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A crosstalk between E2F1 and GLP-1 signaling pathways modulates insulin secretion

Compromised b-cell function contributes to type 2 diabetes (T2D) development. The glucagon like peptide 1 (Glp-1) has emerged as a hormone with broad pharmacological potential toward T2D treatment, notably by improving b-cell functions. Recent data have shown that the transcription factor E2f1, besides its role as a cell cycle regulator, is involved in glucose homeostasis by modulating b-cell mass, function and identity.

Here, we demonstrate a crosstalk between the E2F1, phosphorylation of retinoblastoma protein (pRb) and Glp-1 signaling pathways. We found that b-cell specific E2f1 deficient mice (E2f1 b-/-) presented with impaired glucose homeostasis and decreased glucose stimulated-insulin secretion mediated by exendin 4 (i.e., GLP1R agonist), which were associated with decreased expression of Glp1r encoding Glp-1 receptor (GLP1R) in E2f1 b-/-pancreatic islets. Decreasing E2F1 transcriptional activity with an E2F inhibitor in islets from nondiabetic humans decreased GLP1R levels and blunted the incretin effect of exendin 4 on insulin secretion. Conversely, overexpressing E2f1 in pancreatic b cells increased Glp1r expression associated with enhanced insulin secretion mediated by GLP1R agonist. Interestingly, kinome analysis of mouse islets demonstrated that an acute treatment with exendin 4 increased pRb phosphorylation and subsequent E2f1 transcriptional activity. This study suggests a molecular crosstalk between the E2F1/pRb and GLP1R signaling pathways that modulates insulin secretion and glucose homeostasis.

Introduction

Glucose homeostasis is finely tuned by the coordinated action of glucagon and insulin that are produced by pancreatic a and b cells, respectively. Dysregulation of this homeostatic process leads to type 2 diabetes (T2D), which is characterized by impaired function and mass of pancreatic b cells [START_REF] Weir | Five stages of evolving beta-cell dysfunction during progression to diabetes[END_REF]. Since lifestyle modifications are usually ineffective to cure T2D, pharmacological treatments are necessary to restore normoglycemia. However, most of the current therapeutic strategies are ineffective in controlling long-term glycemia, reinforcing the urgent need for new treatments.

Targeting the Glucagon Like Peptide-1 (Glp-1) pathway has demonstrated promising efficacy to treat T2D [START_REF] Drucker | Mechanisms of Action and Therapeutic Application of like Peptide-1[END_REF]. Glp-1 is an enterohormone produced by intestinal L cells [START_REF] Holst | Truncated glucagon-like peptide I, an insulin-releasing hormone from the distal gut[END_REF] and pancreatic a cells (4) that binds the Glp-1 receptor (GLP1R), a G protein-coupled receptor (GPCR) expressed by several cell types including the pancreatic b cells [START_REF] Thorens | Expression cloning of the pancreatic beta cell receptor for the glucoincretin hormone glucagon-like peptide 1[END_REF].

The activation of this GPCR by natural Glp-1 or synthetic Glp-1 analogs, such as exendin-4 or Liraglutide [START_REF] Nauck | GLP-1 receptor agonists in the treatment of type 2 diabetes -state-of-the-art[END_REF] increases intracellular Ca 2+ and activates adenylate cyclase to increase cyclic adenosine monophosphate (cAMP) levels and subsequent signaling pathways such as Protein kinase A (PKA) or Phosphoinositide 3-kinase (PI3K) [START_REF] Baggio | Biology of incretins: GLP-1 and GIP[END_REF]. These mechanisms favor glucose-stimulated insulin secretion (GSIS) by pancreatic b cells [START_REF] Holz Ggt | Pancreatic beta-cells are rendered glucose-competent by the insulinotropic hormone glucagon-like peptide-1(7-37)[END_REF][START_REF] Kreymann | Glucagon-like peptide-1 7-36: a physiological incretin in man[END_REF], inhibit glucagon secretion by pancreatic a cell [START_REF] De Heer | Glucagon-like peptide-1, but not glucose-dependent insulinotropic peptide, inhibits glucagon secretion via somatostatin (receptor subtype 2) in the perfused rat pancreas[END_REF] but also increase b-cell proliferation [START_REF] Cornu | Glucagon-like peptide-1 increases beta-cell glucose competence and proliferation by translational induction of insulin-like growth factor-1 receptor expression[END_REF][START_REF] Friedrichsen | Stimulation of pancreatic beta-cell replication by incretins involves transcriptional induction of cyclin D1 via multiple signalling pathways[END_REF][START_REF] Liu | GLP-1 mediates antiapoptotic effect by phosphorylating Bad through a beta-arrestin 1mediated ERK1/2 activation in pancreatic beta-cells[END_REF] and prevent pancreatic b-cell from apoptosis (14-16). Thus, GLP1R activation contributes to increased b-cell function and b-cell mass.

We and others previously showed that E2F1-pRb-CDK4 pathway plays a major role to control b-cell mass and function [START_REF] Annicotte | The CDK4-pRB-E2F1 pathway controls insulin secretion[END_REF][START_REF] Fajas | Impaired pancreatic growth, beta cell mass, and beta cell function in E2F1 (-/-)mice[END_REF][START_REF] Kim | The Cdk4-E2f1 pathway regulates early pancreas development by targeting Pdx1+ progenitors and Ngn3+ endocrine precursors[END_REF]. The transcription factor E2F1, the first member of the 8 E2F family genes (i.e. E2F1 to E2F8 [START_REF] Dimova | The E2F transcriptional network: old acquaintances with new faces[END_REF]), binds the chromatin as an heterodimer with the Dimerization Partner-1 (DP-1) protein. The E2F1 transcriptional activity is finely regulated through its association with members of the retinoblastoma protein family such as pRb [START_REF] Mendoza | The Biology of Retinoblastoma[END_REF]. During the G0/G1 phase of the cell cycle, the pRb/E2F1 complex at the chromatin inhibits E2F1 activity and the subsequent expression of E2F1 target genes [START_REF] Flemington | E2F-1-mediated transactivation is inhibited by complex formation with the retinoblastoma susceptibility gene product[END_REF][START_REF] Blais | E2F-associated chromatin modifiers and cell cycle control[END_REF]. When cells are stimulated by mitogenic signals such as growth factors, cyclin and cyclin-dependant kinase (CDK) complexes, such as CDK4/CyclinD1, phosphorylate pRb [START_REF] Kato | Direct binding of cyclin D to the retinoblastoma gene product (pRb) and pRb phosphorylation by the cyclin D-dependent kinase CDK4[END_REF], leading to pRb release from E2F1, promoting E2F1 transcritptional activity and cell cycle progression. This mechanism is repressed through the activation of CDK inhibitors, namely p16 INK4A , that bind to CDK and avoid cyclinD/CDK4 complex formation, and subsequently repress pRb phosphorylation and E2F1 transcriptional activity [START_REF] Schulze | Activation of the E2F transcription factor by cyclin D1 is blocked by p16INK4, the product of the putative tumor suppressor gene MTS1[END_REF]. Although these mechanisms mainly control the progression of the cell cycle [START_REF] Roworth | To live or let die -complexity within the E2F1 pathway[END_REF], recent studies have reported important roles for the E2F1-pRb-CDK4 pathway beyond the sole regulation of cell proliferation [START_REF] Denechaud | E2F1, a Novel Regulator of Metabolism[END_REF][START_REF] Kahoul | Emerging Roles for the INK4a/ARF (CDKN2A) Locus in Adipose Tissue: Implications for Obesity and Type 2 Diabetes[END_REF]. Indeed, several reports have demonstrated the role of the E2F1 pathway in the control of metabolic functions in non-proliferative cells, including adipocytes [START_REF] Fajas | E2Fs regulate adipocyte differentiation[END_REF][START_REF] Chen | E2F1 Regulates Adipocyte Differentiation and Adipogenesis by Activating ICAT[END_REF], hepatocytes [START_REF] Denechaud | E2F1 mediates sustained lipogenesis and contributes to hepatic steatosis[END_REF][START_REF] Giralt | E2F1 promotes hepatic gluconeogenesis and contributes to hyperglycemia during diabetes[END_REF][START_REF] Lai | E2F1 inhibits circulating cholesterol clearance by regulating Pcsk9 expression in the liver[END_REF], muscle and brown adipose tissue [START_REF] Blanchet | E2F transcription factor-1 regulates oxidative metabolism[END_REF][START_REF] Blanchet | E2F transcription factor-1 deficiency reduces pathophysiology in the mouse model of Duchenne muscular dystrophy through increased muscle oxidative metabolism[END_REF] and pancreatic b cells [START_REF] Annicotte | The CDK4-pRB-E2F1 pathway controls insulin secretion[END_REF][START_REF] Fajas | Impaired pancreatic growth, beta cell mass, and beta cell function in E2F1 (-/-)mice[END_REF][START_REF] Kim | The Cdk4-E2f1 pathway regulates early pancreas development by targeting Pdx1+ progenitors and Ngn3+ endocrine precursors[END_REF][START_REF] Grouwels | Ectopic expression of E2F1 stimulates beta-cell proliferation and function[END_REF].

While E2F1 and Glp-1 pathways are both involved in the control of b-cell function and mass, whether they were physiologically connected remained unknown. Here, we demonstrate a crosstalk between the GLP1R and E2F1/pRb pathways in controlling insulin secretion. Using genetic mouse models in which the b-cell expression of E2f1 is knockdown or the b-cell expression of E2F1 is enhanced, we demonstrate that E2F1 modulates the Glp-1 signalling pathway through the transcriptional control of Glp1r expression by pancreatic b cells. Importantly, we found that a treatment of human islets with the pan E2F inhibitor HLM006474 decreases E2F1 expression, as observed in type 2 diabetic human islets [START_REF] Lupi | Effects of exendin-4 on islets from type 2 diabetes patients[END_REF] and promoted a decrease in exendin-4 induced insulin secretion as well as GLP1R expression. Our results highlight a new molecular link between Glp-1 signaling and E2F1 in the control of b-cell function.

Material & Methods

Chemicals, antibodies and oligonucleotides

Chemicals, unless stated otherwise, were purchased from Sigma-Aldrich. Antiphospho-Rb S807/811 (CS#9308) and anti-Rb 4H1 (CS#9309) antibodies were from Cell signaling. Anti-tubulin (T5168), anti-glucagon (G2654) and anti-HA antibodies were from Sigma-Aldrich, anti-insulin (A0564) was from DAKO. The oligonucleotides sequences used for various experiments are listed in Supplementary Table 1. The different plasmids used in this study were previously described [START_REF] Annicotte | The CDK4-pRB-E2F1 pathway controls insulin secretion[END_REF]. For ChIP-qPCR experiments, pCMV10 or pCMV10-hE2F1-Flag were used. The DNA sequence of the mouse Glp1r promoter corresponding to 1000 base pairs before the transcription start site was cloned in front of the luciferase gene (e-Zyvec).

Animal experiments

Mice were maintained according to European Union guidelines for the use of laboratory animals. In vivo experiments were performed in compliance with the French ethical guidelines for studies on experimental animals (animal house agreement no. 59-350294, Authorization for Animal Experimentation, project approval by our local ethical committee no. APAFIS#2915-201511300923025v4). All experiments were performed with male mice. Mice were housed under a 12-hr light/dark cycle and given a regular chow. For high-fat diet (HFD) studies, 6-week-old mice were placed on a HFD (60% of calories from fat; Research Diet, D12492i) for 16 to 20 weeks. Oral glucose (OGTT) and intraperitoneal glucose and insulin tolerance tests (IPGTT and IPITT respectively) were performed as previously described (38) on 16 hours fasted animals for OGTT and IPGTT and 5 hours fasted animals for ITT. Glycemia was measured using the AccuCheck Performa (Roche Diagnostics). Circulating insulin levels were measured using the insulin ELISA kit (Mercodia). E2f1 floxed (E2f1 L2/L2 ) mice and rat insulin 2 promoter (RIP)-Cre mice were previously described [START_REF] Denechaud | E2F1 mediates sustained lipogenesis and contributes to hepatic steatosis[END_REF][START_REF] Herrera | Two transgenic approaches to define the cell lineages in endocrine pancreas development[END_REF] and then further intercrossed to generate pure mutant RIPcre Tg/0 /E2f1 L2/l2 mice. A PCR genotyping strategy was subsequently used to identify RIPcre +/+ ::E2f1 flox/flox (E2f1 b+/+ ) and RIPcre Tg/+ ::E2f1 flox/flox (E2f1 b-/-) mice. Mice harboring the Rosa-26-loxP-LacZ-loxP-hE2F1 conditional expression cassette (RFC mice) were obtained from Ulrike Ziebold (MDC, Berlin, Germany; [START_REF] Scheijen | Constitutive E2F1 Overexpression Delays Endochondral Bone Formation by Inhibiting Chondrocyte Differentiation[END_REF]). Heterozygous RFC/+ mice were crossed with RIPcre Tg/+ mice to obtain RIPcre Tg/+ ::RFC Tg/+ (E2f1 bover ) and control RIPcre +/+ ::RFC Tg/+ (E2f1 bCtrl ) mice.

Pancreatic islets studies

For mouse islets studies, pancreas was digested by type V collagenase (C9263, 1.5mg/ml) for 10 minutes at 37 °C as previously described [START_REF] Annicotte | The CDK4-pRB-E2F1 pathway controls insulin secretion[END_REF][START_REF] Rabhi | KAT2B Is Required for Pancreatic Beta Cell Adaptation to Metabolic Stress by Controlling the Unfolded Protein Response[END_REF]. After pancreas digestion and separation of pancreatic islets in a polysucrose density gradient medium, islets were purified by handpicking under a macroscope and were cultured during 16 hours before experiments. For GSIS experiments, approximately 30 islets were exposed to 2.8 mM glucose, 20 mM glucose or 20 mM glucose and 50 nM exendin-4 (Sigma, E7144) in Krebs-Ringer buffer supplemented with HEPES (Sigma, 83264) and 0.5% fatty-acid free BSA (Sigma, A7030). Insulin released in the medium was measured using the mouse insulin ELISA kit (Mercodia). Data are expressed as a ratio of total insulin content. Human pancreatic tissue was harvested from human, nondiabetic, adult donors. Isolation and pancreatic islet culture were performed as previously described [START_REF] Kerr-Conte | Upgrading pretransplant human islet culture technology requires human serum combined with media renewal[END_REF]. Human islets were treated for 48 hours with the pan-E2F inhibitor HLM006474 at 10µM [START_REF] Baggio | Biology of incretins: GLP-1 and GIP[END_REF]. Data were expressed as a ratio of total insulin content. For mRNA quantification, human islets were isolated as described above and snap-frozen for further processing.

Cell Culture, transfections and siRNA knock-down

Min6 cells (AddexBio) were cultured in DMEM (Gibco) with 15% fetal bovine serum, 100 mg/ml penicillin-streptomycin and 55 mM b-mercaptoethanol (Sigma, M6250).

Cells were transfected with non-targeting siRNA mouse negative controls (siCont) and siE2f1 (#13555, SMARTpool, Dharmacon) using Dharmafect1 (GE Dharmacon) and experiments were performed 48 hours later. Transient transfection experiments were performed in Min6 cells using Lipofectamine 2000 (Life Technologies) following the manufacturer's instructions. Luciferase assays were performed 48 hours posttransfection and normalized to ß-galactosidase activity as previously described [START_REF] Annicotte | The CDK4-pRB-E2F1 pathway controls insulin secretion[END_REF].

For pharmacological treatments, Min6 cells and pancreatic islets were treated with HLM006474 (42) at 10µM for 48h. Exendin-4 (Sigma) was used at 50 nM at different time as indicated.

Protein extracts and western blot experiments

Western blot was performed as previously described [START_REF] Rabhi | Cdkn2a deficiency promotes adipose tissue browning[END_REF]. Min6 cells were washed twice with cold PBS 1X and lysed with cell lysis buffer (50 mM Tris-HCl pH 8, 137 mM NaCl, 10% glycerol, 1% NP-40) supplemented with Protease Inhibitor cocktail (Roche) and phosphatase inhibitors (Thermofischer). Immunoblotting experiments were performed using 40 µg of total proteins and loaded on Precast SDS gel (Biorad). After electromigration, proteins were transferred on nitrocellulose membrane during 1h at 110V that were further incubated in TBS-Tween 0.05% (TBS-T) supplemented with 5% of milk. Membranes were incubated 16 h at 4 °C with primary antibodies as indicated in blocking buffer supplemented with 3% of bovine serum albumin or milk.

After washing, membranes were incubated 1 h with the secondary antibody conjugated with horseradish peroxidase. The revelation of luminescent bands was performed using Pierce ECL Western blotting substrate or SuperSignal West Dura Extended duration substrate (ThermoFischer) with Chemidoc Xrs+ (Biorad).

In silico analysis of the mouse Glp1r promoter region

The DNA sequence of the promoter region of the Glp1r gene was obtained from Ensembl (https://www.ensembl.org/index.html). Motif search was performed using LASAGNA-Search tool [START_REF] Lee | LASAGNA-Search: an integrated web tool for transcription factor binding site search and visualization[END_REF].

Chromatin immunoprecipitation

Min6 cells were transfected with the empty vector pCMV10 or pCMV10-hE2F1-Flag. 48 hours after transfection, DNA-protein complexes from Min6 cells were formaldehyde-crosslinked to DNA at a final concentration of 1% for 10 minutes. The reaction was stopped by adding glycine at a concentration of 0.125M during 5 minutes.

After cell lysis and sonication with the Bioruptor Pico (Diagenode, ref B01060010) for 8 minutes, proteins were immunoprecipitated with either the non-specific Ig G or anti-Flag 2 antibodies. After washing, protein-DNA complexes were decrosslinked by heating the samples for 16 hours at 65°C. DNA was purified using Mini Elute PCR purification kit (Qiagen) and qPCR were performed using promoter-specific primers.

RNA extraction, measurements and profiling.

Total RNA was extracted from Min6 cells using trizol reagent (Life Technologies). For mouse and human islets, total RNA was extracted with the RNeasy Plus Microkit (Qiagen) following manufacturer's instructions. mRNA expression levels were measured after reverse transcription by quantitative real-time PCR (qRT-PCR) with FastStart SYBR Green master mix (Roche) using a LC480 instrument (Roche). qRT-PCR were normalized to cyclophilin mRNA levels. The results are expressed as the relative mRNA level of a specific gene expression using the formula 2 -∆Ct .

Kinome profiling

Serine-threonine kinase (STK) microarrays were purchased from PamGene International BV. Each array contained 140 phosphorylable peptides as well as 4 control peptides. Sample incubation, detection, and analysis were performed in a PamStation 12 according to the manufacturer's instructions. The experiments were performed on mouse and human pancreatic islets as previously described [START_REF] Rabhi | Cdkn2a deficiency promotes adipose tissue browning[END_REF].

Immunohistochemistry and immunofluorescence

Immunofluorescence and immunohistochemistry were performed exactly as described previously [START_REF] Rabhi | KAT2B is required for pancreatic beta cell adaptation to metabolic stress by controlling the unfolded protein response signaling[END_REF]. Pancreatic tissues were fixed in 10% formalin, embedded in paraffin and sectioned at 5 µm. For immunofluorescence microscopy analyses, after antigen retrieval using citrate buffer, 5-µm formalin-fixed paraffin embedded (FFPE) pancreatic sections were incubated with the indicated antibodies. Immunofluorescence staining was revealed by using a fluorescein-isothiocyanate-conjugated anti-mouse (for Glucagon and HA), fluorescein-isothiocyanate-conjugated anti-rabbit (for pRb S807/811 ), anti-guinea pig (for Insulin) secondary antibodies. Nuclei were stained with Hoechst.

Statistical Analysis.

Data are presented as mean ± s.e.m. Statistical analyses were performed using a twotailed unpaired Student's t-test, one-way analysis of variance (ANOVA) followed by Dunnett's post hoc test or two-way ANOVA with Tukey's post hoc tests comparing all groups to each other, using GraphPad Prism 9.0 software. Differences were considered statistically significant at p < 0.05 (*p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001).

Results

Loss of b cell-specific E2f1 expression impairs glucose tolerance under chow diet and during metabolic stress.

To evaluate the role of E2f1 in the control of glucose homeostasis, we bred E2f1 floxed mice with Rip-Cre mice to generate pancreatic b cell-specific E2f1-deficient mice, named hereafter E2f1 b-/-. The b-cell specific recombination efficiency was indeed confirmed through qRT-PCR analysis in islets isolated from E2f1 b-/-mice compared to E2f1 b+/+ controls (Figure 1A). In addition, E2f1 b+/+ and E2f1 b-/-mice displayed comparable body weight (Figure 1B) and fasting glycemia (Figure S1A). To evaluate glucose homeostasis in those mouse models, we performed IPGTT in E2f1 b+/+ and E2f1 b-/-mice fed with chow diet. Figure 1C and 1D shows that glucose clearance was impaired in E2f1 b-/-mice, associated with defects in secreting insulin in response to glucose injection (Figure 1E). Similarly, E2f1 b-/-mice demonstrated impaired glucose tolerance when challenged with an oral bolus of glucose compared to E2f1 b+/+ mice (Figure 1F and 1G) associated with an alteration of insulin secretion (Figure 1H) Strikingly, although insulin levels were dampened in E2f1 b-/-mice, glucose-induced plasma Glp-1 levels were not affected by the deletion of E2f1 in b cells (Figure 1I).

Because insulin secretion may be challenged in the context of insulin resistance, we next evaluated whether such metabolic dyshomeostasis promoted by b-cell selective E2f1 knock-down could be exacerbated upon a metabolic stress such as high fat diet (HFD). Accordingly, we challenged controls and E2f1 b-/-mice with a HFD (60% of fat) for 16 weeks. Interestingly, despite similar body weight (Figure 1J and Supplementary figure S1B), glucose tolerance during IPGTT (Figures 1K and1L), and insulin sensitivity (Supplementary figure S1C), insulin secretion was impaired in E2f1 b-/-mice as compared to controls fed a HFD (Figure 1M). Again, HFD-fed E2f1 b-/-mice demonstrated impaired glucose tolerance when challenged with an oral bolus of glucose compared to E2f1 b+/+ mice (Figures 1N and1O). Furthermore, insulin secretion was dampened 30 minutes after oral glucose intake in E2f1-deficient mice (Figure 1P), whereas circulating Glp-1 levels before and 10 minutes after an oral glucose bolus were not significantly different between control and E2f1 b-/-mice neither when fed a HFD (Figures 1Q). Altogether, our data demonstrate that the loss of E2f1 expression within b cells impairs glucose homeostasis and insulin secretion upon physiologic conditions and during metabolic stress, despite the lack of differences in both body weight and Glp-1 circulating levels between controls and E2f1-deficient mice.

Overexpression of human E2F1 in murine b cells improve glucose homeostasis and insulin secretion upon metabolic stress.

We next investigated whether E2F1 overexpression in pancreatic b cells of wild type animals could mirror the phenotype observed in E2f1 b-/-, i.e. increase insulin secretion in response to glucose. Therefore, we generated a mouse model that over-expresses the human form of E2F1 (hE2F1) specifically in β cells (E2f1 bover ). Human E2F1 overexpression was confirmed at the mRNA levels (Figure 2A). The β-cell specific expression of hE2F1 proteins was confirmed using co-immunostaining with anti-insulin and anti-HA antibodies, an HA tag being fused with the hE2F1 transgene [START_REF] Scheijen | Constitutive E2F1 Overexpression Delays Endochondral Bone Formation by Inhibiting Chondrocyte Differentiation[END_REF] (Supplementary figure S2A). Overexpressing human E2F1 did not affect mouse E2f1 transcript levels (Supplementary figure S2B). No particular phenotype was observed in these mice when fed with chow diet, including body weight (Figure 2B), fasting glycemia (Supplementary figure S2C), insulin sensitivity (Supplementary figure S2D), and intraperitoneal glucose tolerance (Figures 2C and2D). Intriguingly, the insulin levels were increased in E2f1 bover mice in response to in vivo glucose injection when compared to littermate controls (Figure 2E). Finally, E2f1 bover mice demonstrated a significant improvement of glucose tolerance when challenged with an oral bolus of glucose (Figures 2F andG).

We next sought to evaluate the effect of hE2F1 overexpression in pancreatic b cells on glucose homeostasis when challenged with HFD for 16 weeks. The body weight as well as the weight gain of E2f1 bover mice remained comparable to control mice (Figure 2H and Supplementary figure S2E). When fed a HFD, overexpression of human E2F1 in pancreatic b cells did not alter the insulin sensitivity (Supplementary Figure S2F) or the glucose tolerance after an intraperitoneal injection of glucose (Supplementary figures S2G and S2H). However, OGTT revealed an improved glucose tolerance in E2f1 bover mice 15 minutes after glucose gavage (Figures 2I and2J). Interestingly, E2f1 bover mice secreted more insulin 30 minutes after an oral glucose load compared to control mice (Figure 2K). Altogether, our data demonstrate that, mirroring E2f1 b-/- mice, E2f1 bover mice exhibit improved glucose homeostasis and insulin secretion upon physiologic conditions and during metabolic stress. Interestingly, our data highlight a differential outcome of b-cell specific E2f1 modulation following IPGTT and OGTT raising the possibility that the incretin effects could be dependent on E2F1 levels within the b cell.

Glucose-stimulated insulin secretion potentiation by the Glp-1 agonist exendin-4 is dependent on E2f1.

To evaluate whether Glp-1 agonists modulate E2f1-dependent insulin secretion in a cell-autonomous manner, we performed static GSIS experiments in E2f1 knockdown mouse Min6 β cell line and their controls. Strikingly, a 55% decrease in E2f1 mRNA levels was sufficient to blunt GSIS (Figures 3A and3B). Interestingly, while exendin-4 potentiated glucose effect on insulin secretion in control Min6 cells, that was not the case following E2f1 knock-down (Figure 3B). To corroborate these findings, we performed a similar GSIS experiments using pancreatic islets isolated from E2f1 b+/+ and E2f1 b-/-mice. Accordingly, whereas E2f1 b+/+ pancreatic islets well responded to glucose, with an outcome potentiated in the presence of exendin-4, E2f1-deficient pancreatic islets failed to exhibit both enhanced response to glucose and potentiation by exendin-4 (Figure 3C). The treatment of non-diabetic human islets with the E2F pan inhibitor HLM006474 (42) provoked a marked decrease in insulin secretion in response to exendin-4 treatment, compared to control, DMSO-treated human islets (Figure 3D). Interestingly, GSIS assays on pancreatic islets isolated from control and E2f1 bover mice showed that the overexpression of E2F1 enhanced the potentiation impact of exendin-4 on glucose-induced insulin secretion (Figure 3E). Altogether, these data suggest that E2f1, both in mouse and human pancreatic islets, affects exendin-4 effects on GSIS.

E2f1 controls Glp1r expression in pancreatic b cells.

As E2f1 deficiency did not affect Glp-1 circulating levels (Figures 1I and1Q) but inhibits insulin secretion in response to glucose stimulation and incretins, we then hypothesize that E2f1 modulates Glp-1 signaling in β cells rather than Glp-1 production. Since Glp-1 agonists modulate insulin secretion through the Glp1r [START_REF] Muller | Glucagon-like peptide 1 (GLP-1)[END_REF] and our data support that β-cell response to exendin-4 depends on E2f1, we analyzed Glp1r expression in our different mouse and human models of E2f1 modulation. Interestingly, the knockdown of E2f1 in Min6 cells resulted in a significant decrease of Glp1r mRNA levels (around 65% of decrease, p = 0.0022; Figure 3F). We confirmed these results in E2f1 b-/- pancreatic islets (Figure 3G) and in human islets treated with the E2F inhibitor HLM006474 (Figure 3H). Interestingly, this E2F inhibitor not only decreased GLP1R expression in islets from nondiabetic humans, but also E2F1 mRNA levels (Figure 3H). Notably, we observed a mirrored rise in Glp1r mRNA levels in isolated islets from E2f1 bover mice (Figure 3I). In silico analysis revealed the presence of E2f1 binding sites in the promotor region of the Glp1r gene (Figure 3J and Supplementary figures S3A and S3B). To further demonstrate the ability of E2f1-dependent pathway to control Glp1r expression, we performed co-transfection experiments in Min6 cells. To monitor Glp1r transcriptional regulation, we generated a construct combining the mouse Glp1r promoter DNA sequence controlling the expression of the luciferase reporter gene. To activate or repress E2F1 pathways, we used expression vectors encoding E2F1 and its dimerization partner DP-1, as well as pRb, the bona fide repressor of E2F1 [START_REF] Mendoza | The Biology of Retinoblastoma[END_REF]. Our data demonstrate that activation of the E2F pathway by expressing the E2F1-DP1 heterodimer increased Glp1r-dependent luciferase activity while pRb repressed the increased luciferase activity mediated by E2F1-DP-1 (Figure 3K). Finally, we performed ChIP-qPCR experiments to determine whether E2F1 directly controls the Glp1r promoter at the chromatin level. In the absence of reliable antibodies to ChIP E2F1, Min6 cells were transfected with pCMV or pCMV-hE2F1-Flag to immunoprecipitate E2F1 using a Flag antibody. An enrichment at the Glp1r promoter was observed when cells were transfected with pCMV-hE2F1-Flag, demonstrating that E2F1 directly binds to the Glp1r promoter (Figure 3L). Altogether our data clearly highlight that E2F1 modulates Glp1r expression both in mouse and human islets, likely through the control of its promoter region. Strikingly, when E2F1-DP-1 are cotransfected with pRb, the activity of the Glp1r promoter is dampened (Figure 3K), showing that the activity of the E2F1-DP-1 complex on the Glp1r promoter is regulated by pRb.

Glp-1 increases the phosphorylation of pRb through the activation of CDK signaling pathway in mouse and human pancreatic islets.

Interestingly, the b cell-specific activation of the Glp-1 pathway by GLP1R agonist modulates the activity of several serine and threonine kinases and the subsequent phosphorylation of peptides controlling pancreatic b-cell functions [START_REF] Ashcroft | Protein phosphorylation and beta-cell function[END_REF]. Since the molecular mechanisms of kinase activation controlled by the Glp-1 pathway are not fully understood, a kinome analysis using the Pamgene technology was performed on pancreatic islets isolated from C57Bl6/J mice treated with 20 mM glucose compared to 20 mM glucose plus 50 nM exendin-4 for 30 minutes (Figure 4A). Following these treatments, an increase in 43 phosphorylation sites of 41 peptides was observed when pancreatic islets where treated with glucose-exendin-4 compared to glucose alone (Figure 4B and table 1). It is noteworthy that treatment of mouse islets with 20 mM glucose plus 50 nM exendin-4 increased Creb phosphorylation at Serine 133 (Creb S133 , Figure 4B, Log2 Fold Change = 0.45, p = 0.003), as previously shown [START_REF] Jhala | cAMP promotes pancreatic beta-cell survival via CREB-mediated induction of IRS2[END_REF]. Strikingly, the co-treatment of mouse pancreatic islets with 20 mM glucose plus 50 nM exendin-4 for 30 minutes increased the phosphorylation level of the pRb on serine 807/811 (pRb S807/811 ; Log2 Fold Change = 0.63, p = 0.043), the bona fide repressor of E2F1 transcriptional activity. The exendin-4-mediated induction of pRb S807/811 phosphorylation was further confirmed in the mouse Min6 b cells through western blotting and immunofluorescence analysis (Supplementary figures S4A, S4B and S4C). Integrating the phosphorylation data using the Bionavigator software developed by Pamgene revealed the specific activation of kinases upon exendin-4 treatment, including several CDKs (Figure 4C). Finally, ingenuity pathway analysis (IPA) further demonstrated that several canonical pathways were controlled by exendin-4 treatment, such as the signaling pathways related to opioid, AMPK or PKA (Figure 4D).

Altogether, these results demonstrate that the activation of the Glp-1 pathway by its agonist exendin-4 in mouse pancreatic islets activates several kinases, including CDKs, leading to the phosphorylation of pRb.

Exendin-4 increases E2F1 transcriptional activity.

These data led us to postulate that GLP1R activation through an exendin-4 treatment could increase E2F1 transcriptional activity, since the E2f1 target gene expression is strongly controlled by the phosphorylation status of pRb [START_REF] Mendoza | The Biology of Retinoblastoma[END_REF]. To test this hypothesis, we first performed luciferase assays using a plasmid containing E2F responsive elements (E2F-RE) cloned in front of the Thymidine Kinase (Tk) promoter and the luciferase gene (E2F-RE-Tk-Luc). Upon treatment with 2.8 mM glucose, the cotransfection with the E2F1 and DP-1 expression vectors induced luciferase activity compared to control conditions, validating increased E2F1 transcriptional activity in the presence of E2F1 and DP-1 (Figure 5A). The treatment of Min6 cells with 20 mM glucose further increased E2f1 transcriptional activity when compared to 2.8 mM glucose treatment (Figure 5A). Interestingly, this effect was even more potentiated with a 50 nM exendin-4 treatment (Figure 5A). Altogether, these results suggest that exendin-4 enhanced the transcriptional activity of E2f1 on the promoter of its target genes. On the other hand, the co-transfection with a pRb expression vector nearly abolished E2f1 transcriptional activity (Figure 5A), thus demonstrating as expected, that pRb inhibits E2f1 transcriptional activity. However, when Min6 cells were treated with 50 nM of exendin-4, the pRb repressive effect was partially alleviated, thus allowing a weak transcriptional activity of the E2F1-DP1 heterodimer on the E2F-RE-Tk promoter (Figure 5A). These data then suggest that a loss of the pRb repressive activity following the treatment with the GLP1R agonist (Figure 5A). Since exendin-4 increased E2f1 transcriptional activity, we next wondered whether the expression of genes involved in β-cell mass and/or function was modulated upon exendin-4 treatment. Since PDX-1, a master regulator of b-cell identity that controls Insulin gene expression ( 49) is regulated by exendin-4 treatment (50, 51), we checked whether short term treatment with 50nM of exendin-4 (1 to 4 hours) modulated its expression in Min6 cells or mouse pancreatic islets in which E2f1 expression level is downregulated. Our results showed that treatment with 50 nM of exendin-4 increased the mRNA levels of E2f1 (Figure 5B) and Pdx1 (Figure 5C) in Min6 cells transfected with a non-targeting, control siRNA. Knocking down E2f1 in Min6 cells completely blocked the exendin-4 mediated raise in E2f1 (Figure 5B) and Pdx-1 (Figure 5C) mRNA levels. These results were also observed when C57Bl6J pancreatic islets were treated with glucose and exendin-4 (Figures 5D and5E). Interestingly, treating E2f1 b- /-pancreatic islets with exendin-4 failed to increase E2f1, confirming the reproducibility and robustness of our model, but most interestingly failed to increase Pdx1 expression levels (Figures 5F and5G, respectively). Altogether, these results suggest that exendin-4 modulates pRb phosphorylation and E2F1 transcriptional activity, which in turn modulates insulin secretion through the upregulation of E2f1 dependent genes such as E2f1 itself or Pdx1 mRNA levels.

Discussion

Here, we report that E2F1 transcription factor, primarily known to control cell cycle progression [START_REF] Cam | Emerging roles for E2F: beyond the G1/S transition and DNA replication[END_REF], plays a key role in pancreatic b-cell function through the control of Glp-1 signaling, both in mice and human islets. Following previous studies demonstrating that E2F1-pRb pathway controls pancreatic b-cell mass [START_REF] Fajas | Impaired pancreatic growth, beta cell mass, and beta cell function in E2F1 (-/-)mice[END_REF][START_REF] Grouwels | Ectopic expression of E2F1 stimulates beta-cell proliferation and function[END_REF][START_REF] Cai | Rb and p107 are required for alpha cell survival, beta cell cycle control and glucagonlike peptide-1 action[END_REF][START_REF] Cai | Retinoblastoma tumor suppressor protein in pancreatic progenitors controls alpha-and beta-cell fate[END_REF] and function [START_REF] Annicotte | The CDK4-pRB-E2F1 pathway controls insulin secretion[END_REF][START_REF] Boni-Schnetzler | beta Cell-Specific Deletion of the IL-1 Receptor Antagonist Impairs beta Cell Proliferation and Insulin Secretion[END_REF], we identify here a new role for this transcription factor linking this pathway to the druggable Glp-1 signaling. Indeed, we demonstrate that the specific loss of E2f1 expression in b cells leads to impaired oral glucose tolerance, both under chow and upon metabolic stress, associated to a loss of insulin secretion in response to glucose, despite normal Glp-1 circulating levels. Interestingly, we have also shown that human E2F1 overexpression in mouse pancreatic b cells counteracts glucose impairment upon metabolic stress by inducing insulin secretion associated with a raise in Glp1r mRNA levels. In this study, we also report a crosstalk between Glp-1 and E2F1-pRb signaling pathways, where the Glp1r agonist exendin-4 modulates pRb phosphorylation status, both in mice and human islets, and subsequent E2f1 transcriptional activity (Figure 6).

Along the last 2 decades, a particular emphasis has been put toward the development of specific GLP1R agonists to treat T2D [START_REF] Hinnen | Glucagon-Like Peptide 1 Receptor Agonists for Type 2 Diabetes[END_REF]. Indeed, GLP1R agonists improve glycaemia in patients with T2D by increasing insulin synthesis, secretion and by inducing b-cell proliferation [START_REF] Baggio | Biology of incretins: GLP-1 and GIP[END_REF][START_REF] Campbell | Pharmacology, physiology, and mechanisms of incretin hormone action[END_REF]. Although targeting the GLP1R signaling pathway is a promising therapeutic strategy, it has been reported however that the incretin effects decrease in humans with the onset of obesity and T2D, thus urging us to uncover the underlying mechanism involved in the loss of GLP1R agonist sensitivity in obese and T2D patients [START_REF] Ahren | Incretin dysfunction in type 2 diabetes: clinical impact and future perspectives[END_REF][START_REF] Knop | Reduced incretin effect in type 2 diabetes: cause or consequence of the diabetic state?[END_REF]. Several studies suggest that part of this deleterious mechanism could rely on the downregulation of the Glp1r expression in different tissues involved in metabolic homeostasis, including pancreatic b cells [START_REF] Pan | Glucose, metformin, and AICAR regulate the expression of G protein-coupled receptor members in INS-1 beta cell[END_REF][START_REF] Xu | Downregulation of GLP-1 and GIP receptor expression by hyperglycemia: possible contribution to impaired incretin effects in diabetes[END_REF]. Indeed, Kimura et al demonstrated that obesity induces a loss of Glp1r expression in vascular tissue [START_REF] Kimura | Down-regulation of vascular GLP-1 receptor expression in human subjects with obesity[END_REF]. Other studies have demonstrated that hyperglycemia not only downregulates both Glp-1 et Gip receptors expression in pancreatic islets but also impairs Glp-1 signaling pathway through the loss of Glp1r at the b-cell cytoplasmic membrane [START_REF] Rajan | Chronic hyperglycemia GLP-1 receptor signaling in pancreatic beta-cells via protein kinase A[END_REF]. Then, preserving Glp1r expression in metabolic and non-metabolic tissues appears to be crucial to maintain glucose homeostasis. In addition, the identification of the signaling pathways that regulate Glp1r expression could represent a new target towards T2D treatment. For instance, Pax6 [START_REF] Gosmain | Pax6 is crucial for beta-cell function, insulin biosynthesis, and glucose-induced insulin secretion[END_REF] or farnesoid X receptor [START_REF] Kong | FXR-mediated epigenetic regulation of GLP-1R expression contributes to enhanced incretin effect in diabetes after RYGB[END_REF] directly modulate the Glp1r gene expression at chromatin level, thus targeting these pathways might be promising to improve glucose homeostasis and insulin secretion in a metabolic stress context. We also observe that overexpressing E2F1 in pancreatic b cells increases Glp1r expression and improves glucose tolerance upon high fat diet, suggesting that targeting this pathway would also represent an alternative strategy, with caution regarding the proliferative functions displayed by the E2F1/pRb pathway. Moreover, since E2F1 expression is decreased in T2D islets [START_REF] Lupi | Effects of exendin-4 on islets from type 2 diabetes patients[END_REF], our study suggests a putative association between the loss of GLP1R expression in T2D patients and the loss of E2F1 expression. Although single cell RNA sequencing analysis are required to unequivocally demonstrate concomitant decreased levels of E2F1 and GLP1R within the same cell, we can speculate that the long term loss of efficacy of Glp1r agonist treatment to restore glucose homeostasis in T2D patients may be related, at least partially, to impaired E2F1-dependent modulation of GLP1R expression.

Following pioneer observations that the E2F1-CDK4-pRb pathway is regulated by glucose and insulin in pancreatic islets [START_REF] Annicotte | The CDK4-pRB-E2F1 pathway controls insulin secretion[END_REF], we show here that the treatment of pancreatic islets with a Glp1r agonist modulates E2F1 pathway through the phosphorylation of pRb and the activation of the E2F1 transcriptional activity. Our data are in line with previous studies showing that the treatment of Ins1 cells with exendin-4 decreases both mRNA and protein levels of pRb and increases E2f1 protein levels [START_REF] Cai | Rb and p107 are required for alpha cell survival, beta cell cycle control and glucagonlike peptide-1 action[END_REF]. It is well established that exendin-4 and Glp1r agonists increases cell cycle progression through the increased expression of cyclins A2 and cyclin D1, stimulating pancreatic b-cell proliferation [START_REF] Kim | Exendin-4 induction of cyclin D1 expression in INS-1 beta-cells: involvement of cAMPresponsive element[END_REF][START_REF] Song | Exendin-4 stimulation of cyclin A2 in beta-cell proliferation[END_REF]. Since the E2F1-pRb-CDK4 pathway positively modulates the expression of Ccna2 and Ccnd1 [START_REF] Stanelle | Gene expression changes in response to E2F1 activation[END_REF], our data suggest that the cell cycle progression of pancreatic b cell through the induction of Ccna2 and Ccnd1 with exendin-4 treatment could be associated with an increase of E2f1 expression and/or activity. Moreover, in human islets, the treatment with exendin-4 also increases the expression of several cyclins, leading to increased pancreatic b-cell proliferation (69).

Here we observed an increase of pRb phosphorylation in pancreatic islets treated with exendin-4 and a raise in E2f1 expression in Min6 cells treated with exendin-4, suggesting that b-cell proliferation induced by Glp1r agonist could be under the control by the E2F1-pRb pathway.

A limitation of this study is the use of the RIP-Cre mice [START_REF] Herrera | Two transgenic approaches to define the cell lineages in endocrine pancreas development[END_REF] 

  which allows Crerecombinase expression at the early stage of pancreatic b-cell differentiation, between E15.5 and E18.5 (70). Since E2f1 plays a key role in both post-natal proliferation of b cells (18) and early pancreas development by targeting Pdx1 and Ngn3 expression through the Cdk4 pathway (19), the deletion of the E2f1 gene using Rip-Cre mice may affect early b-cell differentiation and mass. Therefore, we cannot exclude that the early loss of E2f1 expression could contribute to decreased Glp1r expression in E2f1deficient pancreatic islets during pancreatic b-cell development. The use of an inducible model, such as the Mip-Cre ERT mice (71), may allow to determine whether the deletion of the E2f1 gene in non-proliferating adult b cells could also result in impaired glucose homeostasis related to the modulation of Glp1r expression by E2F1 in adulthood. In summary, our study reveals a crosstalk between E2f1 and Glp-1 signaling pathways in both mice and human pancreatic islets. It opens the possibility to understanding the differential effects of Glp-1 in the control of b-cell mass and function and their relevant molecular mechanisms. How this crosstalk modulates b-cell proliferation, which downstream signaling molecules are involved, and how these mechanisms are actionable in T2D pathophysiology remain open questions that require further investigations.
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 1 Figure 1. b cell-specific loss of E2f1 expression impairs glucose tolerance under chow diet and during metabolic stress. (A) E2f1 mRNA expression levels from pancreatic islets isolated from control (E2f1 b+/+ ) and E2f1 b-/-mice (n=4). (B) Body weight of 16 week-old control (E2f1 b+/+ ) and mutant (E2f1 b-/-) mice fed with chow diet (CD, n=4-6). (C, D) Intraperitoneal glucose tolerance test (IPGTT) in E2f1 b+/+ and E2f1 b- /-mice fed with CD (n=5-7) and the corresponding area under curve (AUC, D). IPGTT was performed after 16h of fasting and glucose (2g/kg) was administrated by intraperitoneal injection. (E) Insulin plasma levels during IPGTT measured 0 and 15 minutes after glucose injection in CD fed E2f1 b+/+ and E2f1 b-/-mice (n=5-7). (F,G) Oral glucose tolerance test (OGTT) in E2f1 b+/+ and E2f1 b-/-mice fed with CD (n=4-6) and the corresponding area under curve (AUC, G). OGTT was performed after 16h of fasting and glucose (2g/kg) was administrated by oral gavage. (H) Insulin plasma levels during OGTT measured 0 and 30 minutes after glucose gavage in CD fed E2f1 b+/+ and E2f1 b- /-mice (n=5-6). (I) Blood Glp-1 levels before and 10 minutes after an oral glucose gavage of E2f1 b+/+ and E2f1 b-/-mice (n=5). (J) Body weight of E2f1 b-/-and E2f1 b+/+ mice fed a high fat diet (HFD) for 16 weeks (n=6). (C,D) IPGTT in E2f1 b+/+ and E2f1 b-/-mice fed with HFD (n=6) and the corresponding area under curve (AUC, D). IPGTT was performed after 16h of fasting and glucose (1,5g/kg) was administrated by intraperitoneal injection. (E) Insulin plasma levels during IPGTT measured 0 and 30 minutes after glucose injection in HFD fed E2f1 b+/+ and E2f1 b-/-mice (n=6). (N,O) OGTT (N) and its respective AUC (O, n=6). After 16h of fasting, OGTT (glucose 2g/kg) was performed on E2f1 b+/+ and E2f1 b-/-mice fed a HFD for 16 weeks (n=6). (P) Insulin plasma levels during OGTT at 0 and 30 minutes following glucose challenge in E2f1 b- /-and E2f1 b+/+ mice fed a HFD for 16 weeks (n=6). (Q) Total Glp-1 levels before and 10 minutes after an oral bolus of glucose in E2f1 b+/+ and E2f1 b-/-mice after 20 weeks of HFD (n=7). All values are expressed as mean ± s.e.m. and were analyzed by twotailed unpaired t-test (A, B, D, G, J, L, O) or two-way ANOVA followed by a Tukey's post-hoc test (C, E, F, H, I , K, M, N, P, Q). *p < 0.05; **p<0.01.

Figure 2 .

 2 Figure 2. The overexpression of E2F1 in pancreatic b cells improves glucose homeostasis and insulin secretion under chow diet and during metabolic stress.

Figure 3 .

 3 Figure 3. E2f1 modulates Glp-1-mediated insulin secretion associated to Glp1r expression. (A) E2f1 mRNA expression levels from control (siCtrl) or E2f1 silencing (siE2f1) in Min6 cells (n=5). (B) Glucose-stimulated insulin secretion (GSIS) measured in Min6 cells transfected with a siCtrl or siE2f1 and exposed to 2.8 mM glucose, 20 mM Glucose or 20 mM Glucose + 50 nM exendin-4 (n=7). (C) GSIS was measured in pancreatic islets isolated from E2f1 b+/+ and E2f1 b-/-mice exposed to 2.8 mM glucose, 20 mM Glucose or 20 mM Glucose + 50 nM exendin-4 (n=3-9). (D) GSIS experiment on human isolated islets treated for 48h with vehicle (0.1% DMSO) or 10µM HLM006474 and exposed to 2.8 mM glucose, 20 mM Glucose or 16.7 mM Glucose + 50 nM exendin-4 (n=3). (E) GSIS measured in E2f1 bctrl and E2f1 bover isolated islets exposed to 2.8 mM glucose, 20 mM Glucose or 20 mM Glucose + 50 nM exendin-4 (n=3-4). (F) Glp1r mRNA expression levels in siCtrl or siE2f1 Min6 cells (n=6). (G) Glp1r mRNA expression levels in E2f1 b+/+ and E2f1 b-/-isolated islets (n=4). (H) E2F1 and GLP1R mRNA expression levels in human islets treated for 48h with vehicle (DMSO 0,1%) or HLM006474 (10µM) (n=3). (I) Glp1r mRNA expression levels in E2f1 bctrl and E2f1 bover isolated islets (n=4-5). (J) Sequence of the E2F1 responsive

Figure 4 .

 4 Figure 4. Short term Glp1r activation induces pRb phosphorylation in pancreatic islets. (A) Schematic representation of the kinome profiling strategy following exendin-4 treatment of mouse pancreatic islets. (B) Volcano plot exhibiting differential peptide phosphorylation in mouse pancreatic isolated islets treated with 20mM glucose (n=3) or 20 mM glucose + 50 nM exendin-4 (n=3) during 30 minutes. Results were obtained using the Pamgene technology and are expressed as Log2 Fold Change and -Log10 (pvalue) comparing differential phosphorylation levels between 20mM glucose and 20 mM glucose + 50 nM exendin-4. (C) Analysis of upstream kinases involved in differential peptide phosphorylation using the Bionavigator Software. (D) Differential peptide phosphorylation was analyzed using Ingenuity Pathway Analysis (IPA) and identified canonical pathways controlled by exendin-4 treatment. All values are expressed as mean ± s.e.m. and were analyzed by two-tailed unpaired t-test (B).

Figure 5 .

 5 Figure 5. Exendin-4 treatment modulates E2f1 transcriptional activity. (A) Min6 cells were transiently co-transfected with an E2F-RE-Tk-luciferase construct (E2F-RE-Tk-Luc vector) in the presence of the empty pcDNA3 vector (negative control), E2F1-DP-1, pRb or E2F1-DP-1-pRb, and treated during 30 minutes with 2.8 mM glucose, 20mM glucose or 20 mM glucose + 50 nM exendin-4 (n=3). (B) E2f1 mRNA expression from Min6 control (siCtrl) or E2f1 silenced (siE2f1) cells treated with 20mM glucose (Gluc) or 20mM glucose and 50nM exendin-4 (Gluc+Ex4) during 1, 2 or 4 hours (n=3).

( C ) 4 ( 4 (

 C44 Pdx1 mRNA expression from siCtrl or siE2f1-Min6 cells treated with 20mM glucose (Gluc) or 20mM glucose and 50nM exendin-4 (Gluc+Ex4) during 1, 2 or 4 hours (n=3). (D) E2f1 mRNA expression from pancreatic islets isolated from 12-week-old C57Bl6J mice and treated with 20mM glucose (Gluc) or 20mM glucose and 50nM exendin-Gluc+Ex4) during 1, 2 or 4 hours (n=3). (E) Pdx1 mRNA expression from pancreatic islets isolated from 12-week-old C57Bl6J mice and treated with 20mM glucose (Gluc) or 20mM glucose and 50nM exendin-4 (Gluc+Ex4) during 1, 2 or 4 hours (n=3). (F) mRNA expression of E2f1 in pancreatic islets isolated from E2f1 b-/-and E2f1 b+/+ mice treated for 4 hours with 20mM glucose (Gluc) or 20mM glucose and 50nM exendin-Gluc+Ex4) (n=3-4). (G) mRNA expression of Pdx1 in pancreatic islets isolated from E2f1 b-/-and E2f 1 b+/+ mice treated for 4 hours with 20mM glucose (Gluc) or 20mM glucose and 50nM exendin-4 (Gluc+Ex4) (n=3-4). All values are expressed as mean ± s.e.m. and were analyzed by two-way ANOVA followed by a Tukey's post-hoc test (A, B, C, D, E, F, G). *p < 0.05; **p<0.01; ***p<0.001.

Figure 6 .

 6 Figure 6. A model linking E2f1 and GLP-1 signaling pathways in pancreatic b cell. In pancreatic b cells, the transcription factor E2f1 binds to the Glp1r promoter and positively modulates its expression. In addition, glucose entry in cells through the Slc2a2 (Glut-2) transporter increases the level of ATP and stimulates insulin secretion. Glp1r activation by exendin-4 potentiates glucose-stimulated insulin secretion. In addition, exendin-4 increases pRB phosphorylation, E2f1 transcriptional activity as well as the expression of E2f1 and Pdx-1. In E2f1 b-/-pancreatic islets, Glp-1r expression is decreased, resulting in a loss of potentiation effects of Exendin-4 on GSIS. AC: Adenylate cyclase; ATP: Adenosine tri-phosphate; cAMP: cyclic Adenosine monophosphate; GLP-1: Glucagon-like peptide-1; GLP-1R: Glucagon-like peptide-1 receptor; GLUT-2: Glucose transporter 2; E2F1: E2F transcription Factor 1; DP1: Dimerization Partner 1; pRB: Retinoblastoma protein.

Table 1 : List of differentially phosphorylated peptides in mouse islets treated with 20 mM of glucose or 20 mM of glucose + 50 nM exendin-4.
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	NMDZ1_890_902	0,388525337	1,444377647
	K6PL_766_778	0,431940705	1,423819681
	RB_803_815	0,63667804	1,366908432
	KCNA2_442_454	0,482689857	1,311541664
	KCNA3_461_473	0,427431911	1,307606387
	KAP2_92_104	0,262349129	1,301506585
	RAF1_253_265	0,372395277	1,260661604
	ANDR_785_797	0,144718647	1,206507993
	KIF2C_105_118_S106G	0,34814772	1,197508754
	PLM_76_88	0,437398762	1,163264448
	VASP_271_283	0,316580296	1,159928639
	IF4E_203_215	0,299196482	1,157372437
	ACM5_494_506	0,158276245	1,084326059
	E1A_ADE05_212_224	0,267807961	1,073834338
	CDN1A_139_151	0,237322807	1,070748828
	MPIP1_172_184	0,359512806	1,006353783
	ERBB2_679_691	0,100586094	0,997823528
	BAD_112_124	0,551744461	0,982427985
	RB_242_254	0,238704041	0,955614557
	NOS3_1171_1183	0,18843396	0,946799825
	PLEK_106_118	0,226697609	0,932844109
	GPR6_349_361	0,281752437	0,925135001
	FRAP_2443_2455	0,36285305	0,921667898
	KAPCG_192_206	0,11823225	0,896310729
	NEK2_172_184	0,188770935	0,889058035
	ADDB_706_718	0,224111244	0,868373076
	GSUB_61_73	0,252330214	0,839803456
	RB_774_786	0,198471382	0,8389089
	ANXA1_209_221	0,396960884	0,83124898
	ESR1_160_172	0,294319004	0,778226067
	MPIP3_208_220	0,701477706	0,756986033
	PP2AB_297_309	0,193948269	0,714276568
	MBP_222_234	0,158284187	0,684763956
	PDPK1_27_39	0,57989502	0,683964096
	CENPA_1_14	0,196633816	0,654688779
	H32_3_18	0,243358299	0,652046094
	BRCA1_1451_1463	-0,198002562	0,650452494
	CGHB_109_121	0,154372051	0,632171315
	FOXO3_25_37	0,100435257	0,614689704
	NR4A1_344_356	0,233428642	0,612047911
	KCNA1_438_450	0,328167111	0,607014033
	MP2K1_287_299	0,173790619	0,591064986
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