptional activity (retinoic acid treatment) are not functionally equivalent even if both result in ITPR2 gene expression.

Beyond identifying RXRA impact on senescence, we deciphered the mechanisms underlying it. We show that RXRA knockdown triggers senescence by activating the ITPR2/MCU/ROS/DNA damage/p53/p21 cascade whereas RXRA constitutive expression display opposite effects. This signaling pathway supports the published reports showing that calcium regulates ROS generation [START_REF] Gorlach | Calcium and ROS: A mutual interplay[END_REF]. Interestingly, RXRA knockdown was found to decrease cyclin D1 and PCNA expression [START_REF] Huang | Retinoid X receptor alpha enhances human cholangiocarcinoma growth through simultaneous activation of Wnt/beta-catenin and nuclear factor-kappaB pathways[END_REF], which could also contribute to the induction of cellular senescence.

A few studies have recently revealed that cellular senescence can be regulated by nuclear receptors [START_REF] Graziano | Vitamin D/vitamin D receptor axis regulates DNA repair during oncogene-induced senescence[END_REF]O'Loghlen et al., 2015;[START_REF] Wu | Orphan nuclear receptor TLX functions as a potent suppressor of oncogene-induced senescence in prostate cancer via its transcriptional co-regulation of the CDKN1A (p21(WAF1) (/) (CIP1) ) and SIRT1 genes[END_REF][START_REF] Zambrano | The thyroid hormone receptor beta induces DNA damage and premature senescence[END_REF][START_REF] Zhu | The nuclear receptor peroxisome proliferator-activated receptor-beta/delta (PPARbeta/delta) promotes oncogene-induced cellular senescence through repression of endoplasmic reticulum stress[END_REF]. Nuclear receptors form a large family and only a few of them have been implicated so far in cellular senescence. RXRA is an additional example showing the key role of nuclear receptors in this process. Of note, knockdown of the vitamin D receptor (VDR) has been recently shown to cause DNA damage and cellular senescence.

DNA damage accumulation has been attributed to the capacity of VDR to control the levels of some DNA repair factors such as BRCA1 [START_REF] Graziano | Vitamin D/vitamin D receptor axis regulates DNA repair during oncogene-induced senescence[END_REF]. We unveil here an alternative pathway (calcium signaling and ROS) by which knockdown of nuclear receptors may promote DNA damage and cellular senescence.

In conclusion, our work sheds light on the link between nuclear receptors, calcium signaling and cellular senescence.

| MATERIALS AND METHODS

| Cell culture and reagents

IMR90, WI38 and MRC5 human fetal lung fibroblasts (ATCC), GP-293 retroviral or 293T lentiviral packaging cells (Clontech) were cultured in Dulbecco s modified Eagle s medium (DMEM, Life Technologies) containing GlutaMax and supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich) and 1% penicillin/streptomycin (Life Technologies). Cells were maintained at 37°C under a 5% CO 2 atmosphere. Cells were tested for mycoplasma and when needed treated with Plasmocin (Invivogen) until they became mycoplasma-free before performing experiments. Experiments were performed in IMR90 at p14-p16, in WI38 at p21-24 and in MRC5 at p21-p25. NAC, Trolox and 9-cis-retinoic acid were purchased from Sigma-Aldrich and used at 1μM, 50μM and 500 nM respectively. BAPTA was purchased from Santa Cruz Biotechnology and used at 1μM.

| Vectors, transfection and infection

pLNCX2-mito-GCaMP2 [START_REF] Wiel | Endoplasmic reticulum calcium release through ITPR2 channels leads to mitochondrial calcium accumulation and senescence[END_REF] and pLPCx-roGFP2-ORP1 [START_REF] Le | Antioxidants can increase melanoma metastasis in mice[END_REF] retroviral vectors were previously described. The lentiviral vector pLV-RXRA and the corresponding empty vector pLV were purchased from Vectorbuilder. GeneJuice transfection reagent was used according to the recommendations of the manufacturer (Merck Millipore) to transfect GP-293 cells with VSVg and the above-mentioned retroviral vectors and 293T cells with gag-pol, env and the above-mentioned lentiviral vectors. Two days after transfection, the viral supernatant was mixed with fresh medium and 8 g/mL hexadimethrine bromide (Sigma-Aldrich) and used to infect MRC5 cells. One day later, infected cells were selected with 100 μg/mL neomycin (Life Technologies) or 500 ng/mL puromycin (Invivogen).

| siRNA transfection

For the siRNA screen and other knockdown experiments, an ON-TARGETplus non-targeting control pool (siCtrl), ON-TARGETplus siRNA SMARTpools targeting the genes of interest with 4 different siRNAs and ON-TARGETplus individual siRNAs were used (Dharmacon, GE Healthcare). Sequences of siRNAs comprised in the pools and of individual siRNAs are listed in Supplementary Tables 2 and3 respectively. Cells were reverse transfected with siRNAs using Dharmafect 1 transfection reagent according to manufacturer's instructions (Dharmacon, GE Healthcare). siRNAs were used at 30 nM in the screen and at 15 nM in the following experiments. When transfecting two different siRNAs (pools or individuals) in the same well, each was transfected at 15 nM and siCtrl was used to keep the final concentration of siRNAs at 30 nM. Similar knockdown efficiencies were observed with these concentrations of siRNAs. Except if stated otherwise, reverse transcription was performed in 6-well plates.

| Screening and Nanostring analysis

For the screen, a library of 160 siRNA pools each targeting an epigenetic regulator or a transcription factor was used. The full list of the 160 genes targeted by the library is displayed in Supplementary Table 1. The library was divided in 4 groups and for each of them siRNA pools and a control non-targeting siRNA pool (30 nM final concentration) were reverse transfected. Seventy thousand IMR90 cells were seeded per well in 6-well plates for reverse transfection. Total RNAs were extracted 4 days after siRNA transfection using Upzol (Dutscher) and phenol-chloroform and were sent to the Genomics Platform of Institut Curie (Paris, France). RNAs were analyzed with the BioAnalyzer using Nano LabChip to assess their integrity (Bioanalyzer 2100 RNA 6000 Nano Kit From Agilent Technologies) and with Nanodrop (Thermo) to assess their purity and concentration. RNA abundance was then measured with Nanostring technology (Nanostring Flex nCounter analysis system). All RNA processed to analysis display a RIN >7.6 and a Ratio 260nm/280mm >1.8. Raw counts were first normalized for platform source of variations (Nanostring POS controls) and with three housekeeping genes (PGK1, TBP and TUBB2A) as recommended by Nanostring technology Inc. Nanostring probes are displayed in Supplementary Table 4. Relative expression of ITPR2 was calculated for each siRNA pool according to its level in cells transfected with the control non-targeting siRNA pool.

| Reverse transcription and real-time quantitative PCR

The Maxima first strand cDNA synthesis kit (Life Technologies) was used to synthesize cDNA from total RNA, according to manufacturer's instructions. cDNAs obtained by this reverse transcription (RT) were used as templates for quantitative PCR (qPCR). The qPCR mixture also contained TaqMan mix (Roche), 100 μM of a Universal Probe Library probe (Roche) and 200 nM of primers (Sigma-Aldrich). Primer sequences are listed in Supplementary Table 5. qPCRs were carried out on a FX96 Thermocycler (Bio-Rad). qPCR reactions were as follows: 95°C 10min, followed with 40 cycles of 95°C 10s, 59°C 30s. The reactions were performed at least in duplicate. The relative amount of mRNA was calculated using the comparative Ct ( Ct) method and data were normalized using two housekeeping genes (PGK1 and HPRT1).

| Western Blot

Cells were directly lysed in Laemmli buffer. Cell lysates were resolved by SDS-PAGE electrophoresis and transferred to nitrocellulose membranes (Bio-Rad). Membranes were then blocked with TBST-Milk 5% for 1h and incubated with primary antibodies overnight at 4°C.

Primary antibodies and dilutions used are listed in Supplementary Table 6. Horseradish peroxidase-conjugated donkey anti-rabbit and sheep anti-mouse antibodies (Interchim) were used as secondary antibodies and incubated for 1h at room temperature. Detection was performed using ECL kit (Amersham).

| Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed with the Millipore ChIP Assay Kit (17-295). MRC5 cells were crosslinked with 1% formaldehyde for 10 min at 37°C. Chromatin was prepared according to the Millipore protocol and sonicated to an average size of 300-500 bp using a Diagenode Bioruptor. Chromatin fragments were immunoprecipitated at 4°C overnight with RXRA antibody or normal rabbit IgG used as negative control (see references of antibodies in Supplementary Table 6) and immune complexes were collected on Protein A agarose beads (ChIP assay kit, Millipore). Quantitative PCR was carried out using SYBR Green Supermix (Bio-Rad). Primers amplifying an ITPR2 region showing RXRA binding in the ENCODE ChIP-seq database were used, as well as primers for positive and negative controls. ENCODE data and location of primers that we used are presented in Supplementary Figure 2. Primer sequences are indicated in Supplementary Table 7. The amount of immunoprecipitated target DNA is represented as a percentage of input, which was calculated using a curve derived from serial dilutions of input chromatin.

| SA--Galactosidase assay and crystal violet staining

For SA--galactosidase assay, cells were washed twice with PBS and fixed for 5 min in 2% formaldehyde / 0.2% glutaraldehyde. Cells were then rinsed twice in PBS and incubated at 37°C overnight in SA--Gal solution as previously described [START_REF] Dimri | A biomarker that identifies senescent human cells in culture and in aging skin in vivo[END_REF]. For crystal violet staining, cells were washed with PBS, fixed for 15 min in 3.7% formaldehyde and then stained with 0.5% crystal violet solution.

| Calcium imaging

For Fluoforte and Rhod-2 calcium assays, six days after siRNA transfection in glass-bottom dishes (Thermo Scientific), live cells were treated either with 5 μM Fluoforte (ENZ-52014, Enzo Life Sciences) or with 10 μM Rhod-2 (R-1245MP, Thermo scientific) for 1 hour at 37 °C in Hank's Balanced Salt Solution (HBSS) with calcium, magnesium and no phenol red (14025050, Thermo scientific). Cells were then washed and incubated in HBSS with no calcium, no magnesium and no phenol red (14175053, Thermo scientific) for calcium imaging. Fluorescence was recorded every 1.5 s using Zeiss LSM 780 confocal microscope.

Histamine (H7125-1G, Sigma-Aldrich) was injected after 1 min of measurement at a final 

| ROS detection

Six days after siRNA transfection in glass-bottom dishes (Thermo Scientific), cells stably expressing roGFP2-Orp1 were washed and incubated in HBSS with calcium, magnesium and no phenol red (14025050, Thermo scientific) for ROS detection. Fluorescence (Ex 405 and 488 nm/Em 500-554 nm) was monitored in live cells using Zeiss LSM 780 confocal microscope. The ImageJ software was used to quantify fluorescence intensity and the ratio between 405nm (oxidized state) and 488nm (reduced state) was plotted, as previously described [START_REF] Gutscher | Proximity-based protein thiol oxidation by H2O2-scavenging peroxidases[END_REF].

| Immunofluorescence staining

Six days after siRNA transfection in 8 chamber tissue culture glass slides (Falcon, Corning), cells were fixed in ice-cold methanol for 10 min at -20°C and blocked in PBS-Tween 0.05% containing 20% FBS (PBST-FBS). Incubation with primary antibodies in PBST-FBS was performed overnight at 4°C. Primary antibodies and dilutions used are listed in Supplementary Table 6. After three washes with PBS, the slides were incubated with Alexa

Fluor 488 dye-conjugated goat anti-rabbit antibody or chicken anti-mouse antibody diluted in PBST-FBS for 1 h at room temperature. The slides were then mounted with DAPI Fluoromount G (SouthernBiotech) after three PBS washes. Images were acquired with a Nikon fluorescence microscope and data were collected and analyzed with NIS software (Nikon). For 53BP1 foci, their number per nucleus was determined using the Focinator tool [START_REF] Oeck | The Focinator -a new open-source tool for high-throughput foci evaluation of DNA damage[END_REF]. More than 200 nuclei were analysed for each condition.

| Statistical analysis

Graphs are presented with SD as errors bars and Student's t-test was used to determine the Pvalue. * for P < 0.05; ** for P < 0.01; *** for P < 0.001. Supplementary Figure 1 An siRNA screen identifies RXRA as a regulator of ITPR2 expression. (a) 4 days after transfection of an siRNA library targeting 160 epigenetic regulators and transcription factors in IMR90 primary lung fibroblasts, RNA was extracted, and knockdown efficiency was checked by RT-qPCR for the indicated genes. mRNA levels in cells transfected with a control non-targeting siRNA pool (siCtrl) were used as reference. (b-d) siRNA pools targeting five of the genes which knockdown induces a significant upregulation of ITPR2 expression (Supplementary Table 1) were transfected in IMR90 

RXRA partners regulate ITPR1 and ITPR2 expression and senescence

RXRs can form heterodimers with other NRs, such as peroxisome proliferator activated receptor (PPAR) and thyroid hormone receptor (THR) [START_REF] Evans | Nuclear Receptors, RXR, and the Big Bang[END_REF]Gronemeyer et al, 2004). To extend our sight, we investigated the impact that some nuclear receptors able to dimerize with RXRA could have on ITPR expression and cellular senescence. Upon the knockdown of RXRB, PPARG and THRA (Figure 17a), we observed a significant upregulation of the expression of ITPR1 (Figure 17b), ITPR2 (Figure 17c) and CDKN1A (Figure 17d). A downregulation of the proliferation marker Ki67 upon knockdown of these partners was also observed (Figure 17e). Knockdown of these nuclear receptors led to proliferation arrest (Figure 17f) and increased SA--gal activity (Figure 17g).

Taken together, these data suggest that knockdown of some of RXRA nuclear receptor partners, which is at least partly similar as knocking down RXRA, leads to cellular senescence with the induction of ITPR1 and ITPR2 expression. However, the role of calcium in the regulation of senescence by these partners and the cooperation of nuclear receptors in controlling calcium signaling still need to be investigated. Besides the anti-tumoral effect of senescence, in part through its secretory program (Acosta et al, 2013;Acosta et al, 2008;Kuilman et al, 2008), senescent cells, also through their secretory program, can disrupt tissue architecture and promote proliferation, migration and invasion and thus exert pro-tumoral effects (Coppé et al, 2008;Davalos et al, 2010). SASP factors are involved in both pro-and anti-tumoral effects of cellular senescence.

How senescence-secreted factors can impact paracrine effects is not clear (Acosta et al, 2008;Coppé et al, 2008;Kuilman et al, 2008). ITPR activation relies mainly on its IP3 agonist production. IP3 is generated from PIP2 by phospholipase C (PLC) and PLC activity depends with kinasic activity and also, and probably mainly, on seven transmembrane domain receptors (or G-Protein coupled receptors). Numerous SASP factors (proteins and lipid mediators) bind these receptors and are able or expected to be able to induce IP3 production and ER calcium exit (Irie et al, 1994;Rittner et al, 2006;Sarau et al, 1999). Following calcium exit from ER, cytosolic calcium might favor different cellular behaviors such as proliferation, migration and invasion.

Nevertheless, if this calcium accumulates in the mitochondria, anti-tumoral responses such as senescence or cell death can take place (Howe, 2011;Prevarskaya et al, 2011;Szalai et al, 1999).

Thus localization and levels of calcium might orchestrate the responses in the neighborhood of senescent cells (Figure 19). Based on these backgrounds, we tested SASP effects on breast cancer cells and especially explored SASP impact on calcium release and the participation of calcium signaling to the observed phenotypes.

Results

Generation of SASP

To produce conditional media (CM) containing or not SASP, we generated MRC5 normal human fibroblasts carrying an inducible Raf oncogene (Raf:ER fusion). These cells were treated without or with 4-Hydroxytamoxifen (4OHT) to activate Raf oncogene and induce cellular senescence. Three days after, 4OHT was removed and cells were kept in normal medium for another three days. The CM from control (Ctrl) or 4OHT-treated cells (4OHT) was then collected in order to treat different breast cancer cells for checking their behaviors and calcium fluxes (Figure 20a). To obtain similar quantity of cells before collecting CM, 200000 cells for the Ctrl and 1 million cells for the SASP condition were seeded at the beginning before 4OHT treatment.

MRC5/Raf:ER treated with 4OHT showed a high SA--gal activity (Figure 20b) and transcriptional induction of senescence markers CDKN1A and CDKN2A (Figure 20c). Besides, the proliferation marker Ki67 showed a strong downregulation in the 4OHT-treated cells (Figure 20d).

We then checked the regulation of SASP factors induced by 4OHT and found that IL6 and IL8 mRNA were significantly upregulated (Figure 20e). To check the SASP concentration in the CM, an enzyme-linked immunosorbent assay (ELISA) was performed. The strong increase in the quantity of IL6 was observed in the CM from senescent cells (Figure 20f). Altogether, the CM collected from senescent fibroblasts showed high levels of SASP. 

The SASP blocks breast cancer cell proliferation with senescence induction in MCF7 and T47D

To determine the paracrine effect of SASP on other cells, we diluted the CM from Ctrl (Ctrl SASP) or 4OHT treated fibroblasts (SASP) 5 times in normal growing media, and treated MCF7 breast cancer cells with them. Upon CM treatment, cells showed an induction of CDKN1A (Figure 21a), together with an upregulation of the SASP markers IL6 and IL8 (Figure 21b). The proliferation marker Ki67 was strongly repressed by treating with SASP (Figure 21c). Besides, comparing with CM from Ctrl SASP, the SASP-treated MCF7 showed a proliferation arrest (Figure 21d) and an increase in SA--gal activity (Figure 21e).

To confirm this observation, we tested other breast cancer cell lines: T47D and MDA-MB-231. Interestingly, similar results were obtained for T47D (Figure 22). However, in the SASP-treated MDA-MB-231 cells, a proliferation arrest without senescence induction was observed (Figure 23). Taken together, the SASP can induce paracrine cellular senescence in some breast cancer cells like MCF7 and T47D, but only proliferation arrest without senescence in MDA-MB-231. 

The SASP induces a neuroendocrine differentiation in MCF7

Interestingly, during treatment with SASP enriched CM, we observed an obvious neuroendocrine (NE) phenotype in MCF7. We then counted the NE-positive cells according to their morphology and found significant increase of the NE differentiation (NED) percentage in the SASP-treated condition when compared to the control (Figure 24a). NED is described for the cells that get the ability to produce peptide and amines (Di Sant'Agnese, 1992;Parimi et al, 2014). An increased number of neuroendocrine cells is commonly observed in Prostate cancer (Pca), and this change is always associated with poor prognosis, including frequent metastasis and resistance to androgen ablation (Karantanos et al, 2013).

However, the significance of NED in carcinomas of the breast remains unclear. NED can be found in different histotypes of breast carcinoma, including in situ and invasive ductal, lobular, colloid, papillary breast cancer (Inno et al, 2016;Righi et al, 2010).

In breast carcinoma, NED can be assessed if neuroendocrine markers are expressed in more than 50% of the neoplastic cells (Cozzolino et al, 2014). The breast carcinomas with neuroendocrine differentiation aspects were first described by Feyrter and Hartmann (Feyrter & Hartmann, 1963) and subsequently by Cubilla and Woodruff (Cubilla & Woodruff, 1977). They described the NED with the help of silver precipitates staining and electron microscopy. Currently NED cells can be detected by immunohistochemistry (IHC) with the use of markers such as Chromogranin A, B and Synaptophysin (Cozzolino et al, 2014).

A number of markers for detecting NED have been identified and applied in clinical practice.

Typical neuroendocrine markers are chromogranin, synaptophysin, neuron specific enolase (NSE), and CD56. Of note, chromogranin is a specific NED marker as it is one of the common constituents of NED secretory granules (Kimura et al, 1995). NSE is considered as a generic marker for both neurons and NED with high sensitivity, but low specificity (Seshi et al, 1988).

Besides, other NED markers have been reported, including Cytochrome b561 (Chromomembrin B) (Winkler & Westhead, 1980) and synaptic vesicle protein 2 (SV2) (Table 8) (Portela-Gomes et al, 2000). Table 8. The main identified neuroendocrine markers.

Adapted from (Parimi et al, 2014) Two NED markers, Secretogranin II (SCG2) and Chromogranin B (CHGB), were used to further confirm the NED in our setting. Both of them showed an increase of expression in MCF (Figure 24b andc).

We then investigated if the NED is common in other SASP-induced senescent breast cancer cells. In T47D, we did not observe any NED phenotype in the SASP condition (Figure 24d), whereas expression of the NED markers, SCG2 and CHGB, increased when T47D cells were treated with SASP (Figure 24e andf). Altogether, besides senescence, the SASP induces a "full" NED in MCF7 and a "partial" NED in T47D.

2.2.4

The increase in cytosolic calcium induced by the SASP might be involved in NED SASP induces senescence and NED in MCF7 cells. Intracellular calcium has been implicated in the regulation of senescence [START_REF] Martin | Calcium signaling and cellular senescence. Cell Calcium[END_REF] and in the regulation of NED. Indeed NED in the context of prostate cancer involves increased calcium (Schaffer & Li, 2015;Warnier et al, 2015). Therefore we hypothesized that calcium could be involved in the regulation of SASP-induced NED. Based on this idea, we both overexpressed the calcium-binding protein CALB1 to decrease the level of intracellular calcium (Figure 25a) and checked calcium fluxes after adding SASP. We injected either Ctrl SASP or SASP in live MCF7 infected with control pLV empty vector or CALB1 overexpression vector. Interestingly, we found that there is a robust increase in cytosolic calcium upon the SASP injection. This increase in calcium could be partly impaired by CALB1 overexpression (Figure 25b).

In addition, we found that overexpression of CALB1 partly reverses the expression of NED markers induced by SASP (Figure 25c andd).Moreover, ectopic CALB1 expression impaired IL6 and IL8 secretion by the SASP-treated MCF7 cells (Figure 25e and f). Taken together, the SASP-induced intracellular calcium increase is implicated in the NED. Then we fused the positive and negative samples for all of the four markers (Figure 27a), and found that a very low percent of breast tumors (around 2%) are all positive for the four markers (named positive), whereas most of the samples showed all four markers negative (named negative) (around 98%). Interestingly, comparing with the "all four positive" ones, a relative high number of samples showed only one single marker positive, whereas little showed positive of only two or three markers. This is similarly true for the negative samples, few of them were negative for only one or two markers, most samples were either three or four markers negative. Therefore, we regarded those samples with all four markers positive as true positive, and those with all four markers negative as real negative regarding NED.

We then focused on those positive and negative samples for further analysis. Interestingly, the positive samples mainly have a functional p53 (higher than 97%), while more than 30% of NED negative patients got a mutated p53 (Figure 27b). Furthermore, the positive samples showed a higher expression of Sprouty homolog 2 (SPRY2), a senescence marker (Figure 27c), and lower Ki67 expression level, a proliferation marker (Figure 27d). Importantly, the NED positive patients showed an initial better survival for the early stage of breast tumor (Figure 27e).

Taken together, the low percentage of NED-positive breast tumors could contribute to a short term better survival, which might be due to the functional p53, induction of senescence markers and repression of proliferation in these tumors. In conclusion, these preliminary data showed that the SASP generated from human fibroblasts triggers proliferation arrest with senescence induction in MCF7 and T47D cells, but without senescence phenotype in MDA-MB-231 cells. Besides, a NED was found in the MCF7 cells treated with SASP. Interestingly, the SASP induced an intracellular calcium increase which is implicated in the NED. According to the clinical samples, we found that patients with NED-positive breast tumors display a short term better survival, which may due to the functional p53, higher senescence marker, and lower proliferation of the tumors.

Discussion and perspectives

Discussion and perspectives 1.1 RXRA, a new senescence regulator through ITPR regulation

For the first part of my thesis, we performed a knockdown screen of 160 epigenetic regulators and transcription factors in fibroblasts. With the help of Nanostring analysis, we primarily chose five genes from the screen based on the fact that their knockdown was triggering a robust up-regulation of ITPR2 expression. Through further confirmation in different human fibroblast strains with independent experiments, we ultimately identified a regulator of ITPR2 that had never been described as a senescence regulator: the nuclear receptor RXRA. In fact, we demonstrated that RXRA controls cellular senescence by directly binding to ITPR2 gene, repressing its transcription and thereby regulating the intracellular calcium signaling from the ER to mitochondria through MCU. RXRA knockdown thus promotes ROS production, induces DDR and eventually pushes cells into the p53-p21 senescence pathway (Figure 28). In addition to ITPR2, ITPR1 also participates to the senescence induced by RXRA knockdown. Interestingly, ectopic expression of RXRA allows a delay of replicative senescence in fibroblasts with decreased expression of ITPR2. We found that knockdown of RXRA could activate both ITPR2 and ITPR1 expression.

Actually, we interrogated the Encyclopedia of DNA elements (ENCODE) database, which contains numerous ChIP-seq data, and found binding regions of RXRA both on ITPR1 and ITPR2.

Often, transcriptional regulators work through binding to the promoters of targets genes. However, this analysis gave the information that RXRA does not bind to the promoter of ITPR2. To confirm this, we performed ChIP analysis according to the predicted binding sites of RXRA to ITPR2 and found a preferential binding region. Interestingly, this site is located in intron 2 of ITPR2. How this binding impacts transcription of ITPR2 will require further investigation. Besides, we did not find a consensus RXRA binding motif AGGTCA in this region. In addition, the ENCODE database showed that RXRA binds to the promoter of ITPR1. However we still need to validate RXRA binding to ITPR1 by ChIP in our cell model. Removal of RXRA by knockdown is activating the transcription of both ITPR2 and ITPR1, which lead to calcium release from ER and finally senescence. We observed that knockdown of ITPR2 or ITPR1 reverts RXRA knockdown-induced senescence but we did not observe additional effects of their combined knockdown.

In addition to ITPR2 and ITPR1, ITPR3 was also studied but its expression was not found to be regulated by RXRA. Accordingly, in the ENCODE database and the ChIP-seq data available, RXRA was not found to bind ITPR3. Microarray data from the ONCOMINE database show that ITPR2 and ITPR1 are both downregulated in numerous cancers when compared to normal counterparts, whether ITPR3 expression is rather upregulated (Figure 14). Even though all of these three ITPR family members are implicated in the calcium signaling in the ER, ITPR1 and 2 seem to share common mechanisms of regulation, including regulation by RXRA, and thereby impact some common biological functions such as senescence. ITPR3 may behave in a distinct way from the two others. Nevertheless their combined loss in lymphocytes is required to promote lymphoblastic leukemia (Ouyang et al, 2014).

As calcium released from ER might preferentially enter into the mitochondria through VDAC and MCU, we then checked the role of MCU and found that the knockdown of MCU rescues senescence induced by knocking down RXRA. Knockdown of ITPR2 or of MCU revert mitochondrial calcium accumulation and events leading to senescence induced by RXRA knockdown. Similar observations have already been made during oncogene-stress induced senescence in human mammary epithelial cells [START_REF] Wiel | Endoplasmic reticulum calcium release through ITPR2 channels leads to mitochondrial calcium accumulation and senescence[END_REF]. This transfer of calcium from ER to mitochondria is then appearing as an important process regulating senescence.

Mitochondria-associated endoplasmic reticulum membranes or MAMs have emerged as close contacts between these two organelles, facilitating the transfer of calcium and of other molecules such as lipids (Poston et al, 2013). As ITPR2 and ITPR1 are components of the MAMs, we can then speculate that RXRA may regulate formation of MAMs and thereby exchanges between the two organelles beyond calcium. It is also possible that RXRA regulates transcription of genes encoding other MAM components. This will require further investigation.

As ITPR2 and ITPR1 expression decrease in many cancers according to ONCOMINE database, we could have expected to observe an increase of RXRA expression in tumors. However, according to ONCOMINE database, RXRA expression is repressed in most cancers comparing with their corresponding normal tissues (Figure 29). This apparent discrepancy can potentially be explained by several reasons: (i) expression of ITPRs will also depend on a combination of other transcriptional regulators, (ii) RXRA transcriptional activity, either repressor or activator, depends on the availability of ligands as well as on other NR partners and co-regulators. We have also to take into account that in several cancer cell lines tested the knockdown of RXRA does not promote either senescence or ITPR1/2 expression. Red corresponds to upregulation, blue to downregulation.

p-value <0.001, fold change >2, gene rank of 10%.

Faculté

  Techniques des Activités Physiques et Sportives Observatoire des Sciences de l'Univers de Lyon Polytech Lyon Ecole Supérieure de Chimie Physique Electronique Institut Universitaire de Technologie de Lyon 1 Ecole Supérieure du Professorat et de l'Education Institut de Science Financière et d'Assurances Directeur : M. F. DE MARCHI Directeur : M. le Professeur F. THEVENARD Directeur : Mme C. FELIX Directeur : M. Hassan HAMMOURI Directeur : M. le Professeur S. AKKOUCHE Directeur : M. le Professeur G. TOMANOV Directeur : M. le Professeur H. BEN HADID Directeur : M. le Professeur J-C PLENET Directeur : M. Y.VANPOULLE Directeur : M. B. GUIDERDONI Directeur : M. le Professeur E.PERRIN Directeur : M. G. PIGNAULT Directeur : M. le Professeur C. VITON Directeur : M. le Professeur A. MOUGNIOTTE Directeur : M. N. LEBOISNE Thèse effectuée sous la direction du Dr David BERNARD et du Dr Nadine MARTIN Centre de Recherche en Cancérologie de Lyon INSERM 1052 -CNRS 5286 Equipe Mécanismes d'échappement à la sénescence Centre Léon Bérard -28 rue Laënnec 69008 Lyon Thèse financée par le China Scholarship Council (4 ans)

Figures listFigure 1 .

 1 Figures list

Figure 2 .

 2 Figure 2. Shortened telomeres lead to cellular senescence.

Figure 3 .

 3 Figure 3. Control of cell cycle progression by MAPK signaling.

Figure 4 .

 4 Figure 4. Regulation of senescence and proliferation by oncogenic Ras.

Figure 5 .

 5 Figure 5. Morphology and SA--galactosidase activity of proliferating and senescent fibroblasts.

Figure 6 .

 6 Figure 6. Molecular pathways triggering cell cycle arrest in cellular senescence.

Figure 7 .

 7 Figure 7. Pathways that regulate the SASP.

Figure 8 .

 8 Figure 8. Pathophysiological effects of senescence.

Figure 9 .Figure 10 .

 910 Figure 9. Representation of MAMs proteins involved in ER-mitochondria calcium crosstalk.

Figure 11 .Figure 12 .

 1112 Figure 11. ONCOMINE database shows the ITPR2 gene expression level in cancer versus normal tissues.Figure 12. Schematic diagram of the structure of nuclear receptors.

Figure 13 .

 13 Figure 13. Mechanisms of transcriptional regulation by RXRs.Figure 14. ONCOMINE database shows the expression level of ITPR1 and ITPR3 genes in cancer versus normal tissues.

Figure 15 .

 15 Figure 15. Knockdown of RXRA activates ITPR1 but not ITPR3.

Figure 16 .

 16 Figure 16. Cellular senescence induced by RXRA knockdown depends on ITPR1.

Figure 17 .

 17 Figure 17. RXRA partners regulate senescence with ITPR1 and ITPR2 involved.

Figure 18 .

 18 Figure 18. SASP induces and reinforces senescence through an autonomous way and paracrine effects.

Figure 19 .

 19 Figure 19. Hypothesis on SASP impact on intracellular calcium flux and the following effects.

Figure 20 .

 20 Figure 20. Production of SASP from human fibroblasts.

Figure

  Figure 21. The SASP blocks breast cancer cell proliferation with senescence induction in MCF7. Figure 22. The SASP blocks breast cancer cell proliferation with senescence induction in T47D.Figure 23. The SASP blocks breast cancer cell proliferation without senescence induction in MDA-MB-231.Figure 24. The SASP induces a neuroendocrine differentiation in MCF7.

Figure 25 .

 25 Figure 25. Increase in intracellular calcium induced by the SASP is involved in NED and participates in cytokine production.

Figure 26 .

 26 Figure 26. A low percentage of breast tumors display NE differentiation.

Figure 27 .

 27 Figure 27. NE differentiation-positive breast tumors display senescence characteristics: functional p53, higher senescence marker and lower proliferation rate.

Figure 28 .

 28 Figure 28. RXRA controls cellular senescence through calcium signaling.

Figure 29 .

 29 Figure 29. ONCOMINE database shows RXRA gene expression level in cancer versus normal tissues.

Figure 1 .

 1 Figure 1. Morphology of proliferating and senescent primary fibroblasts.

Figure 2 .

 2 Figure 2. Shortened telomeres lead to cellular senescence. Telomeres locate at the end of chromosome. During replication, a replication fork moves towards the end of the chromosome. DNA polymerase can synthesize the leading strand until the end of the chromosome. However, during the lagging-strand synthesis, RNA primers allow DNA polymerases to initiate DNA replication; while upon the removal of the last primer from the 3' end, the novel synthesized strand will inevitably be a few nucleotides shorter than the mother chain. The resulted end-replication problem happens in each cycle of DNA replication. Finally this problem leads to the chromosome being exposed and induces DNA damage responses, after which cells enter senescence mainly through p53-p21 and p16 pathways.

Figure 3 .

 3 Figure 3. Control of cell cycle progression by MAPK signaling.A. MAPK signaling induces cyclin D and results in the activation of either CDK4 or CDK6. CDK4/6 then phosphorylates Rb, causing the release of E2F. At the same time, cyclin E, which then activates CDK2, has a similar effect. E2F activates the expression of its target genes, which promote cell cycle progression from G1 to S. B. MAPK signaling can also induce CDKIs, such as p21, p16, p15 and p57, which inhibit CDK2 and the binding of CDK4/6 to cyclin D. RB binds to E2F inhibiting expression of E2F target genes and and thus inducing cell cycle arrest.

Figure 4 .

 4 Figure 4. Regulation of senescence and proliferation by oncogenic Ras.The oncogene Ras induces the Raf-MEK-ERK pathway and either activates MKK3/6-p38 pathway and leads to premature senescence by inducing the accumulation of p53 and p16 senescence regulators or promotes cell proliferation through JNK and AP-1.Adapted from(Wang et al, 2002) 

Figure 5 .

 5 Figure 5. Morphology and SA--galactosidase activity of proliferating and senescent fibroblasts. Morphology and SA--gal activity of proliferating MRC5 and MRC5 in senescence induced by Ras or Raf oncogenes.

Figure 6 .

 6 Figure 6. Molecular pathways triggering cell cycle arrest in cellular senescence.Under different stresses, cells usually engage the p53 and/or the p16 senescence pathways. p53 is negatively regulated by the E3 ubiquitin-protein ligase HDM2, also called MDM2, and HDM2 is repressed by the alternate-reading-frame protein (ARF). p53 establishes the proliferation arrest through the downstream p21. Stresses also lead to the activation of p16, followed with inhibition of CDKs, like CDK4/6, repressing the phosphorylation of Rb and thereby inactivating E2F. DNA damages induced by stresses normally activate p53 pathway through ATM/ATR. Besides, p38MAPK pathway activated by strong mitotic signals leads to the upregulation of both p16 and p53.

Figure 7 .

 7 Figure 7. Pathways that regulate the SASP. Multiple stresses activate the DDR and p38MAPK pathways. These pathways cooperate to activate NF-B. NF-B and C/EBP activate the transcription of SASP genes. IL1 , which is regulated by NF-B, further increases NF-B activity through a positive feedback loop. mTOR regulates SASP via activation of the p38MAPK pathway and upregulation of IL1 .Adapted from(Freund et al, 2010) 

Figure 8 .

 8 Figure 8. Pathophysiological effects of senescence.

  was demonstrated that cell-cell fusion triggers cellular senescence and might play a physiological role in the placenta development, indicating that cellular senescence can function in embryonic development. The p16 and p53 pathways are activated during cell-cell fusion-induced senescence (FIS), together with the presence of ROS and DDR. FIS cells express SASP factors such as IL6, IL8 and CXCL1, which may boost the interaction of FIS cells with their microenvironment (Burton & Krizhanovsky, 2014). Mice model have revealed that repression of p16-Rb pathway components in the placenta results in placental malfunction and embryonic lethality (Gal & Krizhanovsky, 2014). The endogenous retroviral protein ERVWE1 is a fusion protein involved in the formation of the placenta syncytiotrophoblast, which shows multiple features of cellular senescence. ERVWE1 causes cellular senescence in both cancer cells and normal fibroblasts in vitro(Chuprin et al, 2013). Interestingly, this kind of flatted and enlarged senescent cell fusion is necessary to maintain the viability of the syncytiotrophoblast. Furthermore, proteases, such as placental proteases(Mizutani & Tomoda, 1996), known to be secreted by senescent cells, play a role in the maintenance of the feto-placental homeostasis. Cytokines produced by senescent cells may also play important roles within the placenta(Bowen et al, 2002).

  -ATTAC in progeroid mice(Baker et al, 2011) and naturally aging mice(Baker et al, 2016). In addition, perturb the FOXO4 interaction with p53 using a FOXO4 peptide causes the similar outcomes(Baar et al, 2017). Besides genetic tools, some senolytic agents, such as ABT-263/navitoclax which occupy the inhibitory binding grooves of anti-apoptotic proteins BCL-2, BCL-XL and BCL-W, counteract the anti-apoptotic properties of senescent cells and induce their death. Selective clearance of senescent cells by ABT-263 can promote rejuvenation of the aged tissue stem cells of both irradiated and normal aged mice. This kind of molecule may represent a new class of anti-aging agents (Chang

(

  which are proved to be key drivers of atheroma formation and maturation), either by transgenic or by pharmacological approaches attenuates the pathologies of atherosclerosis at all stages of the disease and therefore holds promise for the treatment(Childs et al, 2016). In aged mice, age-related deterioration like glomerulosclerosis and decline in renal function are attenuated with no apparent side effects by clearance of p16-positive senescent tubular brush border epithelial cells(Baker et al, 2016). Besides, the age-related functional decline of hematopoietic and skeletal muscle stem cells could be improved and ameliorated by treatment with the senolytic agent navitoclax(Chang et al, 2016). Selective clearance of the senescent cells from in vitro cultures of chondrocytes isolated from osteoarthritis patients show down-regulation of senescence markers and upregulation of cartilage tissue extracellular matrix proteins(Jeon et al, 2017). These findings point out attractive approaches for future treatment of some age-related diseases.
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  Cells were reverse transfected with siRNAs using Dharmafect 1 transfection reagent according to manufacturer's instructions (Dharmacon, GE Healthcare). siRNAs were used at 30 nM in the screen and at 15 nM in the following experiments. When transfecting two different siRNAs (pools or individuals) in the same well, each was transfected at 7,5 nM and siCtrl was used to keep the final concentration of siRNAs at 15 nM. Similar knockdown efficiencies were observed with these concentrations of siRNAs.

  them siRNA pools and a control non-targeting siRNA pool (30 nM final concentration) were reverse transfected. Seventy thousand IMR90 cells were seeded per well in 6-well plates for reverse transfection. Total RNAs were extracted 4 days after siRNA transfection using Upzol (Dutscher) and phenol-chloroform and were sent to the Genomics Platform of Institut Curie (Paris, France). RNAs were analyzed with the BioAnalyzer using Nano LabChip to assess their integrity (Bioanalyzer 2100 RNA 6000 Nano Kit From Agilent Technologies) and with Nanodrop (Thermo) to assess their purity and concentration. RNA abundance was then measured with Nanostring technology (Nanostring Flex nCounter analysis system). All RNA processed to analysis display a RIN >7.6 and a Ratio 260nm/280mm >1.8. Raw counts were first normalized for platform source of variations (Nanostring POS controls) and with three housekeeping genes (PGK1, TBP and TUBB2A) as recommended by Nanostring technology Inc. Nanostring probes are displayed in Supplementary Table

  of qPCR primers used in chromatin immunoprecipitation experiments.

Hank' s

 s Balanced Salt Solution (HBSS) with calcium, magnesium and no phenol red (14025050, Thermo scientific). Cells were then washed and incubated in HBSS with no calcium, no magnesium and no phenol red (14175053, Thermo scientific) for calcium imaging. Fluorescence was recorded every 1.5 s using Zeiss LSM 780 confocal microscope. Histamine (H7125-1G, Sigma-Aldrich) or conditional media from control or SASP condition was injected after 1 min of measurement at a final concentration of 100 nM. Average changes in fluorescence intensities in multiple regions of interest (ROI) were calculated. Results are shown as (F1-F0)/F0, where F0 is the mean of the intensities from 10 s to 50 s. Alternatively, cells stably expressing mitoGCaMP2, a genetically encoded mitochondrial targeted calcium indicator, were transfected with siRNA in glass-bottom dishes. Six days later, fluorescence (Ex 488 nm/Em 500-570 nm) was monitored in live cells using Zeiss LSM 780 confocal microscope. Fluorescence intensity was quantified using the Image J software.

  capture antibody (DY206, Human IL-6 DuoSet ELISA, R&D) in PBS without carrier protein and then covered with sealer (DY992, ELISA plate sealers, Bio-Techne-R&D Systems) and incubated overnight at room temperature. Each well was washed 3 times with wash buffer (PBS-Tween 0.05%). Following the plate was blocked for 1 h at room temperature with reagent diluent (1% BSA in PBS), and 100 L of sample or standards (DY206, Human IL-6 DuoSet ELISA, R&D) in reagent diluent were then added per well. Plates were covered with an adhesive strip and incubated 2 hours at room temperature. After, the plates were washed 3 times with wash buffer and added 100 L of the detection antibody (DY206, Human IL-6 DuoSet ELISA, R&D) for 2 hours at room temperature. Plates were then washed 3 times and added 100 L of the working dilution of Streptavidin-HRP (DY206, Human IL-6 DuoSet ELISA, R&D). Plates were covered and incubated for 20 minutes. After another 3 times washing, plates were added 100 L of Substrate Solution (UP664781, TMB ELISA Substrate Standard solution, SIGMA ALDRICH) and incubated for 20 minutes. Finally, 50 L of Stop Solution (H 2 SO 4 2N) (339741, Sulfuric acid, SIGMA ALDRICH) were added to the plates before reading at 450nm with a microplate reader.

Figure 11 .

 11 Figure 11. ONCOMINE database shows the ITPR2 gene expression level in cancer versus normal tissues.

  according to the Nanostring data. Primarily, 5 genes were chosen: retinoid X receptor A (RXRA), tet methylcytosine dioxygenase 3 (TET3), ubiquitin-like with PHD and ring finger domains 1 (UHRF1), Meis homeobox 1 (MEIS1) and Zinc Finger And BTB Domain Containing 17 (ZBTB17). Through further confirming the knockdown of these genes and their regulation towards ITPR2 in different fibroblasts (IMR90, MRC5 and WI38) with several independent experiments, RXRA was ultimately identified among the 5 genes as the most robust repressor of ITPR2 in the different cellular models used.1.1.3 RXRA, a nuclear receptorRXRA is a nuclear receptor (NR). It belongs to the nuclear receptor subfamily 2, group B (NR2B). There are 3 members in the RXR family: RXRA, RXRB and RXRG. The NRs are one of the most abundant classes of ligand-gated transcriptional factors, which regulate diverse biological processes, including metabolism, homeostasis, reproduction and embryonic development (Chawla

N

  -terminal (A/B domain) contains one ligand-independent activation function 1 (AF-1) region(Wärnmark et al, 2003) and several autonomous transactivation domains (AD). The most conserved region is the DNA-binding domain (DBD) (C domain), which contains the P-box, a short motif for DNA binding which is involved in dimerization (homodimers and heterodimers) of nuclear receptors, and two highly conserved zinc fingers, which confer response element specificity. The largest domain is the moderately conserved ligand binding domain (LBD) (E domain), which is responsible for ligand-induced functions. Notably the AF-2 region mediates the co-activator or co-repressor interactions to regulate transcription. Between the DNA-binding and ligand-binding domains is a flexible hinge domain (D domain), containing the nuclear localization signal (NLS). The additional domain is the C-terminus (F domain), whose sequence is extremely variable and whose structure and functions are still unknown(Doan et al, 2017; Hard et al, 1990; Robinson-Rechavi et al, 2003).

Figure 12 .

 12 Figure 12. Schematic diagram of the structure of nuclear receptors.

Figure 13 .

 13 Figure 13. Mechanisms of transcriptional regulation by RXRs.In the nucleus, RXRs bind to DNA with co-repressors in the absence of ligands, resulting in the repression of target genes, whereas ligand binding to the RXRs cause the dissociation of co-repressors and recruit co-activator proteins, inducing transcription activation.

  These data was submitted to Aging Cell in the paper: Ma X, Warnier M, Raynard C, Ferrand M, Kirsh O, Defossez PA, Martin N, Bernard D. The nuclear receptor RXRA controls cellular senescence by regulating calcium signaling. Aging Cell, in revision (Manuscript ID: ACE-18-0002).

  concentration of 100 nM. Average changes in fluorescence intensities in multiple regions of interest (ROI) were calculated. Results are shown as (F1-F0)/F0, where F0 is the mean of the intensities from 10 s to 50 s. Alternatively, cells stably expressing mitoGCaMP2, a genetically encoded mitochondrially targeted calcium indicator, were transfected with siRNA in glassbottom dishes. Six days later, fluorescence (Ex 488 nm/Em 500-570 nm) was monitored in live cells using Zeiss LSM 780 confocal microscope. Fluorescence intensity was quantified using the Image J software.
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 1 Figure 1 The nuclear receptor RXRA represses ITPR2 expression. (a) Scheme depicting the
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 2 Figure 2 RXRA regulates calcium fluxes. (a) MRC5 were transfected with a control non-
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 3 Figure 3 RXRA knockdown triggers ROS production and DNA damage. (a) MRC5 cells
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 4 Figure 4 Calcium chelation prevents ROS production and DNA damage induced by RXRA
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 5 Figure 5 Cellular senescence induced by RXRA knockdown depends on ITPR2. MRC5 cells

Figure 6

 6 Figure 6 RXRA overexpression delays replicative senescence. MRC5 cells were infected
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 2345891012 a), WI38 (b) and MRC5 (c), three different strains of primary human lung fibroblasts. Knockdown efficiency (left) and ITPR2 mRNA level (right) were analyzed by RT-qPCR. The experiments shown are representative of at least two biological replicates. Statistical analysis was performed with Student's t-test (* for P <0.05, ** for P <0.01, *** for P <0.001RXRA is a transcriptional repressor of ITPR2. (a) MRC5 primary human lung fibroblasts were transfected with a control non-targeting siRNA pool (siCtrl), a siRNA pool targeting RXRA (siRXRA pool) or individual siRNAs targeting RXRA (RXRA-1 and RXRA-2). 4 days after transfection, RXRA and ITPR2 mRNA levels were quantified by RT-qPCR. The experiments shown are representative of at least two biological replicates. Statistical analysis was performed with Student's t-test (*** for P <0.001). (b) Data from the ENCODE ChIP-seq database showing RXRA binding on ITPR2. ChIP-seq was performed by Myers-Hudson Alpha lab in HepG2 cells using sc-553 RXRA antibody from Santa Cruz Biotechnology (UCSC Accession: wgEncodeEH001506). RXRA peaks on ITPR2 and corresponding ChiP primers that we used for ChIP displayed in Figure1eare indicated. (c) Location and position of RXRA peaks found on ITPR2 in the above-mentioned ENCODE dataset and of primers used in our ChIP experiments in Figure1e. A region upstream of ELOVL5 transcription start site previously described as a target of RXRA[START_REF] Varin | Liver X receptor activation promotes polyunsaturated fatty acid synthesis in macrophages: relevance in the context of atherosclerosis[END_REF] was used as positive control. RXRA regulates calcium fluxes. MRC5 were transfected with a control nontargeting siRNA pool (siCtrl), a siRNA pool targeting RXRA (siRXRA pool) or individual siRNAs targeting RXRA (RXRA-1 and RXRA-2). (a) 6 days after transfection, live cells were charged with cytosolic calcium indicator Fluoforte, treated with 100 μM histamine and fluorescence was analyzed by confocal microscopy. Fluorescence intensity over time (left) and at the maximum (right) is shown. (b) 6 days after transfection, live cells were charged with mitochondrial calcium indicator Rhod-2, treated with 100 μM histamine and fluorescence was recorded by confocal microscopy. Fluorescence intensity over time (left) and at the maximum (right) is shown. The experiments shown are representative of at least two biological replicates. Statistical analysis was performed with Student's t-test (* for P <0.05, ** for P <0.01RXRA knockdown triggers ROS production and DNA damage. (a) MRC5 cells infected with a retroviral vector encoding the ROS reporter roGFP2-Orp1 were transfected with a control non-targeting siRNA pool (siCtrl), a siRNA pool targeting RXRA (siRXRA pool) or individual siRNAs targeting RXRA (RXRA-1 and RXRA-2). 6 days after transfection, fluorescence was analyzed by confocal microscopy. (b) MRC5 cells were transfected with siCtrl pool, siRXRA pool or individual siRNAs RXRA-1 and RXRA-2. 6 days after transfection, immunofluorescence staining using anti-53BP1 antibody was performed. Representative pictures (left) are shown as well as quantification of nuclei with more than five 53BP1 foci (right). The experiments shown are representative of least two biological replicates. Statistical analysis was performed with Student's t-test (** for P <0.01, *** for P <0.001). Treatment with antioxidant prevents DNA damage induced by RXRA knockdown. MRC5 cells were transfected with a control non-targeting siRNA pool (siCtrl) or a siRNA pool targeting RXRA (siRXRA) and then treated with 50μM Trolox antioxidant every two days where indicated. (a) 4 days later, RXRA mRNA level was checked by RT-qPCR. (b-c) 6 days after transfection, immunofluorescence staining of 53BP1 was performed. Quantification of nuclei with more than five 53BP1 foci is shown (b) as well as representative pictures (c). The experiments shown are representative of at least three biological replicates. Statistical analysis was performed with Student's t-test (*** for P <0.001). RXRA knockdown induces cellular senescence in MRC5. MRC5 primary human lung fibroblasts were transfected with a control non-targeting siRNA pool (siCtrl), a siRNA pool targeting RXRA (siRXRA pool) or individual siRNAs targeting RXRA (RXRA-1 and RXRA-2). (a-b) 4 days after transfection CDKN1A (a), Ki67 (b) mRNA levels were checked by RT-qPCR. (c) 6 days after transfection, cells were stained with crystal violet (left) and counted (right). (d) SA-galactosidase assay was also performed 6 days after transfection. Representative pictures are shown (left) as well as the percentage of SA--galactosidase positive cells counted in each condition (right). The experiments shown are representative of at least two biological replicates. Statistical analysis was performed with Student's t-test (** for P <0.01, *** for P <0.001). RXRA knockdown induces cellular senescence in IMR90. IMR90 primary human lung fibroblasts were transfected with a control non-targeting siRNA pool (siCtrl), a siRNA pool targeting RXRA (siRXRA pool) or individual siRNAs targeting RXRA (RXRA-1 and RXRA-2). (a-d) RXRA (a), ITPR2 (b), CDKN1A (c) and Ki67 (d) mRNA levels were checked by RT-qPCR 4 days after transfection. (e) Cells were stained with crystal violet (left) and counted (right) 6 days after transfection. (f) SA--galactosidase assay was also performed 6 days after transfection. Representative pictures (left) and the percentage of SA--galactosidase positive cells counted in each condition (right) are shown. The experiments shown are representative of at least two biological replicates. Statistical analysis was performed with Student's t-test (* for P <0.05, ** for P <0.01, *** for P Cellular senescence induced by RXRA knockdown is rescued by overexpressing RXRA. MRC5 cells were infected with a lentiviral vector encoding RXRA (RXRA) or the corresponding empty vector as control (pLV), and then transfected with a control non-targeting siRNA pool (siCtrl) or a siRNA pool targeting RXRA (siRXRA pool) as indicated. (a-d) 4 days after transfection, RXRA (a), ITPR2 (b), CDKN1A (c) and Ki67 (d) mRNA levels were checked by RT-qPCR. (e) 6 days after transfection, cells were stained with crystal violet (left) and counted (right). (f) SA--galactosidase assay was also performed 6 days after transfection. Representative pictures (left) are shown as well as the percentage of SA--galactosidase positive cells counted in each condition (right). The experiments shown are representative of at least two biological replicates. Statistical analysis was performed with Student's t-test (* for P <0.05, ** for P <0.01, *** for P <0.001). RXRA knockdown induces cellular senescence in an ITPR2 dependentmanner. MRC5 cells were transfected with a control non-targeting pool (siCtrl), a siRNA pool targeting RXRA (siRXRA) and a siRNA pool (siITPR2 pool) or individual siRNAs (siITPR2-1 and siITPR2-2) targeting ITPR2, as indicated. (a-d) 4 days after transfection, mRNA levels of RXRA (a), ITPR2 (b), CDKN1A (c) and Ki67 (d) were checked by RT-qPCR. (e) 6 days after transfection, cells were stained with crystal violet (left) and counted (right). (f) SA--galactosidase assay was also performed 6 days after transfection. Representative pictures are shown (left) as well as the percentage of SA--galactosidase positive cells counted in each condition (right). The experiments shown are representative of at least two biological replicates. Statistical analysis was performed with Student's t-test (* for P <0.05, ** for P <0.01, *** for P <0.001Cellular senescence induced by RXRA knockdown depends on MCU. MRC5 cells were transfected with a control non-targeting pool (siCtrl) or siRNA pools targeting RXRA or MCU as indicated. (a-c) 4 days later, mRNA levels of RXRA (a), MCU (b) and CDKN1A (c) were checked by RT-qPCR. (d) RXRA, MCU and p21 protein levels were analyzed by Western Blot 6 days after transfection. -tubulin was used as loading control. (e-f). GDF15 (e) and Ki67 (f) mRNA levels were also checked by RT-qPCR 4 days after transfection. (g) Ki67 staining by immunofluorescence was performed 6 days after transfection. (h) Cells were stained with crystal violet (left) and counted (right) 6 days after transfection. (i) SA--galactosidase assay was also performed 6 days after transfection. Representative pictures (left) and the percentage of SA--Gal positive cells counted in each condition (right) are shown. The experiments shown are representative of at least three biological replicates. Statistical analysis was performed with Student's t-test (* for P <0.05, ** for P <0.01, *** for P <0.001).

Figure 17 .

 17 Figure 17. RXRA partners regulate senescence with ITPR1 and ITPR2 involved. MRC5 cells were transfected with siCtrl or siRNAs targeting RXRB, PPARG and THRA as indicated. 4 days later, knockdown efficiency (a) and the mRNA level of the ITPR1 (b), ITPR2 (c), CDKN1A (d) and proliferation marker Ki67 (e) were analyzed by RT-qPCR. 6 days after transfection, crystal violet staining (f) and SA--gal assay (g) were performed. Representative pictures are shown (left) as well as the percentage of SA--gal positive cells counted in each condition (right). All the experiments shown are representative of at least three biological replicates. Statistical analysis was performed with Student's t-test (* for P <0.05, **for P <0.05, *** for P <0.001).

Figure 18 .

 18 Figure 18. SASP induces and reinforces senescence through an autonomous way and paracrine effects. Senescent cells accumulate in tissues and secret the SASP, which is a diverse group of pro-inflammatory cytokines, chemokines, and growth factors. The secreted SASP can reinforce the senescence phenotype of the senescent cells by an autocrine pathway, but also induce senescence of neighboring cells through paracrine mechanisms.

Figure 19 .

 19 Figure 19. Hypothesis on SASP impact on intracellular calcium flux and the following effects. IP3 is generated from PIP2 by phospholipase C (PLC). PLC activity depends with kinasic activity and probably on G-Protein coupled receptors. Numerous SASP factors bind to these receptors and are expected to be able to induce IP3 production, thus causing calcium release from ER. Cytosolic calcium

Figure 20 .

 20 Figure 20. Production of SASP from human fibroblasts. MRC5 Raf:ER fibroblasts were treated with 4OHT for 3 days and changed to normal growing medium

Figure 21 .

 21 Figure 21. The SASP blocks breast cancer cell proliferation with senescence induction in MCF7. MCF7 breast cancer cells were treated with CM for 6 days as indicated. The mRNA level of CDKN1A (a), IL6 and IL8 (b) and Ki67 (c) were analyzed by RT-qPCR. At the same time, crystal violet staining (d) and SA--gal assay (e) were performed. Representative pictures are shown (left) as well as the percentage of SA--gal positive cells counted in each condition (right). All the experiments shown are representative of at least three biological replicates. Statistical analysis was performed with Student's t-test (* for P <0.05, **for P <0.05, *** for P <0.001).

Figure 22 .

 22 Figure 22. The SASP blocks breast cancer cell proliferation with senescence induction in T47D. T47D breast cancer cells were treated with CM for 6 days as indicated. The mRNA level of CDKN1A (a), IL6 and IL8 (b), Ki67 (c) were analyzed by RT-qPCR. At the same time, crystal violet staining (d) and SA--gal assay (e) were performed; representative pictures are shown (left) as well as the percentage of SA--gal positive cells counted in each condition (right). All the experiments shown are representative of at least three biological replicates. Statistical analysis was performed with Student's t-test (* for P <0.05, **for P <0.05, *** for P <0.001).

Figure 23 .

 23 Figure 23. The SASP blocks breast cancer cell proliferation without senescence induction in MDA-MB-231. MDA-MB-231 breast cancer cells were treated with CM for 6 days as indicated. The mRNA level of CDKN1A (a), IL6 and IL8 (b), Ki67 (c) were analyzed by RT-qPCR. At the same time, crystal violet staining (d) and SA--gal assay (e) were performed; representative pictures are shown (left) as well as the percentage of SA--gal positive cells counted in each condition (right). All the experiments shown are representative of at least two biological replicates. Statistical analysis was performed with Student's t-test (NS for not significant).

Figure 24 .

 24 Figure 24. The SASP induces a neuroendocrine differentiation in MCF7. MCF7 breast cancer cells were treated with CM for 6 days as indicated. (a) Representative pictures of the phenotype are shown (top) as well as the percentage of NED-positive cells counted (below) in each

Figure 25 .

 25 Figure 25. Increase in intracellular calcium induced by the SASP is involved in NED and participates in cytokine production. MCF7 were infected with a control empty pLV vector or with CALB1 overexpression vector and then selected with puromycin. The mRNA level of CALB1 (a), SCG2 (c) and CHGB (d), IL6 (e) and IL8 (f) were analyzed by RT-qPCR. Live cells were charged with cytosolic calcium indicator Fluoforte, treated with Ctrl SASP or SASP and fluorescence was analyzed by confocal microscopy (b). Fluorescence

Figure 26 .

 26 Figure 26. A low percentage of breast tumors display NE differentiation. A total of 1904 clinical breast tumor samples were analyzed based on the 4 NED markers. Expression of these markers is showed based on their expression log value. The cut-off between these samples was defined according to the log value of gene expression.

Figure 27 .

 27 Figure 27. NE differentiation-positive breast tumors display senescence characteristics: functional p53, higher senescence marker and lower proliferation rate. The samples with all 4 NED markers positive (left) and all 4 negative (right) are shown (a). Based on the positive and negative samples, the functionality of p53 (b), expression of SPRY2 (c) and expression of Ki67 (d) were checked, results were shown as log value. Survival of patients was then analyzed (e). Statistical analysis was performed with Student's t-test (* for P <0.05, **for P <0.05, *** for P <0.001).

Figure 28 .

 28 Figure 28. RXRA controls cellular senescence through calcium signaling. RXRA binds to ITPR2, represses its expression, and thus regulates the calcium signaling from ER to mitochondria via ITPR2-MCU axis. Mitochondrial calcium accumulation leads to ROS production, DDR, activates p53-p21 pathway and ultimately cellular senescence. Besides, activation of ITPR1 by removing RXRA also induces senescence through the same pathway as ITPR2.

Figure 29 .

 29 Figure 29. ONCOMINE database shows RXRA gene expression level in cancer versus normal tissues.
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Table 1 . Common markers of cellular senescence.

 1 

	SA--gal: senescence-associated--galactosidase activity;
	SASP: senescence-associated secretory phenotype;
	SAHF: senescence-associated heterochromatic foci;
	TIF: telomere dysfunction-induced foci;
	TAF: telomere-associated foci;
	DNA-SCARS: DNA segments with chromatin alterations reinforcing senescence
	Adapted from (Salama et al, 2014)

Table 3 . Sequences of siRNAs in siRNA pools used in this study (4 siRNAs per pool).

 3 

	siRNA name	siRNA sequences
	RXRA-1	GCGCCAUCGUCCUCUUUAA
	RXRA-2	AGACCUACGUGGAGGCAAA
	ITPR2-1	CGAAAUGGCCGCUCUAUUA
	ITPR2-2	GCAAUGGGUUGGAGACUAU

Table 4 . Sequences of individual siRNAs used in this study.

 4 

Table 6 . Primary antibodies used in the experiments.

 6 

	Application	Antibody name	Reference	Company	Dilution
	Western blot	RXRA	sc-553	Santa Cruz Biotechnology 1:500
		ITPR2	sc-398434 Santa Cruz Biotechnology 1:500
		MCU	HPA016480	Sigma-Aldrich	1:500
		p21	P1484	Sigma-Aldrich	1:500
		p53	sc-126	Santa Cruz Biotechnology 1:500
		α-Tubulin	T6199	Sigma-Aldrich	1:5000
	Immunofluorescence	53BP1	4937	Cell Signaling Technology	1:300
		p21	P1484	Sigma-Aldrich	1:300
		Ki67	sc-23900 Santa Cruz Biotechnology 1:300
	Chromatin immunoprecipitation	RXRA	sc-553	Santa Cruz Biotechnology 1:125
		Normal rabbit IgG X sc-2027X Santa Cruz Biotechnology 1:1250

Table 2 .

 2 Sequences of siRNAs in siRNA pools used in this study (4 siRNAs per pool).

	***		
	f	**	**

Supplementary Table

1

. siRNAs used in the screen and corresponding ITPR2 mRNA level measured by Nanostring, relative to ITPR2 mRNA level measured for siControl set at 1. siRNAs inducing an upregulation of ITPR2 mRNA level of more than 2 fold compared to siControl are highlighted in red.
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Figure 16. Cellular senescence induced by RXRA knockdown depends on ITPR1. MRC5 cells were transfected with siCtrl or siRNAs targeting RXRA or ITPR1 as indicated. 4 days later, knockdown efficiency (a) and the mRNA level of the CDKN1A (b) were analyzed by RT-qPCR. 6 days after transfection, crystal violet staining (c) and SA--gal assay (d) were performed. Representative pictures are shown (top) as well as the percentage of SA--gal positive cells counted in each condition (below). All the experiments shown are representative of at least three biological replicates. Statistical analysis was performed with Student's t-test (* for P <0.05, **for P <0.05, *** for P <0.001).

Summary

Calcium signaling is emerging as a key pathway controlling cellular senescence, a stable cell proliferation arrest playing a fundamental role in pathophysiological conditions such as embryonic development, wound healing, cancer and aging. However how calcium signaling is regulated is still only partially understood. The inositol 1, 4, 5-trisphosphate receptor type 2 (ITPR2), an endoplasmic reticulum calcium release channel, was recently shown to critically contribute to the implementation of senescence, but how ITPR2 expression is controlled is unclear. To gain insights into the regulation of ITPR2 expression, we performed a siRNA screen targeting 160 transcription factors and epigenetic regulators. Interestingly, we discovered that the retinoid X receptor alpha (RXRA), which belongs to the nuclear receptor family, represses ITPR2 expression and regulates calcium signaling though ITPR2 and the mitochondrial calcium uniporter MCU. Knockdown of RXRA induces the production of reactive oxygen species (ROS) and DNA damage via the ITPR2-MCU calcium signaling axis and consequently triggers cellular senescence by activating p53 whereas RXRA overexpression represses ROS and DNA damage accumulation and then delays replicative senescence. Altogether our work sheds light on a novel mechanism controlling calcium signaling and cellular senescence and provides new insights into the role of nuclear receptors. Supplementary Table 2 

5'-cacccctcaaccagtctcag -3' 5'-gggttcggtttacctgcaa-3' PRDM2 5'-cctctgcaaatatgagagattctg-3' 5'-ctggaggcacctcctgact -3' SUV39H1 5'-gaggtggatgccaggaaag-3' 5'-cccaattcttggcctgtact-3' SUZ12 5'-acatgggagactattcttgatgg-3' 5'-gcaacgtaggtccctgagaa-3' TET3 5'-gtgcctccttctcctttggt-3' 5'-ttccggagcacttcttcct-3' UHRF1 5'-aagatccaggagctgttcca-3' 5'-aagagggtatggccgtcct-3' MEIS1 5'-gcatgaatatgggcatgga-3' 5'-catactcccctggcatactttg-3' ZBTB17 5'-agaagctgaggccgcttt-3' 5'-tcttgctccttttgctcctc-3' Supplementary Table 5. Sequences of primers used for RT-qPCR.

Supplementary 

Knockdown of RXRA activates ITPR1 expression but not ITPR3

We have thus identified the nuclear receptor RXRA as a novel regulator of calcium signaling by directly binding to ITPR2 gene and consequently as a regulator of cellular senescence through the p53-p21 pathway in fibroblasts. There are 3 members in the ITPR family: ITPR1, ITPR2 and ITPR3. According to the ONCOMINE database, the expression level of ITPR1 and ITPR2 (Figure 14) but not ITPR3 are mostly downregulated in cancers comparing with corresponding normal tissues. Therefore, besides ITPR2, we then investigated the regulation of other ITPR members by knocking down of RXRA. RXRA was knocked down using siRNA against RXRA transfection in fibroblasts (Figure 15a). Interestingly, the expression of ITPR1 (Figure 15b), but not ITPR3 (Figure 15c), was found to be activated upon knockdown of RXRA. 

ITPR1 is involved in cellular senescence induced by RXRA knockdown

As knockdown of RXRA activates ITPR1 expression, we then tested if ITPR1 could be involved in the senescence induced by RXRA knockdown in fibroblasts. Thus, siRNA against RXRA, ITPR1 and their combination were used to knockdown the different genes (Figure 16a).

Interestingly, ITPR1 knockdown rescued the upregulation of CDKN1A triggered by RXRA knockdown (Figure 16b). Meanwhile, the proliferation arrest (Figure 16c) and increased SA--gal activity (Figure 16d) induced by knocking down RXRA were impaired by knocking down ITPR1.

Altogether, these data indicate that ITPR1, as ITPR2, participates in cellular senescence regulated by RXRA. Several NRs have been shown to repress cellular senescence. For example, liver X receptor (LXR) activation by specific ligands can prevent endothelial cellular senescence. Besides, LXR activation also reverses the decrease in telomerase activity during replicative senescence (Hayashi et al, 2014). PPAR expression was found to inhibit Ras-induced senescence through repressing ER stress in keratinocytes [START_REF] Zhu | The nuclear receptor peroxisome proliferator-activated receptor-beta/delta (PPARbeta/delta) promotes oncogene-induced cellular senescence through repression of endoplasmic reticulum stress[END_REF]. Besides, forced overexpression of another PPAR family member, PPAR , promotes cell proliferation and reverses cellular senescence in MDA-MB-231 and PANC-1 cells (Chen et al, 2017). O'Loghlen et al identified TLX as a nuclear receptor inhibiting cellular senescence in human fibroblasts and epithelial cells via PcG protein CBX7-mediated regulation of p16 and direct repression of p21, which lead to downregulation of both CDK inhibitors (O'Loghlen et al, 2015). In the same line, deletion of some NRs has been shown to trigger senescence. In breast cancer cells, VDR knockdown leads to a prompt proliferation arrest with characteristics of senescence, which is dependent on the presence of 53BP1 [START_REF] Graziano | Vitamin D/vitamin D receptor axis regulates DNA repair during oncogene-induced senescence[END_REF]. Chen et al found that knockdown of PPAR inhibits proliferation and induces a p53-independent cellular senescence with SASP features in MDA-MB-231 and PANC-1 cancer cells (Chen et al, 2017).

However, the opposite function of some NRs during cellular senescence is also described.

For instance, PPAR was found to promote cellular senescence by inducing CDKN2A expression in human fibroblasts. This may due to the ability of PPAR to directly bind to CDKN2A promoter and induce its transcription in a ligand-dependent manner. This is further proved by treating cells with PPAR agonist, resulting in robust expression of CDKN2A (Gan et al, 2008). The androgen receptor (AR), which is shown to directly bind to CDKN1A, accelerates premature senescence in absence of DNA damage markers in PC3 and RWPE-1 cells (Mirochnik et al, 2012) but in association with DNA damage and CDKN2A upregulation in Human Dermal Papilla Cells (Yang et al, 2013). In addition, activation of THRB induces ROS accumulation, DNA damage and ultimately premature senescence in MEFs [START_REF] Zambrano | The thyroid hormone receptor beta induces DNA damage and premature senescence[END_REF].

In conclusion, several NRs, in addition to RXRA, can regulate senescence. They can exert either pro-or anti-senescence effects. Nevertheless, most of the data generated are not comparable due to the cells used, and/or strategy used to investigate NR effects: knockdown/overexpression and agonist/antagonist treatments are different.

In this context, much more efforts need to be made to have clearer views about the role of NRs in the regulation of cellular senescence. We studied several NRs in addition to RXRA and observed that the knockdown of some of them (RXRB, PPARG, THRA) in MRC5 induces senescence together with an activation of ITPR1 and ITPR2 expression. However, participation of these two ITPRs in the senescence induced by the three NRs mentioned above still has to be demonstrated.

Nuclear receptors and calcium signaling

In this study, we have shown for the first time that RXRA can impact calcium signaling through regulating ITPR2 expression. Some of other NRs have been linked to intracellular calcium signaling. For example, several membrane-associated estrogen receptors (mERs) are found to be involved in regulation of intracellular calcium release via the PLC/IP3 pathway in astrocytes (Kuo et al, 2010). In T helper 17 (Th17) cells, RAR-related orphan receptors ROR and ROR t can be directly regulated by the calcium/NFAT signaling pathway (Kim et al, 2014b), which is known to regulate cellular senescence [START_REF] Manda | NFATc1 promotes prostate tumorigenesis and overcomes PTEN loss-induced senescence[END_REF]. Besides, orphan nuclear receptor Nur77 expression is shown to be a downstream effector of calcium signaling and is regulated by intracellular calcium influx (Abdou et al, 2013). Another study described that Nur77 deficiency leads to elevated intracellular calcium levels with the presence of enhanced calcineurin activity in mice cardiomyocytes (Medzikovic et al, 2015). VDR impacts calcium metabolism through regulating the expression of osteocalcin or of calcium binding protein calbindin (CHRISTAKOS et al, 1996;Haussler et al, 1997). Besides, the VDR's downstream 1,25(OH) 2 D 3 , plays roles in maintaining serum calcium by directly promoting the intestinal absorption of calcium (Ferrari et al, 1998;Reichel et al, 1989).

Even though some reports showed the effect of NRs in cellular senescence and calcium signaling, none of those studies have linked the three aspects together. We observed that some of the RXRA NR partners concomitantly regulate ITPR1 and ITPR2 expression and cellular senescence in human primary fibroblasts. However, whereas ITPRs and calcium mediate this senescence remains to be investigated.

The SASP effects on breast cancer cells

As emerged in the last decade, the SASP and its receptors can induce or reinforce the senescent phenotype both in the autonomous way and through paracrine effects (Acosta et al, 2008;Coppé et al, 2008;Rodier, 2013). Besides, the secretion of the SASP as well as its key regulator, the NF-B pathway, have been shown to be regulated by intracellular calcium signaling (Kim et al, 2014b;McCarthy et al, 2013). In the second part of my PhD work, we investigated the role of the SASP and of calcium flux in regulating some SASP biological effects. We generated SASP from senescent fibroblasts through OIS and then treated different breast cell lines with it.

We found that the SASP blocks cell proliferation with senescence induction in MCF7 and T47D, but without senescence phenotype in MDA-MB-231. Besides, MCF7 cells treated with SASP display a NED. Interestingly, increase in cytosolic calcium induced by the SASP is involved in the NED. According to the clinical samples, the NED-positive breast tumors display functional p53, higher senescence marker SPRY2, lower proliferation and the patients have short term better survival.

However, many open questions remain to be addressed based on these preliminary results.

The SASP was produced in oncogene activation-induced senescent human primary fibroblasts, which was not relevant for the target SASP-treated breast cancer cells. Therefore, the effects of the SASP from corresponding human primary mammary fibroblasts induced in senescence by stresses like genotoxic stress require to be investigated on breast cancer cells.

Besides, the SASP induces senescence in MCF7 and T47D, but not in MDA-MB-231. One possible explanation is that MCF7 and T47D are described as estrogen receptor (ER) and progesterone receptor (PR) positive cell lines, whereas MDA-MB-231 are both ER and PR negative cells. Despite of this, one single or just two cell lines are not enough to make a conclusion.

Many studies have found that androgen deprivation therapy (ADT) promotes the NED in prostate cancer, which leads to tumors being not sensitive to hormone therapy or chemotherapy and which is thus linked to poor prognosis (Katsogiannou et al, 2015). Therefore, studies exploring if and how NED can be targeted and blocked in Pca cells are emerging. In fact, several studies have reported that the PI3K-Akt pathway drives the NED of Pca (Priemer et al, 2016).

However, little is known about the NED in breast tumors. It is believed that mucinous carcinomas of the breast seem to be strongly associated with NED (Papotti et al, 1989;Righi et al, 2010).

Currently, IHC using NED markers is essential for detecting and identifying NED (Cozzolino et al, 2014). Here we detected a NED phenotype and induction of NED markers at transcriptional level accompanied with senescence upon SASP treatment of breast cancer cells MCF7. To further confirm this NED, IHC co-staining with senescence markers and NE markers needs to be performed. Besides, checking the expression of NED markers at protein level is also essential.

Interestingly, we found that an increase in cytosolic calcium is induced by the SASP and that calcium chelation by CALB1 can reverse the induction of the two observed markers of NED, at least at the transcriptional level. Therefore, the link between the SASP-induced calcium signaling and NED has to be further investigated. Moreover, we need to assess if the appearance of NED in breast cancers is specific for senescent cells.

The SASP induces senescence accompanied with "full" NED in MCF7, but "partial" NED in T47D (only markers upregulated without NED phenotype). It has been reported that MCF7 is p53 wild-type (WT) while T47D is p53 mutant. In addition, clinical samples showed that p53 is kept WT upon NED. This may indicate that p53 is implicated in the NED in breast cancer cells. To confirm its role, p53 knockdown with shRNA should be done in MCF7 to check its effect on NED.

Furthermore, identifying the SASP component(s) involved in the calcium signaling and NED is emerging to be one of the most important parts in the project.

Altogether, my PhD work led to the identification of a new regulator and a new potential function of cellular senescence and thus allowed a better understanding of this key process and of the role and regulation of calcium signaling in it.