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The ATF6α arm of the Unfolded Protein Response mediates replicative senescence in human fibroblasts through a COX2/prostaglandin E 2 intracrine pathway

Introduction

Normal cells have a limited proliferation potential; after a finite number of population doublings, they stop dividing while remaining viable and metabolically active, a process called senescence [START_REF] Campisi | Cellular senescence as a tumor-suppressor mechanism[END_REF]. Senescent cells are accumulated in the body with aging and directly influence the lifespan and the occurrence of several dysfunctions and pathologies associated with aging [START_REF] Baker | Clearance of p16Ink4a-positive senescent cells delays ageing-associated disorders[END_REF][START_REF] Baker | Naturally occurring p16(Ink4a)-positive cells shorten healthy lifespan[END_REF]. Senescence may result from various mechanisms, including decrease in telomere length (d'Adda di Fagagna et al., 2003), DNA damage [START_REF] Sedelnikova | Senescing human cells and ageing mice accumulate DNA lesions with unrepairable double-strand breaks[END_REF], oxidative stress [START_REF] Dumont | Induction of replicative senescence biomarkers by sublethal oxidative stresses in normal human fibroblast[END_REF] or activation of oncogenes [START_REF] Campisi | Senescent cells, tumor suppression, and organismal aging: good citizens, bad neighbors[END_REF][START_REF] Bernard | Involvement of Rel/nuclear factor-kappaB transcription factors in keratinocyte senescence[END_REF]. Interestingly, all types of senescence inducers lead to common cellular and molecular changes, resulting in a senescent phenotype characterized by deep morphological changes, such as enlargement [START_REF] Zwerschke | Metabolic analysis of senescent human fibroblasts reveals a role for AMP in cellular senescence[END_REF][START_REF] Cristofalo | Replicative senescence: a critical review[END_REF], epigenetic and transcriptomic changes [START_REF] Narita | Rb-mediated heterochromatin formation and silencing of E2F target genes during cellular senescence[END_REF][START_REF] Wennmalm | The expression signature of in vitro senescence resembles mouse but not human aging[END_REF], increase in autophagic activity [START_REF] Gosselin | Senescent keratinocytes die by autophagic programmed cell death[END_REF][START_REF] Young | Autophagy mediates the mitotic senescence transition[END_REF], expression of Senescence-Associated β-galactosidase (SA-β-Gal) activity [START_REF] Dimri | A biomarker that identifies senescent human cells in culture and in aging skin in vivo[END_REF], and a pro-inflammatory secretome [START_REF] Coppé | Senescence-associated secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the p53 tumor suppressor[END_REF][START_REF] Malaquin | Senescent fibroblasts enhance early skin carcinogenic events via a paracrine MMP-PAR-1 axis[END_REF].

Several complex signaling pathways related to stress are involved in the induction and/or maintenance of senescence. The most investigated one is the DNA Damage Response pathway that leads to the activation of the p53/p21

WAF1 axis and the irreversible cell cycle arrest in G1 phase of senescent cells [START_REF] Campisi | Senescent cells, tumor suppression, and organismal aging: good citizens, bad neighbors[END_REF]. The cell-cycle inhibitor p16

INK4 is also a key mediator of senescence by eliciting growth arrest
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Email address: olivier.pluquet@ibl.cnrs.fr (O. Pluquet) upon inhibition of pRB phosphorylation, in part in response to the oxidative stress that increases at senescence [START_REF] Chen | Loss of proliferative capacity and induction of senescence in oxidatively stressed human fibroblasts[END_REF][START_REF] Nassour | Defective DNA single-strand break repair is responsible for senescence and neoplastic escape of epithelial cells[END_REF]. The mTOR regulator of cell metabolism and cell growth, and the p38MAPK cascade were also shown to participate in senescence [START_REF] Dulic | Senescence regulation by mTOR[END_REF][START_REF] Debacq-Chainiaux | p38(MAPK) in the senescence of human and murine fibroblasts[END_REF][START_REF] Maruyama | Stress-activated MAP kinase cascades in cellular senescence[END_REF]. We and others pointed out the Cyclooxygenase 2 (COX2/PT-GS2)-prostaglandin E 2 (PGE 2 ) pathway as taking part both in the induction and in the maintenance of the senescent phenotype. COX2 is the limiting and inducible enzyme in the PGE 2 biosynthesis pathway from arachidonic acid. COX2 expression is increased during replicative and oxidative stress-induced senescence in fibroblasts. In consequence, the senescent secretome becomes enriched in PGE 2 [START_REF] Zdanov | Normal or stress-induced fibroblast senescence involves COX-2 activity[END_REF][START_REF] Han | Selective COX-2 inhibitor, NS-398, inhibits the replicative senescence of cultured dermal fibroblasts[END_REF][START_REF] Dagouassat | The cyclooxygenase-2-prostaglandin E2 pathway maintains senescence of chronic obstructive pulmonary disease fibroblasts[END_REF]. PGE 2 being a pro-inflammatory mediator, it could be responsible, together with the pro-inflammatory cytokines that are also up-secreted by senescent cells, of the specific properties of the senescent secretome, i.e. stimulating the growth of pretumoral cells, stimulating the removing of senescent cells through immune-mediated clearance or inducing and reinforcing the senescent phenotype in a paracrine or autocrine manner. Arguing against this last putative function, it was shown that even high concentrations of extracellular PGE 2 (10-50 μM) have only modest effects on the onset of senescence [START_REF] Yang | Involvement of IGF binding protein 5 in prostaglandin E(2)-induced cellular senescence in human fibroblasts[END_REF][START_REF] Martien | Cellular senescence involves an intracrine prostaglandin E2 pathway in human fibroblasts[END_REF]. However, PGE 2 can act by binding to plasma membrane EP receptors, but it can also act in an intracrine manner by binding to intracellular EP receptors. An intracellular role of PGE 2 was especially demonstrated at the senescent stage. Indeed, only 1-10 nM PGE 2 were shown to be enough to induce premature senescence when applied in the presence of a high glucose concentration which favors the uptake of PGE 2 through the enhancement of the functioning of the lactate/prostaglandin exchanger. This induction of senescence involves the binding of PGE 2 mainly to the intracellular EP3 receptor [START_REF] Martien | Cellular senescence involves an intracrine prostaglandin E2 pathway in human fibroblasts[END_REF]. This indicated that COX2 participates in the induction and maintenance of the senescent phenotype through a PGE 2 /EP3-dependent intracrine pathway. The endoplasmic reticulum (ER) is a multifunctional intracellular organelle required for protein folding, post-translational modifications, control of the secretory pathway, and calcium storage [START_REF] Görlach | The endoplasmic reticulum: folding, calcium homeostasis, signaling, and redox control[END_REF]. Disruption of ER functions following oxidative stress or inflammation can lead to accumulation of misfolded proteins or aggregates that are detrimental to cell survival [START_REF] Schröder | The mammalian unfolded protein response[END_REF]. This in turn triggers an adaptive response called the Unfolded Protein Response (UPR). The UPR is mediated by three ER stress sensors (PERK, ATF6α and IRE1α) and their downstream signalling pathways. The PERK kinase phosphorylates its substrate eIF2α to reduce the overall synthesis of proteins, but also induces the transcription of genes encoding specific chaperones containing micrORF or IRES. Once activated, IRE1α induces the unconventional splicing of XBP1 mRNA, allowing the translation of an active transcription factor, whose main targets are the genes involved in quality control of proteins in the ER. Other mRNAs are cleaved by IRE1α, however, the physiological consequences associated with this mechanism are not yet fully known. The protein ATF6α, upon activation, exits the ER and migrates to integrate the Golgi apparatus membrane, where it is cleaved to give its active form and acts as a transcription factor targeting genes encoding chaperones [START_REF] Schröder | The mammalian unfolded protein response[END_REF]. As such, the UPR limits the accumulation of misfolded proteins and restore ER homeostasis [START_REF] Ron | Signal integration in the endoplasmic reticulum unfolded protein response[END_REF][START_REF] Hetz | The unfolded protein response: controlling cell fate decisions under ER stress and beyond[END_REF] or, if the cells are unable to cope with stress, induces cell death by apoptosis [START_REF] Schröder | The mammalian unfolded protein response[END_REF] or autophagy [START_REF] Verfaillie | Linking ER stress to autophagy: potential implications for cancer therapy[END_REF].

ER stress and UPR activation have been found to be components of the replicative senescent phenotype [START_REF] Pluquet | The unfolded protein response and cellular senescence: a review in the theme: cellular mechanisms of endoplasmic reticulum stress signaling in health and disease[END_REF][START_REF] Matos | ER Stress Response in Human Cellular Models of Senescence[END_REF][START_REF] Druelle | ATF6α regulates morphological changes associated with senescence in human fibroblasts[END_REF]. An ER expansion and UPR activation following HRas-driven senescence in melanocytes or in a model of adriamycin-induced senescence in lymphoma cells were reported [START_REF] Denoyelle | Anti-oncogenic role of the endoplasmic reticulum differentially activated by mutations in the MAPK pathway[END_REF][START_REF] Dörr | Synthetic lethal metabolic targeting of cellular senescence in cancer therapy[END_REF]. Recently, we demonstrated the key role of ATF6α in the control of the morphological features characteristic of senescence [START_REF] Druelle | ATF6α regulates morphological changes associated with senescence in human fibroblasts[END_REF]. As COX2 can localize on the luminal surface of the endoplasmic reticulum (ER) [START_REF] Spencer | Subcellular localization of prostaglandin endoperoxide H synthases-1 and -2 by immunoelectron microscopy[END_REF], COX2 is thought to be sensitive to ER changes and be part of ER stress [START_REF] Rasheed | Endoplasmic reticulum stress induces the expression of COX-2 through activation of eIF2α, p38-MAPK and NF-κB in advanced glycation end products stimulated human chondrocytes[END_REF]. Therefore, we wondered whether there is a link between COX2 and the UPR in the context of senescence.

In the present study, we provide evidence that the ATF6α arm of the UPR mainly induces some features of senescence through the activation of the COX2/PGE 2 /EPs pathway in NHDFs.

Material and methods

Compounds and cell culture

Normal human dermal fibroblasts (NHDFs) were purchased from Clonetics or Promocell. According to the experiment, three different skin donors were used (referred as 1F1853, a 38 years-old Caucasian female, 2F1966, a 37 years-old Caucasian female, and F1MC, a 1 year-old Caucasian male). Skin donors are anonymous and informed consent of each of them was obtained by the supplier. NHDFs were grown at 37 °C in an atmosphere of 5% CO 2 in the ad hoc medium supplied by Clonetics (FGM-2 bulletKit system). In all experiments, cells were seeded as recommended by the supplier and always split at 70% confluence. The number of population doublings (PDs) was calculated at each passage by using the following equation: PD = ln(number of collected cells/number of plated cells)/ln2. Depending on the donor, the senescent stage was reached after a slightly different number of population doublings. NHDFs designated "exponentially growing" actively divide, do not display the enlarged and spread morphology nor express the SA-β-Gal marker. Those designated "senescent" were taken at the senescence plateau, a phase during which the growth of the culture is stopped, with 70-100% of cells displaying the enlarged and spread phenotype and the SA-β-Gal activity. The SA-β-Gal activity was revealed as described by [START_REF] Dimri | A biomarker that identifies senescent human cells in culture and in aging skin in vivo[END_REF]. Thapsigargin (TG), and Dithiothreitol (DTT), were purchased from Sigma and diluted in DMSO. NS398 (COX-2 inhibitor) and L-798,106 (EP3 antagonist) were from Tocris and diluted in DMSO.

Western blotting

Cells were lysed in the following solution: Hepes 27.5 mM pH 7.6, urea 1.1 M, NaCl 0.33 M, EGTA 0.1 M, EDTA 2 mM, KCl 60 mM, DTT 1 mM and NP40 1.1%. The total protein concentration was measured with the Bio-Rad protein assay. Proteins were resolved by SDS-PAGE and transferred to nitrocellulose membranes (Hybond-C extra, Amersham). Equal loading was verified after a Ponceau Red coloration of the membranes. Primary antibodies used were an anti-human COX2 (Cayman), anti-human PERK (sc-13073, Santa Cruz Biotechnology), anti-human ATF6α (Bioacademia, Japan), anti-human IRE1α (sc-20790, Santa Cruz Biotechnology), and anti human GAPDH antibody (Chemicon International). Secondary antibodies used were peroxidase-conjugated (Jackson ImmunoResearch Laboratories). Peroxidase activity was revealed using an ECL (enhanced chemiluminescence) or ECL advanced kit (Amersham Biosciences). The band densities were analyzed using Image J software. The density of each band was divided by the density of the GAPDH band, and the obtained value was normalized with respect to that obtained under control conditions.

RNA isolation, reverse transcription and quantitative Real-time PCRs (qRT-PCR)

Total RNA was prepared using the Trizol reagent (Invitrogen). 1 μg of RNA was reverse-transcribed using random hexamers, Superscript III and dNTPs (Invitrogen) in a final volume of 20 μl according to manufacturer's instructions. Quantitative Real-time PCR reactions were performed using the Mx3005P Real-time PCR system (Stratagene). Primers used were designed with the qPrimerDepot software (http:// primerdepot.nci.nih.gov/) and are listed in Table S1. PCR products were measured by SYBR Green fluorescence (SYBR Green Master Mix, Applied Biosystems). Experiments were performed in triplicates for each data point. Results were analyzed with the MxPro software (Agilent). The expression of each gene was normalized to RPLP0 or EAR gene, and fold expression relative to the control is shown.

Small interference RNA

Invalidation experiments for PERK, ATF6α, IRE1α and COX2 were performed using pools of four siRNAs from Dharmacon (ON TARGET Plus Smart pool, Dharmacon, USA). A non-targeting siRNA pool (Dharmacon) was used as control. Senescent NHDFs were seeded at a density of 5 × 10 4 cells per well in 6-well plates and were transfected by using the RNAiMAX Lipofectamine reagent (Invitrogen Corp., Carlsbad, CA, USA) according to manufacturer's instructions.

PGE 2 immunoassay

Exponentially growing and senescent NHDFs were seeded at 20,000 cells per well in 6-well plates. PGE 2 levels in the supernatant medium were assayed at day 4 after seeding or transfection by using a prostaglandin E 2 Kit (GE Healthcare) according to manufacturer's instructions.

Immunofluorescence

NHDFs were seeded onto coverglasses and fixed with 4% paraformaldehyde in PBS and permeabilized with 0.2% Triton-X-100. Coverglasses were incubated with the primary antibody diluted in presence of 5% BSA. They were then washed three times with PBS and incubated with the secondary antibody diluted in PBS with 0.5% casein. After three washes, nuclei were stained with Hoechst 33258 at 1 μg/mL for 3 min and the coverglasses mounted in Glycergel ® . Primary antibodies used were rabbit anti-calnexin from Abcam (dilution 1/100), mouse anti-53BP1 from Santa Cruz (dilution 1/100) and rabbit anti-vimentin from Santa Cruz (dilution 1/100). Secondary antibodies were IgG conjugated with Alexa Fluor 488 or Alexa Fluor 555 purchased from Life Technologies. Images were taken with either an AxioImager Z1-apotome or a confocal Zeiss LSM780 microscope (Zeiss, Germany). The ZenLite ® (Zeiss, Germany) and ImageJ softwares were used for microscope image analysis.

Statistical analyses

Student's one-or two-tailed t-tests, as appropriate, were used for statistical analyses. The p values are indicated in the diagrams with * for p values <0.05, ** for p values <0.01 or *** for p values <0.001.

Results

The COX2/PGE 2 /EP3 pathway mediates senescence induced by ER stressors

To establish the potential relationship between the UPR and COX2 at senescence, we first used the model of premature senescence induced by the ER stressor Dithiothreitol (DTT) that we previously established in Normal Human Dermal Fibroblasts (NHDFs) [START_REF] Druelle | ATF6α regulates morphological changes associated with senescence in human fibroblasts[END_REF]. We first verified that DTT induced as expected an ER stress when applied to the exponentially growing NHDFs from the donor used in these experiments. For that, we measured the expression of the UPR components CHOP (DDIT3), GRP78 (HSPA5), HERPUD1, ERO1Lβ by qRT-PCR. The results indicate that the mRNA levels of these genes were all statistically significantly induced by the DTT treatment (Fig. 1A). Next, we measured the COX2 mRNA levels in presence of DTT using qRT-PCR and showed that mRNA levels of COX2 were increased (Fig. 1B). In accordance, ELISA assays show that in exponentially growing NHDFs treated with DTT, PGE 2 synthesis and secretion increased (Fig. 1C). In the same experiment, we verified that exposure to NS398, a specific COX2 inhibitor, significantly inhibited PGE 2 production either in basal or DTT conditions (Fig. 1C). We also verified that NS398 does not alter the induction of ER stress by DTT. For that, we measured the GRP78 relative expression level by qRT-PCR. It was not significantly altered by NS398 (Fig. 1D). We then tested whether inhibiting the COX2 activity with NS398 could affect the establishment of the senescence markers induced by DTT. The results show that NS398 partially restored the proliferation arrest (Fig. 1E) and the increase in SA-β-Gal positive cells induced by DTT (Fig. 1F). Similar effects of NS398 on SA-β-Gal staining were observed on exponentially growing NHDFs undergoing premature senescence induced by another ER stressor, thapsigargin (TG) (Fig. 1G). The EP3 receptor was shown to be involved in mediating the effects of PGE 2 on the induction and maintenance of senescence in NHDFs [START_REF] Martien | Cellular senescence involves an intracrine prostaglandin E2 pathway in human fibroblasts[END_REF]. Treatment with L-798,106, a potent and specific antagonist of EP3 decreased by about half the number of SA-β-Gal-positive cells induced by DTT (Fig. 1H). Together, these data show that premature senescence induced by ER stressors in NHDFs is mediated in part through the COX2/PGE 2 /EP3 pathway.

The PGE 2 biosynthesis pathway is activated by ATF6α during DTTinduced premature senescence

We then wanted to determine which UPR branch relays the induction of the COX2/PGE 2 pathway during DTT-induced premature senescence. To this goal, we first performed SA-β-Gal assays in exponentially growing NHDFs knocked-down for each ER sensor (PERK, ATF6α, or IRE1α) by RNA interference and then treated them or not with DTT. The efficacy of each siRNAs was verified at the protein level four days post-transfection (Fig. 2A). Only ATF6α knock-down significantly reduced the number of SA-β-Gal positive-cells upon DTT treatment (Fig. 2B). We next determined whether ATF6α relays the DTT-induced PGE 2 production. ELISA assays showed that the increase in PGE 2 synthesis and secretion induced by DTT was totally abolished upon ATF6α knocked-down cells (Fig. 2C). These results suggest that DTT induces premature senescence in exponentially growing NHDFs through the activation of ATF6α which controls downstream an increase in COX2 activity. 

The COX2/PGE 2 biosynthesis pathway is activated during senescence as a downstream effector of ATF6α and IRE1α

We wondered here whether the activation of the COX2/PGE 2 pathway could result from UPR activation during replicative senescence as it does during DTT-induced premature senescence. We first verified that the COX2/PGE 2 pathway was indeed up-regulated at replicative senescence in the NHDF donor used herein. For that, we measured PGE 2 levels in the culture medium of young and senescent NHDFs. The results show that the synthesis and secretion of PGE 2 increases about 3-fold at senescence (Fig. 3A). We also examined the expression of COX2 by qRT-PCR and Western blot. The results show that the expression of COX2 is up-regulated at senescence both at the mRNA and protein level (Fig. 3B andC). We then addressed the role of the three ER stress sensors in the regulation of the expression of COX2 at senescence. Knockdown of ATF6α and IRE1α, but not PERK, reduced COX2 mRNA and protein levels at senescence, as well as the production and secretion of PGE 2 (Fig. 3D-F). These data indicate that the COX2/PGE 2 pathway is induced at senescence in response to ER stress and UPR activation and is a direct or indirect downstream effector of ATF6α and IRE1α. 

U N C O R R E C T E D P R O O F

U N C O R R E C T E D P R O O F

The overexpression of COX2 at senescence does not induce the activation of the UPR

Since part of the COX2 pool is associated to the luminal surface of the ER membrane [START_REF] Spencer | Subcellular localization of prostaglandin endoperoxide H synthases-1 and -2 by immunoelectron microscopy[END_REF], we wondered whether its overexpression at senescence could cause ER stress and activate the UPR. To answer to this question, we invalidated COX2 by siRNA in senescent NHDFs and examined the activation of the UPR. qRT-PCR experiments showed that CHOP, GRP78, HERPUD1, and ERO1Lβ mRNA levels were all up-regulated in senescent cells but did not significantly change in senescent NHDFs treated with siRNA against COX2 compared to senescent control cell (Fig. 4). Taken together with the results of the previous paragraph, these results suggest that the up-regulation of COX2 at senescence is a consequence of the senescent-associated ER stress, not a cause. COX2 is up-regulated by the ATF6α and IRE1α branches of the UPR to induce some senescence characteristics, in parallel of the up-regulation of chaperones aiming at restoring proteostasis.

The ATF6α/COX2/intracellular PGE 2 axis is involved in the control of morphological changes associated to senescence

We have previously shown that COX2 and the intracellular PGE 2 it produces are involved in the establishment and maintenance of the main senescence markers including proliferation arrest, increase in SA-β-Gal activity and expression of some secretome components [START_REF] Zdanov | Normal or stress-induced fibroblast senescence involves COX-2 activity[END_REF][START_REF] Martien | Cellular senescence involves an intracrine prostaglandin E2 pathway in human fibroblasts[END_REF]. Recently, we reported the functions of ATF6α and IRE1α at senescence. As COX2, they are involved in the increase of the SA-β-Gal activity, in the expression of some secretome components, but they are little involved in the proliferation arrest. More originally, we reported that the morphological changes associated to replicative senescence, including ER expansion, cell shape and cell size are ATF6α (and IRE1α to a lesser extent) dependent [START_REF] Druelle | ATF6α regulates morphological changes associated with senescence in human fibroblasts[END_REF]. Therefore, we focused here, in determining whether the expression of COX2 and the production of PGE 2 could be responsible for these functions of ATF6α and IRE1α. To this end, we measured the ER surface after immunostaining of Calnexin (CNX), an ER-resident protein. As previously shown [START_REF] Druelle | ATF6α regulates morphological changes associated with senescence in human fibroblasts[END_REF], the ER occupied a large surface in enlarged senescent cells and this surface was significantly reduced in cells silenced for ATF6α during four days. The silencing of COX2 reduced as efficiently as the silencing of ATF6α the ER surface (Fig. 5A andB). We similarly investigated the role of COX2 in cell shape and cell size changes associated to senescence. After invalidation of COX2 in senescent NHDFs during 4 days, we marked the vimentin network by immunofluorescence to measure the cell surface and appreciate the cell shape. COX2 silencing decreased the cell surface as efficiently as ATF6α silencing but did not restore a fusiform shape as ATF6α knock-down did (Fig. 5A andC). We noticed that silencing of COX2 led to an altered cytoskeleton with accumulation of punctuate vimentin aggregates compared to long, dense bundles of vimentin found in senescent control cells. Co-staining of vimentin and 53BP1 indicates that cells invalidated for ATF6α and COX2 still displayed 53BP1 foci. This indicates that these cells initially derived from a population of senescent NHDFs, characterized by DNA damage (Fig. 5A). These results indicate that COX2 mediates the ER expansion and the increase in cell size induced by ATF6α at senescence.

We then reasoned, in further support of this conclusion, that supplementing senescent NHDFs with PGE 2 should prevent the effects of the ATF6α silencing. Given that PGE 2 may only enter cells only via the PGT lactate/prostaglandin exchanger, and given that the activity of this exchanger is increased in the presence of a high glucose concentration (that favors glycolysis and thereby lactate production), we silenced ATF6α in senescent NHDFs and added low physiological concentration of PGE 2 (20 nM) in the culture medium enriched or not in glucose for 4 days. As expected, the invalidation of ATF6α in the absence of PGE 2 whatever the glucose concentration led to a significant decrease in cell size (Fig. 6A andB). In contrast, adding PGE 2 only under high glucose concentration prevented in part this cell size decrease (Fig. 6A andB). These results indicate that COX2 acts downstream of ATF6α to control some morphological ATF6α features associated to senescence through the production and direct intracrine action of PGE 2.

Discussion

COX2 expression and ensuing PGE

2 production are highly up-regulated during replicative and oxidative stress-induced senescence of human fibroblasts and are involved both in the occurrence and maintenance of the senescent fibroblast phenotype through an intracrine signalization involving mainly intracellular EP3 receptors [START_REF] Zdanov | Normal or stress-induced fibroblast senescence involves COX-2 activity[END_REF][START_REF] Martien | Cellular senescence involves an intracrine prostaglandin E2 pathway in human fibroblasts[END_REF][START_REF] Dagouassat | The cyclooxygenase-2-prostaglandin E2 pathway maintains senescence of chronic obstructive pulmonary disease fibroblasts[END_REF]. Here, we show that this intracrine COX2/PGE 2 pathway is activated in response to the senescence-associated ER stress by the ATF6α arm of the UPR and to a lesser extent by IRE1α (Fig. 7).

We initially suspected that the overexpression of COX2 at the ER membrane at senescence could be the inducer of the ER stress associated with senescence. Our results show that it is not the case: the invalidation of COX2 by siRNA did not revert the activation of the UPR pathway. A contrario, invalidating ATF6α and IRE1α decreased the expression of COX2, at the messenger level. Therefore, the activation of the COX2/ PGE 2 pathway is the consequencenot the causeof the ER stress and ensuing activation of the UPR occurring at senescence, and it seems that there is no amplifying positive loop between COX2/PGE 2 and the UPR branches. We can also conclude that COX2/PGE 2 are not intermediates in the pathway leading to the expression of the canonical effectors of the UPR, COX2/PGE 2 can be considered as UPR effectors per se, activated in parallel to the canonical ones.

ATF6α is a transmembrane protein of the ER. Upon activation in a context of ER stress, it leaves the ER membrane and integrates that of the Golgi apparatus. There, it is cleaved by the S1P and S2P proteases to generate a soluble fragment of 50 kDa which then translocates to the nucleus to act as a transcription factor. As such, it could directly control COX2 transcription by binding to specific sequences in its promoter. However, by using a ChiPSeq database from UCSC genome browser and SABiosciences for predicting transcription factor binding sites in DNA sequences, we did not identify any putative ATF6α bind ing site in the COX2 promoter sequences. Therefore, the control of COX2 expression by ATF6α could be indirect. IRE1α is also a transmembrane protein of the ER. It gains endoribonuclease activity once activated. Amongst its targets is the XBP1 RNA it splices to generate XP-B1s. The XBP1s mRNA is then translated in an active transcription factor that might as well directly control the expression of COX2. By using ChiPSeq database from UCSC genome browser and SABiosciences, we identified one XBP1s binding site in the COX2 promoter. However, the knock-down of XBP1 by siRNA in senescent cells did not affect the COX2 protein levels (data not shown) as did the knock-down of IRE1α. Therefore, the control of COX2 expression by IRE1α would not be mediated by XBP1. A few studies have investigated the control of COX2 expression in a context of ER stress. It was shown that the ER stress inducer HBx protein (encoded by the Hepatitis Virus B) promoted the binding of ATF4 to COX-2 promoter [START_REF] Cho | Endoplasmic reticulum stress induced by hepatitis B virus X protein enhances cyclo-oxygenase 2 expression via activating transcription factor 4[END_REF]. ATF4 is a transcription factor activated by ER stress downstream of the PERK kinase. Our experiments in senescent fibroblasts did not reveal any alteration of the mRNA or protein COX2 levels upon PERK invalidation, indicating that this pathway is not involved in the context of the ER stress occurring at senescence. Two studies have shown that ER stress stimulates the expression of COX2 through the activation of p38MAPK and NF-κB transcription factors [START_REF] Rasheed | Endoplasmic reticulum stress induces the expression of COX-2 through activation of eIF2α, p38-MAPK and NF-κB in advanced glycation end products stimulated human chondrocytes[END_REF][START_REF] Hung | Endoplasmic reticulum stress stimulates the expression of cyclooxygenase-2 through activation of NF-kappaB and pp38 mitogen-activated protein kinase[END_REF]. Independently, it was shown that NF-κB can be activated by IRE1α and ATF6α [START_REF] Hu | Autocrine tumor necrosis factor alpha links endoplasmic reticulum stress to the membrane death receptor pathway through IRE1alpha-mediated NF-kappaB activation and down-regulation of TRAF2 expression[END_REF][START_REF] Yamazaki | Activation of the Akt-NF-kappaB pathway by subtilase cytotoxin through the ATF6 branch of the unfolded protein response[END_REF]. Since NF-κB and p38MAPK are both activated at senescence [START_REF] Gosselin | Involvement of Rel/NF-kappa B transcription factors in senescence[END_REF][START_REF] Debacq-Chainiaux | p38(MAPK) in the senescence of human and murine fibroblasts[END_REF], this opens the possibility that COX2 expression could be positively controled during senescence by the ATF6α and IRE1α branches of the UPR through a pathway involving NF-κB and/or p38MAPK.

U N C O R R E C T E D P R O O F
Our previous studies [START_REF] Zdanov | Normal or stress-induced fibroblast senescence involves COX-2 activity[END_REF][START_REF] Martien | Cellular senescence involves an intracrine prostaglandin E2 pathway in human fibroblasts[END_REF] together with the present one demonstrate that the UPR/COX2 pathway contributes to the establishment and maintenance of the main senescence markers. This includes proliferation arrest, increase in SA-β-Gal activity, expression of some secretome components and, more originally, increase in cell size, a major marker of senescence whose molecular bases have not yet been established. Importantly, these pro-senescence functions are not mediated by the secreted PGE 2 , but directly by the intracellular PGE 2 which binds to intracellular EP receptors, preferentially EP3 (Fig. 7). EP3 is a G-coupled receptor. When localized at the plasma membrane, it is coupled to Gi and signals by inhibiting the adenylate cyclase. The intracellular pool of EP3 is localized at the nuclear membrane, linked to G 0 , and signals through a BKCa 2+ channel which modulates nuclear Ca 2+ , the kinases AKT and ERK1/2, and some transcription factors such as NF-κB. Hence, plasma membrane EP3 receptors are assumed to elicit rather immediate responses, whereas intracellular EP3 receptors control gene transcription, potentially chromatin remodeling, with more long-term effects [START_REF] Zhu | Intracrine signaling through lipid mediators and their cognate nuclear G-protein-coupled receptors: a paradigm based on PGE2, PAF, and LPA1 receptors[END_REF] consistent with their role in senescence. A huge increase in cell size, also called cell hypertrophy, in addition to be a characteristic of senescence, is associated to diverse physiological and pathological situations such as endochondral ossification, osteoarthritis, myocardial injury and obesity in which it affects chondrocytes, cardiomyocytes and adipocytes respectively. NS-398 and celecoxib COX2 inhibitors were shown to inhibit the hypertrophy of cardiomyocytes induced by en dothelin-1 [START_REF] Li | COX-2 is involved in ET-1-induced hypertrophy of neonatal rat cardiomyocytes: role of NFATc3[END_REF] and, conversely, mice overexpressing COX2 specifically in the heart developed a mild cardiomyocyte hypertrophy [START_REF] Streicher | Compensatory hypertrophy induced by ventricular cardiomyocyte-specific COX-2 expression in mice[END_REF]. The inhibition of cell hypertrophy by NS-398 was also shown in a model of human periosteum differentiation [START_REF] Welting | Inhibition of cyclooxygenase-2 impacts chondrocyte hypertrophic differentiation during endochondral ossification[END_REF]. EP3 overexpression in mouse was shown to lead to an increase of the surface of isolated cardiomyocytes and to an enlargement of the heart. The activities of the phosphatase calcineurin and of the transcription factor NFAT were increased correlatively [START_REF] Meyer-Kirchrath | Overexpression of prostaglandin EP3 receptors activates calcineurin and promotes hypertrophy in the murine heart[END_REF]. Therefore, the role of the COX2/ PGE 2 /EP3 intracrine pathway in the cell size control would not be restricted to senescence. Our experiments also show that ATF6α/COX2 participates in the ER expansion occurring at senescence. ATF6α and IRE1α have already been shown to participate in ER expansion and biogenesis by inducing biosynthesis of phospholipids, in order to adapt the ER capacity to the protein folding demand [START_REF] Bommiasamy | ATF6alpha induces XBP1-independent expansion of the endoplasmic reticulum[END_REF][START_REF] Sriburi | Coordinate regulation of phospholipid biosynthesis and secretory pathway gene expression in XBP-1(S)-induced endoplasmic reticulum biogenesis[END_REF][START_REF] Maiuolo | Selective activation of the transcription factor ATF6 mediates endoplasmic reticulum proliferation triggered by a membrane protein[END_REF]. We previously speculated that the ATF6α-controlled ER expansion at senescence would be to adapt to the increase in synthesis and folding of the proteins of the senescent pro-inflammatory secretome, since the invalidation of ATF6α impacts the production of IL6 together with the ER surface [START_REF] Druelle | ATF6α regulates morphological changes associated with senescence in human fibroblasts[END_REF]. The ATF6α/COX2 pathway could also promote the biosynthesis of phospholipids in order to ensure the supply in arachidonic acid, the substrate of COX2 which is produced from phospholipids by the activities of phospholipases A2 [START_REF] Murakami | Recent advances in molecular biology and physiology of the prostaglandin E2-biosynthetic pathway[END_REF]. However, the evidence of a direct role of COX2 in phospholipids metabolism is very few. We found a study showing that the COX2 silencing in MDA-MB-231 breast cancer cells results in reduced levels of phosphocholine, a membrane phospholipid precursor, and of choline kinase (CHK), the enzyme which synthetises it from free choline [START_REF] Shah | Noninvasive imaging identifies new roles for cyclooxygenase-2 in choline and lipid metabolism of human breast cancer cells[END_REF].

U N C O R R E C T E D P R O O F
Remarkably, in our present and previous experiments [START_REF] Druelle | ATF6α regulates morphological changes associated with senescence in human fibroblasts[END_REF], the ATF6α/COX2-induced ER expansion always occurs contemporarily with increase in cell size or changes in cell shape, together with some remodelling of the cytoskeleton. Since the ER and the plasma membrane are anchored to the cytoskeleton, it is possible that their expansion is consecutive to modification of the cytoskeleton dynamics. Studies in astrocytes where the COX2 activity was inhibited by NSAIDs revealed such a link between COX2 and cytoskeleton dynamics via Rho-GTPases, PAK and ERK1/2 [START_REF] Lichtenstein | Secretase-independent and RhoGTPase/PAK/ERK-dependent regulation of cytoskeleton dynamics in astrocytes by NSAIDs and derivatives[END_REF]. The effects of the ATF6α/COX2 pathway on the cell size and shape could also result from an effect on cell adherence to the extracellular matrix (ECM). And indeed, the inhibition of COX2 was shown to decrease the ability of colon cancer cells to adhere on ECM through the down-regulation of beta1-integrin [START_REF] Yazawa | Selective inhibition of cyclooxygenase-2 inhibits colon cancer cell adhesion to extracellular matrix by decreased expression of beta1 integrin[END_REF]. Similarly, a deficiency in COX2 was shown to inhibit the adhesion of macrophages to ICAM-1 or fibronectin in in vitro assays, as well as to the peritoneal membrane in in vivo assays. The COX2-deficient macrophages showed an altered actin network organisation. All these effects were rescued by supplying PGE 2 [START_REF] Díaz-Muñoz | Cyclooxygenase-2 deficiency in macrophages leads to defective p110γ PI3K signaling and impairs cell adhesion and migration[END_REF].

In conclusion, our data provide the first evidence of the involvement of ER stress in COX2-mediated induction and maintenance of several changes associated with senescence in NHDFs, mainly through ATF6α activation (Fig. 7). Therefore, targeting specific components of the ATF6α pathway may have potential anti-aging effects. Additional studies are needed to fully understand all the consequences of ATF6α activation at senescence. 
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 1 Fig. 1. Senescence induced by ER stressors goes through the COX2/PGE 2 /EP3 pathway in NHDFs. (A) Exponentially growing NHDFs were treated with DTT (200 μM) for 4 days and the UPR markers GRP78, CHOP, ERO1Lβ, HERPUD1 were measured at the mRNA levels by qRT-PCR and were normalized to EAR levels. The measures were performed in triplicate. The bar chart represents the mean ± SD of three independent experiments. (B) Exponentially growing NHDFs were treated with DTT (200 μM) for 4 days and COX-2 mRNA levels were measured by qRT-PCR and were normalized to RPLP0 levels. The bar chart represents the mean ± SD of three independent experiments. (C) Exponentially growing NHDFs were subjected to DTT (200 μM) in presence or absence of the COX2 inhibitor NS398 (5 μM). The amount of PGE 2 in the culture media (secreted) were measured by an ELISA assay. The bar chart represents the mean ± SD of three independent experiments. (D) Exponentially growing NHDFs were subjected to DTT (200 μM) in presence or absence of the COX2 inhibitor NS398 (5 μM) and GRP78 mRNA levels in NHDFs were measured by qRT-PCR and were normalized to RPLP0 levels. The bar chart represents the mean ± SD of three independent experiments (E) Cells were counted and the cumulative doubling numbers were calculated. The bar chart represents the mean ± SD of the count of three independent culture dishes. (F) In parallel, the percentage of SA-β-Gal-positive cells was determined 4 days after the beginning of the treatment. SA-β-Gal positive cells were counted in 3 different microscopic fields. The bar chart represents the mean ± SD of the 3 counts. (G) Exponentially growing NHDFs were treated with TG (0.1 μM) for 4 days. The percentage of SA-β-Gal-positive cells was determined 4 days after the beginning of the treatment. SA-β-Gal positive cells were counted in 3 different microscopic fields. The bar chart represents the mean ± SD of the 3 counts. (H) Percentage of SA-β-Gal-positive cells 4 days after the treatment with DTT (200 μM) in presence or absence of the prostaglandin receptor EP3 antagonist. SA-β-Gal positive cells were counted in 3 different microscopic fields. The bar chart represents the mean ± SD of the 3 counts. This experiment is representative of 3 independent ones.

Fig. 2 .

 2 Fig. 2. DTT causes a premature senescence in NHDFs through an ATF6α dependent pathway. (A) Analysis of PERK, ATF6α, IRE1α, COX-2 protein levels in senescent NHDFs subjected to individual PERK, ATF6α or IRE1α silencing compared to a non-target siRNA as control, 96 h after transfection. GAPDH was used as loading control. Bands were quantified using Image J software. The results are given as the ratio to GAPDH. (B) Exponentially growing NHDFs were subjected to PERK, ATF6α, IRE1α siRNAs or to non-target control siRNAs. Twenty four hours later, NHDFs were treated with DTT 200 μM and the percentage of SA-β-Gal-positive cells 4 days after the drug treatment is indicated. SA-β-Gal positive cells were counted in 3 different microscopic fields. The bar chart represents the mean ± SD of the 3 counts. This experiment is representative of 2 independent ones. (C) Exponentially growing NHDFs were subjected to ATF6α siRNAs or to non-target control siRNAs. Twenty four hours later, NHDFs were treated with DTT 200 μM and the amount of PGE 2 in the culture media was measured by an ELISA assay. The bar chart represents the mean ± SD of three independent experiments.

Fig. 3 .

 3 Fig. 3. UPRsilencing inhibits the PGE 2 biosynthesis pathway in senescent NHDFs. (A) The amount of PGE 2 in the culture media from exponentially growing or senescent NHDFs was measured by an ELISA assay. Measures were performed in triplicate. The bar chart represents… (B) COX2 mRNA levels were analyzed by qRT-PCR in exponentially growing or senescent NHDFs. Results were normalized to RPLP0 levels. The measures were performed in triplicate. The bar chart represents the mean ± SD of three independent experiments. (C) Total protein extracts from equivalent number of exponentially growing and senescent NHDFs were analyzed by immunoblotting with an anti-COX2 antibody. (D) Analysis of COX2 mRNA levels by qRT-PCR in senescent NHDFs subjected to PERK, ATF6α or IRE1α siRNAs or to non-target control siRNAs for 96 h. COX2 mRNA levels were normalized to RPLP0 levels and are shown as fold induction ± SD considering 100% the induction obtained upon senescence. (E) Total protein extracts from senescent NHDFs upon PERK, ATF6α, IRE1α silencing by siRNA were analyzed by immunoblotting with anti-COX2 antibody. Expression of GAPDH was detected to serve as loading control. (F) The amount of released PGE 2 in the culture medium at different stages was measured by an ELISA assay 4 days after transfection siRNAs against PERK, ATF6α, IRE1α or non-target control siRNAs. The given results are representative of 3 independent experiments.

Fig. 4 .

 4 Fig. 4. Silencing of COX2 does not prevent UPR activation in senescent NHDFs. Senescent NHDFs were subjected to PTGS2/COX2 siRNAs or non-target control siRNAs for 96 h. Exponentially growing NHDFs transfected by non-target control siRNAs were used as control. The UPR markers GRP78, CHOP, ERO1Lβ, HERPUD1 were measured at the mRNA levels by qRT-PCR and were normalized to EAR levels. The measures were performed in triplicate. The bar chart represents the mean ± SD of three independent experiments.

Fig. 5 .

 5 Fig. 5. The senescence-associated morphological cell changes are COX2 dependent. (A) Senescent NHDFs were transfected with ATF6α or COX2 siRNAs or with non-target control siR-NAs as for 96 h. Exponentially growing NHDFs transfected with non-target control siRNAs were used as control. NHDFs were then seeded onto coverglasses, fixed, and processed for immunofluorescence detection of: endogenous calnexin (CANX) (green), in upper panel; endogenous vimentin (red) and 53BP1 foci (green) in lower panel. Cell nuclei were detected by DAPI staining (blue). Each condition was tested in triplicate; representative confocal photomicrographs of CANX or Vimentin/53BP1 are shown. Bar represents 50 μm. (B) Quantification of the ER surface occupied by fluorescence signal coupled to anti-CANX antibody. Surface were calculated with Image J in five independent microscopic fields for a total of at least 30 cells. The bar chart represents the mean ± SD of each 5 counts. (C) Quantification of the cell surface occupied by fluorescence signal coupled to anti-Vimentin antibody. Surface were calculated with Image J in five independent microscopic fields for a total of at least 30 cells. The bar chart represents the mean ± SD of each 5 counts. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6 .

 6 Fig. 6. The ATF6α-dependent increase in cell size is mediated by intracellular PGE 2 . (A) Senescent NHDFs were transfected by ATF6α siRNAs or non-target control siRNAs. PGE 2 (20 ng/ mL) was added alone to the culture medium (Normal Glc) or in the presence of glucose (High Glc). Representative confocal photomicrographs of endogenous vimentin (red) inmmunostaining are shown. Cell nuclei were detected by DAPI staining (blue). Bar represents 50 μm. (B) Quantification of the cell surface occupied by fluorescence signal coupled to anti-Vimentin antibody. Surface were calculated with Image J in five independent microscopic fields for a total of at least 30 cells. The bar chart represents the mean ± SD of each 5 counts. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7 .

 7 Fig. 7. The UPR/COX2/PGE 2 /EP3 intracrine signalling pathway contributes to the increase in cell size characteristic of the senescent phenotype. The UPR mainly transduces signals to senescence through activation of the COX2/PGE2 /EP3 intracrine pathway. NS398 (COX2 inhibitor) and L-798,106 (EP3 antagonist) are pharmacological agents that delay or prevent some senescent features, notably the characteristic increase in cell size. Abbreviations: ER stress: endoplasmic reticulum stress; ATF6α: Activating Transcription Factor 6 alpha; UPR: Unfolded Protein Response; COX2: cyclooxygenase 2; PGE 2 : Prostaglandin E 2 ; EP3: Prostaglandin receptor 3.
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