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The RB gene family controls the maturation state of the En-doC-βH2 human pancreatic β-cells

The functional maturation of human pancreatic β-cells remains poorly understood.

EndoC-βH2 is a human β-cell line with a reversible immortalized phenotype. Removal of the two oncogenes, SV40LT and hTERT introduced for its propagation, stops proliferation, triggers cell size increase and senescence, promotes mitochondrial activity and amplifies several β-cell traits and functions. Overall, these events recapitulate several aspects of functional ß-cell maturation. We report here that selective depletion of SV40LT, but not of hTERT, is sufficient to revert EndoC-βH2 immortalization. SV40LT inhibits the activity of the RB family members and of P53.

In EndoC-βH2 cells, the knock-down of RB itself, and, to a lesser extent, of its relative P130, precludes most events triggered by SV40LT depletion. In contrast, the knock-down of P53 does not prevent reversion of immortalization. Thus, an increase in RB and P130 activity, but not in P53 activity, is required for functional maturation of EndoC-βH2 cells upon SV40LT-depletion. In addition, RB and/or P130 depletion in SV40LT-expressing EndoC-βH2 cells decreases cell size, stimulates proliferation, and decreases the expression of key β-cell genes. Thus, despite SV40LT expression, EndoC-βH2 cells have a residual RB activity, which when suppressed reverts them to a more immature phenotype. These results show that the expression and activity levels of RB family members, especially RB itself, regulate the maturation state of EndoC-βH2 cells.

Introduction

The resting state and functional specialization of most differentiated mammalian cells is characterized by a remarkable stability. How such stability is obtained and maintained is a central problem in biology. This issue has fundamental but also practical implications as the locking of the vast majority of human adult cells in a mature post-mitotic state entails considerable limitations for the amenability of regenerative medicine (Buttita and Edgar, 2007;[START_REF] Pajalunga | The logic and regulation of cell cycle exit and reentry[END_REF]Aranda-Anzaldo, 2012).

Insulin-producing pancreatic β-cells exemplify this situation. Indeed, few years after birth, mature human β-cells become almost, if not entirely, quiescent, and appear extremely reluctant to resume proliferation [START_REF] Mezza | Insulin resistance alters islet morphology in nondiabetic humans[END_REF][START_REF] Robitaille | High-throughput functional genomics identifies regulators of primary human beta cell proliferation[END_REF]). Yet, since the amplification of adult human β-cells is of interest to cellular therapies in type 1, and possibly type 2 diabetes, major research efforts have tried to stimulate ß-cell proliferation while preserving their identity and mature state. There are several reports of success (for a recent review, see [START_REF] Aguayo-Mazzucato | Pancreatic β Cell Regeneration as a Possible Therapy for Diabetes[END_REF] but in general it is not clear whether stimulated β-cells can complete their cell cycle and give two viable daughter β-cells [START_REF] Rieck | Overexpression of hepatocyte nuclear factor-4α initiates cell cycle entry, but is not sufficient to promote β-cell expansion in human islets[END_REF] and whether their functional properties are preserved after induced mitosis (Helman et al., 2016a;[START_REF] Puri | Replication confers β cell immaturity[END_REF]. Moreover, despite major efforts to improve differentiation protocols, the β-cells generated in vitro from human induced pluripotent stem cells remain functionally immature and depend on engraftment in mice to achieve terminal maturation [START_REF] Yoshihara | ERRγ is required for the metabolic maturation of therapeutically functional glucoseresponsive β cells[END_REF]Liu and Hebrok, 2017). These difficulties stem in part from our limited knowledge of the mechanisms underlying acquisition and maintenance of functional maturity in human β-cells, and its mutual exclusion of proliferation (Köhler et al., 2010;[START_REF] Kushner | The role of aging upon β cell turnover[END_REF]Helman et al., 2016a;[START_REF] Puri | Replication confers β cell immaturity[END_REF].

Recently, a human β-cell line coined EndoC-βH2 has been developed and thoroughly characterized and validated as a model for human ß-cells [START_REF] Scharfmann | Development of a conditionally immortalized human pancreatic β cell line[END_REF]. This cell line, as well as the related EndoC-βH1 [START_REF] Ravassard | A genetically engineered human pancreatic β cell line exhibiting glucose-inducible insulin secretion[END_REF], provided a new model to address a wide range of questions on human βcells (Scharfmann et al., 2019 and references therein). Both lines were obtained by lentiviral transduction of fetal pancreatic progenitors with two Rat Insulin Promoter (RIP)-driven immortalizing oncogenes, the large T antigen of the SV40 virus (SV40LT) and the catalytic subunit/reverse transcriptase of the human telomerase complex (hTERT). In EndoC-βH2 cells, both lentivectors can be simultaneously removed upon stable expression of the Cre recombinase [START_REF] Scharfmann | Development of a conditionally immortalized human pancreatic β cell line[END_REF].

Under these conditions, the immortalization of EndoC-βH2 cells is reversible. Indeed, Cre-mediated excision of SV40LT and hTERT induces permanent cell cycle exit and senescence, upregulation of several β-cell genes, notably INSULIN, IAPP, ZNT8, and MAF-A, downregulation of genes « disallowed » in β cells, such as LDHA and MCT1, and an increase in mitochondrial activity and in glucosestimulated insulin secretion [START_REF] Carlier | Human fucci pancreatic Beta cell lines: new tools to study Beta cell cycle and terminal differentiation[END_REF][START_REF] Scharfmann | Development of a conditionally immortalized human pancreatic β cell line[END_REF]Helman et al., 2016b). Interestingly, most of these events are typically seen during functional β-cell maturation [START_REF] Hrvatin | Differentiated human stem cells resemble fetal, not adult, β cells[END_REF][START_REF] Liu | All mixed up: defining roles for β-cell subtypes in mature islets[END_REF][START_REF] Scharfmann | The supply chain of human pancreatic β cell lines[END_REF]. Therefore, given the extensive validation of EndoC-βH2 cells as a model of human ß-cells, they provide a convenient and useful tool to study the mechanisms underlying proliferation arrest and acquisition of functional maturity.

We demonstrate here that the Retinoblastoma susceptibility (RB) family of tumor suppressors, and most prominently RB itself, are required for functional maturation of EndoC-βH2 cells upon SV40LT depletion. Moreover, RB knockdown in immortalized EndoC-βH2 decreases the expression of a number of ß-cell genes and stimulates proliferation. We conclude that the RB gene family controls the maturation state of human EndoC-βH2 cells.

Results

Knockdown of SV40LT, but not of hTERT, is sufficient to revert immortalization of EndoC-βH2 cells Immortalized EndoC-βH2 exhibit β-cell identity but express relatively low levels of some key β-cell genes while displaying traits of incomplete functional maturity [START_REF] Scharfmann | Development of a conditionally immortalized human pancreatic β cell line[END_REF]. Hereafter, we refer to immortalized EndoC-βH2 cells as sub-mature β-cells. To evaluate the individual role of SV40LT and hTERT in En-doC-βH2 cell immortalization, we performed knockdown experiments using transiently transfected siRNA targeted against SV40LT (siRNA-SV40LT) or hTERT (siR-NA-hTERT) and siRNA-NT (nontargeting) as negative control. Three days after transfection, SV40LT mRNA decreased (Fig. 1A), which was followed at day 6 by a decrease in SV40LT protein (Fig. 1B). On day 6 after transfection, the mRNA levels of the proliferation marker MKI67 (hereafter termed Ki67) was also decreased, while P21 (CDKN1A), INSULIN and IAPP mRNA levels were increased (Fig. 1C) confirming and extending our previous data [START_REF] Albagli | New α-and SIN γ-retrovectors for safe transduction and specific transgene expression in pancreatic β cell lines[END_REF]. Accordingly, 6 days after siRNA-SV40LT transfection, we observed a decrease in SV40LT immunostaining while INSULIN immunostaining increased, (Fig. 2A). In agreement with the lower Ki67 expression, siRNA-SV40LT slowed the proliferation of EndoC-βH2 cells: we observed a decreased cell number at day 6 (Fig. 2B), a decreased frequency of cells in the S/G2/M phases of the cell cycle while the frequency of cells in the G0/G1 phases conversely increased (Fig. 2C). Interestingly, siRNA-SV40LT transfected EndoC-βH2 presented signs of senescence including a flattened shape, an increased cell size (Fig. 2B and S1 for cell size quantification) and positive staining for senescence-associated (SA)-βGal (Fig. 2D). These changes resulting from specific SV40LT targeting are similar to those seen upon stable Cre expression and subsequent excision of both immortalizing transgenes, SV40LT and hTERT [START_REF] Scharfmann | Development of a conditionally immortalized human pancreatic β cell line[END_REF][START_REF] Carlier | Human fucci pancreatic Beta cell lines: new tools to study Beta cell cycle and terminal differentiation[END_REF]Helman et al., 2016b). Altogether, our results indicate that continuous SV40LT expression is essential to maintain immortalization, but also to prevent terminal maturation of EndoC-βH2 cells.

siRNA-hTERT efficiently silenced hTERT expression (Fig. 1A). However, as it targeted both the endogenous and exogenous (lentiviral) hTERT mRNA sequences, we could not discriminate the knockdown effect on their respective expression. In contrast to siRNA-SV40LT-transfected EndoC-βH2 cells, siRNA-hTERT-transfected cells showed no decrease in Ki67 expression, no increase in P21, INSULIN or IAPP expression (Fig. 1C), and their INSULIN staining was unaltered (Fig. 2A). Moreover, the slight reduction in the number of EndoC-βH2 cells did not reach the threshold of statistical significance (Fig. 2B) and this effect was not accompanied by changes in the frequency of cells in G0/G1 or in S/G2/M (Fig. 2C).

siRNA-hTERT treated cells remained SA-βGal negative (Fig. 2D). Thus, transient hTERT knockdown did not evoke any of the effects seen upon stable Cre expression or transient SV40LT knockdown. On the contrary, a significant, though small, decrease in INSULIN (-24±12 %) and IAPP (-43±10 %) mRNA levels was observed (Fig. 1C). Co-silencing of SV40LT and hTERT did not amplify, but rather dampened, the transcriptional effects of simple SV40LT silencing (Fig. S2). We conclude that continuous hTERT expression, contrary to SV40LT expression, is dispensable to maintain the sub-mature state of EndoC-βH2 cells.

Effect of siRNA-SV40LT on RIP activity and consequences for SV40LT-and hTERT-knockdown SV40LT mRNA levels significantly decreased 3 days after siRNA-SV40LT transfection (Fig. 1A), but this effect was almost entirely lost after 6 days (Fig. S2 andS3). Of note, SV40LT depletion stimulates RIP activity [START_REF] Albagli | New α-and SIN γ-retrovectors for safe transduction and specific transgene expression in pancreatic β cell lines[END_REF][START_REF] Scharfmann | The supply chain of human pancreatic β cell lines[END_REF] which in turn through a positive feedback loop is expected to reinstall higher SV40LT mRNA levels that in time counterbalance the silencing effects of the siRNA-SV40LT. SV40LT protein levels were still reduced 6 days after siRNA transfection (Fig. 1B and2A), which is in line with the fact that protein levels follow fluctuations in transcript levels with some delay. The siRNA-SV40LTmediated stimulation of RIP activity is also evident in the increase in hTERT mRNA expression upon siRNA-SV40LT-transfection (Fig. S2 andS3). Indeed, exogenous hTERT mRNAs mRNAs originate from RIP-driven lentiviral transgenes. Importantly, despite this stimulation of RIP activity, the siRNA-hTERT remained efficient at repressing hTERT mRNA expression in siRNA-SV40LT plus siRNA-hTERT cotransfected cells (Fig. S2). In conclusion, co-transfected cells are effectively silenced for both transgenes, which validates the conclusions raised from these experiments.

SV40LT prevents terminal maturation of EndoC-βH2 through inactivation of

RB but not of P53

SV40LT primarily induces tumorigenesis through binding to, and inactivation of, four tumor suppressors: P53 and the three members of the RB family, RB, P107 (RBL1) and P130 (RBL2) (hereafter collectively referred to as the pocket proteins) [START_REF] Ahuja | SV40 large T antigen targets multiple cellular pathways to elicit cellular transformation[END_REF]. Accordingly, either targeted expression of SV40LT or mutations in both p53 and Rb can drive tumorigenesis in mouse islets [START_REF] Harvey | Mice deficient in both p53 and Rb develop tumors primarily of endocrine origin[END_REF]Williams et al 1995;[START_REF] Casanovas | Incomplete inhibition of the Rb tumor suppressor pathway in the context of inactivated p53 is sufficient for pancreatic islet tumorigenesis[END_REF]. Among the three gene encoding pocket proteins, RB and P130 are the mostly expressed in EndoC-βH2 cells [START_REF] Hastoy | Electrophysiological properties of human beta-cell lines EndoC-βH1 and -βH2 conform with human beta-cells[END_REF]. Therefore, we studied whether and to which extent the inactivation of P53, RB and P130 contributed to human β-cell immortalization. Transfection of siRNA-RB, siRNA-P130 and siRNA-P53 effectively silenced RB, P130, and P53 protein expression, respectively, in EndoC-βH2 cells (Fig. 3A). Moreover, the induction of P21 (a well-known P53-target gene) by siRNA-SV40LT was abrogated upon co-transfection with siRNA-P53 (Fig. 3B). On the contrary, siRNA-P130 and, to a greater extent, siRNA-RB exacerbated this induction (Fig. 3B). Silencing of pocket proteins is expected to deregulate E2F activity, which often activates the P53-P21 pathway [START_REF] Balsitis | Examination of the pRb-dependent and pRb-independent functions of E7 in vivo[END_REF][START_REF] Polager | p53 and E2f: partners in life and death[END_REF]. Accordingly, P53 silencing largely reduced the P21 « super-induction » triggered by RB and SV40LT co-silencing (Fig. 3B). In line with the results shown above, co-transfection of siRNA-SV40LT and a control siRNA (siRNA-NT) led to lower Ki67 expression, increased INSULIN and IAPP expression (Fig. 3C), accumulation of cells in G0/G1 and reduction of the S/G2/M population (Fig. 4A), and the induction of cellular senescence (Fig. 4B). The weak accumulation of early S cells upon co-transfection with siRNA-SV40LT and siRNA-RB (Fig. 4A) possibly reflects the stronger inhibition of RB activity in cells silenced for both SV40LT and RB than in (control) cells ex-pressing SV40LT. Indeed, a deficiency in RB can both shorten G1 and slow progression throughout S [START_REF] Herrera | Altered cell cycle kinetics, gene expression, and G1 restriction point regulation in Rb-deficient fibroblasts[END_REF]. P53 silencing did not impair the effects of SV40LT depletion on Ki67, INSULIN or IAPP expression (Fig. 3C), cell cycle alterations (Fig. 4A) or senescence induction (Fig. 4B). Of note, these results indicate that P21 mRNA induction can be abrogated without impairing all the other measured aspects of terminal maturation. In contrast, RB silencing abrogated the transcriptional changes (Fig. 3B) and the cell cycle modulations (Fig. 4A) elicited by SV40LT silencing. In the same assays, P130 silencing mimicked the effects of RB silencing, albeit to a lesser extent (Fig. 3B and4A). Moreover, RB silencing also completely prevented the induction of senescence, as measured by SA-βGal staining (Fig. 4B). As a second assay for measuring senescence, we analyzed the expression of GLB1 and LMNB1 mRNA, which increases and decreases, respectively, in senescent cells [START_REF] Lee | Senescence-associated beta-galactosidase is lysosomal beta-galactosidase[END_REF][START_REF] Freund | Lamin B1 loss is a senescence-associated biomarker[END_REF]. We observed that these variations indeed occurred upon SV40LT silencing, and that they were blunted by RB co-silencing but not by P53 co-silencing (Fig. S4). Finally, RB silencing also eliminated the siRNA-SV40LT-mediated stimulation of RIP activity, as measured by the variation in hTERT mRNA levels (Fig. S5). Thus, RB but not P53 is essential for the increased expression of β-cell markers, cessation of proliferation, and induction of senescence triggered by SV40LT depletion. Altogether, these results indicated that repression of RB and, to a lesser extent, of P130, but not repression of P53, is necessary for SV40LT to maintain a sub-mature state in EndoC-βH2.

RB and P130 control cell-specific transcription and proliferation in sub-

mature (SV40LT-expressing) EndoC-βH2 cells

We previously reported that co-silencing RB and P130 reduces INSULIN and IAPP expression in sub-mature EndoC-βH2 cells [START_REF] Albagli | New α-and SIN γ-retrovectors for safe transduction and specific transgene expression in pancreatic β cell lines[END_REF], suggesting that pocket protein activity is not completely negated despite SV40LT expression.

Here, we expand on these findings and found that individual silencing of RB or P130 similarly reduced the expression of INSULIN (-45±17% and -37±8% respectively) and of IAPP (-87±3% and -88±4% respectively) (Fig. 5A). Moreover, P130 silencing, but not RB silencing, increased Ki67 mRNA expression (+63±55%) (Fig. 5A). Finally, P130 silencing and, to a much greater extent, RB silencing, increased P21 mRNA levels (3.4±2.2 and 56±18 fold, respectively) (Fig. 5A). RB deficiency has previously been associated with shortening of the G1 phase and cell size reduction [START_REF] Herrera | Altered cell cycle kinetics, gene expression, and G1 restriction point regulation in Rb-deficient fibroblasts[END_REF]. Therefore, we studied the role of RB and P130 in the cell cycle regulation of sub-mature EndoC-βH2 cells. RB or P130 silencing increased the percentage of cells in the S/G2/M phases and decreased that of cells in G0/G1 and co-silencing of both further fostered ß-cell proliferation (Fig. 5B). Also, RB silencing and, to a greater extent, RB and P130 co-silencing caused a reduction in cell size (Fig. S1). These results indicate that despite the continuous expression of SV40LT in sub-mature EndoC-βH2 cells, RB and P130 act as brakes to cell cycle progression. Of note, the effects of RB or P130 silencing are opposite to those elicited by SV40LT silencing (Fig. 1C, 2C, S1; [START_REF] Scharfmann | Development of a conditionally immortalized human pancreatic β cell line[END_REF][START_REF] Carlier | Human fucci pancreatic Beta cell lines: new tools to study Beta cell cycle and terminal differentiation[END_REF]Helman et al., 2016b).

RB is essential to β-cell identity of sub-mature EndoC-βH2 cells

Next, we studied whether silencing RB would affect the expression of a set of key ß-cell genes. RB depletion decreased the mRNA expression of ABCC8/SUR1 (-46±7 %) and SLC30A8/ZNT8 (-51±2 %), but also to a lesser extent that of MAFA, MNX1, NKX2.2, PDX1, KCNJ11/KIR6.2, and GCK (Fig. 5C). NEUROD was the only β-cell marker to be up-regulated (Fig. 5C). Again, these changes are opposite to those seen after Cre-mediated reversion of immortalization in EndoC-βH2 [START_REF] Scharfmann | Development of a conditionally immortalized human pancreatic β cell line[END_REF]. We also studied the effect of RB knockdown on markers of other pancreatic cell types: SOX9, a progenitor and ductal cell marker, was marginally down-regulated (-7±4 %), the α-cell-specific GCG mRNA did not vary, and the ∂cell-specific SST mRNA was up-regulated by 2-fold (+203±43 %) (Fig. 5C). In summary, RB is required to maintain the expression of key β-cell genes in submature EndoC-βH2 cells and to repress the canonical marker of a distinct endocrine lineage.

Discussion

In this work, we deciphered the mechanisms underlying human β-cell immortalization and maintenance of a sub-mature state. We show that SV40LT but not hTERT is required to prevent terminal maturation. This conclusion is in keeping with: i) the generation of insulinomas using SV40LT-transduced human pancreatic progenitors [START_REF] Ravassard | A genetically engineered human pancreatic β cell line exhibiting glucose-inducible insulin secretion[END_REF]; ii) the cell cycle exit and increased INSULIN expression upon specific SV40LT silencing in the related EndoC-βH1 cell line [START_REF] Arda | Age-Dependent Pancreatic Gene Regulation Reveals Mechanisms Governing Human β Cell Function[END_REF]; iii) the considerably lower expression levels of hTERT mRNA in EndoC-βH1 compared to EndoC-βH2 cells (~100 fold less, [START_REF] Hastoy | Electrophysiological properties of human beta-cell lines EndoC-βH1 and -βH2 conform with human beta-cells[END_REF], while EndoC-βH1 cells continue to proliferate in vitro without slowing or phenotypic changes over more than hundred passages [START_REF] Scharfmann | The supply chain of human pancreatic β cell lines[END_REF]. However, our experiments are limited to short-term hTERT depletion. The slight, though not statistically significant, reduction in cell number after hTERT knockdown suggests that hTERT expression might confer long-term selective advantages. Moreover, although SV40LT knockdown qualitatively mimics Cre expression, its effects are milder (Fig. 1C; [START_REF] Scharfmann | Development of a conditionally immortalized human pancreatic β cell line[END_REF][START_REF] Carlier | Human fucci pancreatic Beta cell lines: new tools to study Beta cell cycle and terminal differentiation[END_REF]. This difference can not be explained by synergistic effects of SV40LT and hTERT co-depletion (Fig. S2). It might result from the comparison between a transient (siRNA transfection) and a stable (retro/lentiviral transduction) approach. Alternatively, the side-effects of high and stable Cre expression may potentiate the changes elicited by SV40LT depletion. Indeed, double-strand DNA breaks promote differentiation in several cell types (Scherman et al., 2011).

Our data also indicate that the pocket proteins are essential targets for SV40LT to maintain EndoC-βH2 cells in their sub-mature state. Among them, RB itself plays a prominent role as its knock-down cancels out most effects accompanying SV40LT depletion. P130 silencing had similar but less potent effects. These results strongly suggest that an increase in RB activity is required for the functional maturation of EndoC-βH2 cells upon SV40LT loss. This conclusion is in agreement with the fact that P16 INK4 , a canonical activator of pocket proteins, is required to obtain several hallmarks of functional maturation in EndoC-βH2 cells upon hTERT and SV40LT excision (Helman et al., 2016b). Interestingly, EndoC-βH2 lacking P16 INK4 can still exit the cell cycle upon SV40LT extinction, as reflected by decreased Ki67 mRNA levels (Helman et al., 2016b), while cells depleted of RB no longer can (Fig. 3C and4A). Thus, RB deficiency causes a failure in maturation that is partially, but not completely, recapitulated by P16 INK4 deficiency.

We also found that in sub-mature (SV40LT-expressing) EndoC-βH2 cells, pocket proteins silencing reduced cell size, fostered proliferation and decreased the expression of several genes involved in specialized β-cell functions. Among the genes down-regulated by RB silencing, MAFA, IAPP, GCK, and ZNT8/SLC30A8 are considered to be markers of β-cell maturation [START_REF] Hrvatin | Differentiated human stem cells resemble fetal, not adult, β cells[END_REF][START_REF] Yoshihara | ERRγ is required for the metabolic maturation of therapeutically functional glucoseresponsive β cells[END_REF]Liu and Hebrock, 2019). Reducing RB expression thus tended to blur the identity and diminish the maturity of EndoC-βH2 cells. Accordingly, RB knockdown weakened RIP activity in EndoC-βH2 cells [START_REF] Albagli | New α-and SIN γ-retrovectors for safe transduction and specific transgene expression in pancreatic β cell lines[END_REF], which likely reflects a decrease in the expression or activity of several β-cell transcription factors (Melloul et al., 2004;[START_REF] Scharfmann | The supply chain of human pancreatic β cell lines[END_REF]. Of note, these data indicate that the pocket protein pathway is not completely annihilated by SV40LT in sub-mature En-doC-βH2 cells. The same observation was reported in a mouse insulinoma driven by a RIP-SV40LT transgene and proposed to result from a too low expression of SV40LT to reach complete inhibition [START_REF] Casanovas | Incomplete inhibition of the Rb tumor suppressor pathway in the context of inactivated p53 is sufficient for pancreatic islet tumorigenesis[END_REF]. Our work provides an explanation for these observations. In β-cells harboring a RIP-SV40LT transgene, SV40LT expression is self-corrected as any variation in its expression level induces an opposite change in pocket protein activity and hence in RIP activity, which counteracts the initial change in SV40LT expression. Being important for RIP activity, and therefore for SV40LT expression, the « residual » activity of pocket proteins is probably under strong positive selection pressure. In summary, our results indicate that a limited reduction in the activity of pocket proteins (especially RB) maintains the sub-mature β-cell traits but prevents terminal maturation of En-doC-βH2 cells, while a more severe reduction leads to a more immature phenotype (summarized in Fig. 6). These two effects point to the conclusion that the level of pocket protein expression and activity controls the functional maturation of human β-cells.

Several properties of the pocket proteins could be responsible for human βcell maturation. Their ability to inhibit E2F transcription factors and block S-phase entry is probably involved. Indeed, upon reversion of immortalization, EndoC-βH2 cells accumulate in G0/G1 while numerous E2F-target genes are down-regulated [START_REF] Scharfmann | Development of a conditionally immortalized human pancreatic β cell line[END_REF]our unpublished data). Moreover, pocket proteins, especially RB [START_REF] Novitch | Skeletal muscle cells lacking the retinoblastoma protein display defects in muscle gene expression and accumulate in S and G2 phases of the cell cycle[END_REF]Sellers et al., 1997), often drive terminal differentiation by cooperating with tissue-specific transcription factors [START_REF] Buttitta | Mechanisms controlling cell cycle exit upon terminal differentiation[END_REF]Korenjack and Brehm, 2015). In mouse β-cells, Rb was reported to interact with, and to stabilize, Pdx-1, a homeobox transcription factor that regulates pancreas de-velopment, endocrine cell specification and β-cell maturation [START_REF] Kim | RB regulates pancreas development by stabilizing Pdx1[END_REF]. The knockdown of either RB or P130 did not affect PDX-1 levels in EndoC-βH2 cells, while their concomitant silencing causes a weak decrease (Fig. S6). Thus, pocket proteins, at least considered individually, do not control the maturation of EndoC-βH2 by stabilizing PDX-1. Besides, RB induces senescence more efficiently than P130 (Bud and Sharpless, 2010;[START_REF] Chicas | Dissecting the Unique Role of the Retinoblastoma Tumor Suppressor during Cellular Senescence[END_REF] and promotes mitochondrial function [START_REF] Sankaran | Rb intrinsically promotes erythropoiesis by coupling cell cycle exit with mitochondrial biogenesis[END_REF][START_REF] Nicolay | Proteomic analysis of pRb loss highlights a signature of decreased mitochondrial oxidative phosphorylation[END_REF]. The prominent role of RB compared to P130 in the reversion of EndoC-βH2 immortalization could thus reflect the association of functional maturation with senescence induction and stimulation of mitochondrial function (Helman et al., 2016a and b). Forced expression of RB mutants selectively deficient for either binding to E2F or complete senescence induction (Sellers et al., 1996;[START_REF] Talluri | A G1 checkpoint mediated by the Retinoblastoma protein that is dispensable in terminal differentiation but essential for senescence[END_REF] will help to understand how RB controls the maturation of human β-cells.

In contrast, EndoC-βH2 immortalization can be reverted in the setting of P53 silencing. Thus, despite its well-known role in senescence and in mitochondrial activity [START_REF] Kruiswijk | p53 in survival, death and metabolic health: a lifeguard with a licence to kill[END_REF], P53 is dispensable for the terminal maturation of En-doC-βH2, and therefore its inhibition by SV40LT is not required to maintain their sub-mature state. However, this inhibition may ensure EndoC-βH2 immortalization by preventing the apoptosis triggered by impaired pocket protein activity [START_REF] Polager | p53 and E2f: partners in life and death[END_REF]. In addition, P53 is not inert during the terminal maturation of EndoC-βH2 cells as the P21 mRNA induction following SV40LT knockdown is dependent on P53 (Fig. 3B). As reversion of immortalization was possible despite P53 silencing, we infer that P21 induction is also not necessary for terminal maturation even though it represents one of the most striking transcriptional change upon hTERT and SV40LT excision [START_REF] Scharfmann | Development of a conditionally immortalized human pancreatic β cell line[END_REF]. This conclusion is in agreement with the normal islet mass and β-cell replication in p21-null mice [START_REF] Cozar-Castellano | The cell cycle inhibitory protein P21 CIP is not essential for maintaining β-cell cycle arrest or β-cell function in vivo[END_REF].

One could argue about the biological relevance of results obtained in a human β-cell line, even though the EndoC-βH cell lines are viewed as excellent models of human β-cells (Tsonkova et al. 2018;[START_REF] Lawlor | Multiomic Profiling Identifies cis-Regulatory Networks Underlying Human Pancreatic β Cell Identity and Function[END_REF]. Nonetheless, we cannot rule out that the role of the pocket proteins is an idiosyncratic trait due to immortalization or in vitro culture. For instance, as silencing of RB and P130 decreases RIP activity, it consequently decreases SV40LT expression to some extent (Fig. S7). This regulation could endow RB and P130 with biological functions that are inherent to the experimental model. However, decreased SV40LT expression would cause silencing of RB and P130 to mimic or exacerbate the effects of SV40LT knockdown, which is exactly the opposite of what we consistently observed. A simpler hypothesis is that the immortalization process stabilizes a natural activity of pocket proteins, and hence a maturation state, at trade-off levels that are compatible with both β-cell identity (for RIP efficiency and SV40LT expression) and proliferation. In line with the view that RB and P130 are involved in the acquisition or maintenance of β-cell functional maturity in vivo, targeted knockout of Rb in mouse pancreatic progenitors, or double Rb and p130 knockout in β-cells, increases the proliferation of adult β-cells [START_REF] Harb | The retinoblastoma protein and its homolog p130 regulate the G1/S transition in pancreatic β-cells[END_REF][START_REF] Cai | Retinoblastoma tumor suppressor protein in pancreatic progenitors controls α-and β-cell fate[END_REF]. Moreover, the functional maturation and senescence of mouse β-cells in vivo depend on the expression levels of the pocket protein activator p16 INK4 and in human adult pancreas, P16 INK4 expression defines a subpopulation of large, senescent β-cells with higher mitochondrial content and activity (Helman et al., 2016b). Thus, pocket pro-teins also likely promote functional human β-cell maturation in vivo and this regulation can be reproduced and studied in EndoC-βH2 cells.

Materials and Methods

Cell culture

EndoC-βH2 cells were cultured as described [START_REF] Albagli | New α-and SIN γ-retrovectors for safe transduction and specific transgene expression in pancreatic β cell lines[END_REF]. EndoC-βH2-Fucci (fluorescent ubiquitinylation-based cell-cycle indicators) cells, previously named EndoC-βH2-OFP-GFZ [START_REF] Carlier | Human fucci pancreatic Beta cell lines: new tools to study Beta cell cycle and terminal differentiation[END_REF] were cultured under the same conditions, except that puromycin (2 µg/ml) and zeocin (50 µg/ml) were added to the medium. HEK293T were cultured as previously described [START_REF] Carlier | Human fucci pancreatic Beta cell lines: new tools to study Beta cell cycle and terminal differentiation[END_REF].

siRNA transfection

EndoC-βH2 or EndoC-βH2 Fucci cells were plated at 400,000 cells per well in 6well dishes. One day later, they were transfected with siRNA(s) using Lipofectamine RNAimax (Thermo Fisher Scientific) (8 µl/well) at a final concentration of 80nM. If cells were plated in dishes of a different surface size (e.g. in 12-well dishes), the number of cells and quantity of reagents were modified proportionally. In case of co-transfection, the final siRNA concentration remained 80nM and was equally partitioned between the co-transfected siRNA. All siRNAs (except siRNA-SV40LT) were purchased from Dharmacon, and all but one was siGENOME siRNA SMART pool (Dharmacon): NT (Nontargeting): D-001206-13-20; RB: M-003296-03-0005; P130(RBL2): M-003299-03-0005; P53: M-004753-02-0005. siRNA-SV40LT [START_REF] Ihler | Expression of a neuroendocrine gene signature in gastric tumor cells from CEA 424-SV40 large T antigen-transgenic mice depends on SV40 large T antigen[END_REF] was synthetized by Invitrogen (Thermo Fisher Scientific). Cells were generally harvested 6 days after transfection unless otherwise stated.

RNA extraction, cDNA synthesis, and RT-qPCR analyses

Total RNA was extracted as previously described [START_REF] Albagli | New α-and SIN γ-retrovectors for safe transduction and specific transgene expression in pancreatic β cell lines[END_REF]. cDNA synthesis was achieved using Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) according to the manufacturer instructions. The reverse transcription reaction was diluted 20-fold (final volume: 200 µl) and 5 µl were used for each point in quantitative PCR with power SYBR Green mix (Applied Biosystems) and a QuantStudio analyzer (Applied Biosystems). Each point of the RT-qPCR was measured in duplicate. n-Fold changes in the relative expression levels of each tested mRNA were calculated using the 2 -ΔΔCt method of relative quantification, using the expression levels of Cyclophilin A mRNA for normalization. The results are plotted by normalizing to the value found in cells transfected with the control siRNA (siRNA NT, nontargeting). The list of primers used for RT-qPCR experiments is given in Table 1.

Western blot

Cells were lysed in RIPA buffer (Merck) and proteins were dosed using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Proteins were separated on precast denaturing 4%-12% Bis-Tris gel and transferred onto a PVDF membrane using an iBLOT2 Dry Blotting System (Thermo Fisher Scientific). Membranes were hybridized with monoclonal anti-P53 DO-1 antibody (1:1,000; a gift from Thierry Soussi, INSERM, U1138, Paris, France), anti-SV40 T antigen (Ab-2) mouse mAb (PAb416) (1:1,000; Merck), monoclonal anti-α-Tubulin Clone DM-1A (1:2,000; Merck) or monoclonal anti-β Actin Clone AC-15 (1:5,000; Merck), rabbit anti-PDX1

(1:1,000; [START_REF] Duvillié | Labelretaining cells in the rat pancreas: location and differentiation potential in vitro[END_REF], anti RB (4H1) Mouse mAb (Cell Signaling), anti RBL2/P130 (D9T7M) Rabbit mAb (Cell Signaling). The secondary antibodies used were anti-mouse IgG HRP-linked antibody (1:10,000; Cell Signaling) or anti-rabbit IgG HRP-linked antibody (1:2,000; Cell Signaling). Imaging was performed using an ImageQuant LAS 4000 after ECL exposure (GE Healthcare).

Immunofluorescence

Cells were plated in LabTek chambers then fixed 72h later using PBS-PFA 3% for 10 minutes, permeabilized with triton 0.2% and stained with mouse anti-SV40LT and guinea pig anti-INSULIN (DakoCytomation), both at a 1:500 dilution, next with the following secondary antibodies: goat anti-mouse IgG (H+L)-Alexa Fluor 488conjugated (Novex) and donkey anti-guinea pig-Alexa Texas Red conjugated (Jackson Immunoresearch Laboratories) at a 1:400 or 1:200 dilution, respectively.

SA-βGal assays

SA-βGal assays were performed using the Senescence β-Galactosidase Staining Kit (Cell Signaling) according to the manufacturer's instructions. Cells were incubated for ~17 hours.

Flow cytometry analyses

All flow cytometry analyses were performed on the EndoC-βH2-Fucci derivative as previously described [START_REF] Carlier | Human fucci pancreatic Beta cell lines: new tools to study Beta cell cycle and terminal differentiation[END_REF] using an LSR Fortessa (Becton Dickinson).

Determination of cell number

150,000 EndoC-βH2-Fucci cells were plated in each well of 12-well dishes and counted six days after siRNA transfection using a Countess II Automated Cell Counter (Thermo Fisher Scientific). Each point being counted in duplicate.

Statistical analyses

Quantitative data are presented as the mean ± SD from three to five independent experiments as indicated in the figure legends. Statistical analysis was done using Numbers (Apple Inc), applying unpaired two-tailed Student's t tests. A value of p<0.05 was considered statistically significant. 
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 1 List of primers used for RT-qPCR experiments.
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