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            Abstract
Insulin constitutes a principal evolutionarily conserved hormonal axis for maintaining glucose homeostasis1,2,3; dysregulation of this axis causes diabetes2,4. PGC-1α (peroxisome-proliferator-activated receptor-γ coactivator-1α) links insulin signalling to the expression of glucose and lipid metabolic genes5,6,7. The histone acetyltransferase GCN5 (general control non-repressed protein 5) acetylates PGC-1α and suppresses its transcriptional activity, whereas sirtuin 1 deacetylates and activates PGC-1α8,9. Although insulin is a mitogenic signal in proliferative cells10,11, whether components of the cell cycle machinery contribute to its metabolic action is poorly understood. Here we report that in mice insulin activates cyclin D1–cyclin-dependent kinase 4 (Cdk4), which, in turn, increases GCN5 acetyltransferase activity and suppresses hepatic glucose production independently of cell cycle progression. Through a cell-based high-throughput chemical screen, we identify a Cdk4 inhibitor that potently decreases PGC-1α acetylation. Insulin/GSK-3β (glycogen synthase kinase 3-beta) signalling induces cyclin D1 protein stability by sequestering cyclin D1 in the nucleus. In parallel, dietary amino acids increase hepatic cyclin D1 messenger RNA transcripts. Activated cyclin D1–Cdk4 kinase phosphorylates and activates GCN5, which then acetylates and inhibits PGC-1α activity on gluconeogenic genes. Loss of hepatic cyclin D1 results in increased gluconeogenesis and hyperglycaemia. In diabetic models, cyclin D1–Cdk4 is chronically elevated and refractory to fasting/feeding transitions; nevertheless further activation of this kinase normalizes glycaemia. Our findings show that insulin uses components of the cell cycle machinery in post-mitotic cells to control glucose homeostasis independently of cell division.
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                    Figure 1: Cyclin D1–Cdk4 modulates PGC-1α acetylation through GCN5.[image: ]


Figure 2: Cyclin D1–Cdk4 regulates gluconeogenesis in primary hepatocytes and whole animals.[image: ]


Figure 3: Cyclin D1–Cdk4 is regulated by insulin/GSK-3β, and hepatic cyclin D1 deletion causes increased gluconeogenesis and glycaemia upon re-feeding.[image: ]


Figure 4: In diabetic hyperinsulinemic mice, cyclin D1–Cdk4 is dysregulated and hyperactivation of cyclin D1–Cdk4 attenuates the diabetic phenotype.[image: ]
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Extended data figures and tables

Extended Data Figure 1 A cell-based high-throughput screen shows compounds regulating PGC-1α acetylation.
a, Scheme of high-throughput chemical assay. b, Compounds with significant z scores either greater than 3.0 or less than −3.0 are listed. Inhibitors indicate the compounds that increased PGC-1α acetylation whereas activators indicate those that decreased PGC-1α acetylation.


Extended Data Figure 2 Cyclin D1–Cdk4 modulates PGC-1α acetylation through GCN5.
a, Fascaplysin decreases PGC-1α acetylation in a dose-dependent manner. The dose-dependent response of PGC-1α acetylation treated with fascaplysin concentrations ranging from 31.25 nM to 8 μM was analysed by western blotting. The IC50 value was calculated using three independent measurements from the assay described in Extended Data Fig. 1a. b, Chemical structures of fascaplysin and PD 0332991. c, Cdk4 is knocked down by various Cdk4 shRNAs used in Fig. 1d. d, Fascaplysin decreases PGC-1α acetylation upon EX527 or trichostatin A treatments. Cells were treated for 8 h in the case of 1 μM fascaplysin and 4 h in the case of 1 μM EX527 or trichostatin A before collection. DMSO (-) was used as a control treatment. e, Fascpalysin has blunted effect on PCAF-mediated PGC-1α acetylation. f, Ectopically expressed Cdk4 and GCN5 interact. As a comparison, PGC-1α, Sirt1 and Sirt6 were used whereas GFP was overexpressed as a negative control. g, Phosphorylation of GCN5 by cyclin D1–Cdk4 complex is reduced by fascaplysin. DMSO or 1 μM fascaplysin were added to the kinase reaction. h, In vitro phosphorylation of GST–GCN5 recombinant proteins (1–224 amino acids, 1–386 amino acids, 1–553 amino acids, 1–837 amino acids) by cyclin D1–Cdk4 and the protein level of those fragments. i, GCN5 wild type (WT), treated with fascaplysin and GCN5 T272A/S372A (AA) mutant immunoprecipitated by anti-phospho-S*P (pS*P) antibody. j, Acetylation of PGC-1α closely follows the amount of PAF65-β bound to GCN5. Nuclear extracts of U-2OS overexpressing various amounts of GCN5 were used for western blot analysis to detect GCN5 and PAF65-β. Empty vector was transfected as a negative control. k, Interaction between GCN5 T272A/S372A (AA) and PAF65-β is reduced compared with GCN5 wild type (WT). U-2OS cells were used for western blot analysis experiments.


Extended Data Figure 3 Cyclin D1–Cdk4 regulates gluconeogenesis in primary hepatocytes and in whole animals.
a, Western blot analysis of endogenous, forskolin-induced (Fsk) or adenovirally overexpressed (O/E) PGC-1α. Nuclear extracts of primary hepatocytes were used to immunoprecipitate PGC-1α. Cells were infected with GFP or PGC-1α 48 h before collection. Forskolin (10 μM) was added for 2 h before collection. b, PD 0332991 increases forskolin-induced gluconeogenic gene expression. Primary hepatocytes were treated with 10 μM forskolin for 1.5 h after 3 h of starvation medium incubation while 1 μM PD 0332991 was added overnight (one-way ANOVA with Tukey post-test, n = 3). c, Cdk4 knockdown increases forskolin-induced gluconeogenic gene expression (one-way ANOVA with Tukey post-test, n = 3). d, Cyclin D1 wild-type, but not cyclin D1 K112E mutant, suppresses forskolin-induced gluconeogenic gene expression (one-way ANOVA with Tukey post-test, n = 3). e, Phosphorylation of GCN5, FoxO1 amino (N) terminus, FoxO1 carboxy (C) terminus, FoxO3A and PGC-1α SR domain by cyclin D1–Cdk4. f, Pgc1α knockdown blocks the increase of forskolin-induced gluconeogenic genes by fascaplysin in HepG2 cells. Pgc1α knockdown or a negative control of HepG2 cells were treated with 30 μM forskolin and 1 μM fascaplysin overnight (one-way ANOVA with Tukey post-test, n = 3). g, Gcn5 knockdown blunts the increase of gluconeogenic gene expression caused by Cdk4 knockdown. Quantitative polymerase chain reaction with reverse transcription (qRT–PCR) analysis of Pck1 and Gcn5 and western blot of Cdk4 and Gcn5 knockdown are shown. All cells were infected with PGC-1α adenoviruses (one-way ANOVA with Tukey post-test, n = 15). h, PD 0332991 increases gluconeogenic genes when combined with GCN5 wild type (WT) overexpression, but not with GCN5 T272A/S372A (AA) mutant. GFP infected cells shown for comparison with GCN5 overexpressing cells. All cells were infected with PGC-1α adenoviruses (two-tailed unpaired t-test, n = 6). i, j, Insulin levels measured from serum and western blot analysis of Rb and AKT using nuclear (N) and cytoplasmic (C) liver extracts from mice treated with vehicle or 150 mg kg−1 PD 0332991, shown in Fig. 2l, m (i: two-tailed unpaired t-test, n = 18/GFP, n = 17/PD 0332991). k, Levels of cyclin D1 and Rb phosphorylation in GFP or cyclin D1 T286A tail-vein-injected mice, shown in Fig. 2n, o. Statistical significance is represented by asterisks corresponding to *P < 0.05, **P < 0.01, ***P < 0.001. Data are shown as mean ± s.e.m.


Extended Data Figure 4 PD 0332991 administration or cyclin D1 T286A adenoviral overexpression does not cause toxicity compared with its respective control treatment.
a, Basal physiological indexes of mice challenged with either vehicle or PD 0332991 administration (n = 5). b, Basal physiological indexes of mice injected with either GFP or cyclin D1 T286A adenoviruses (n = 5). (ALT, alanine transaminase; AST, aspartate transaminase; LDH, lactate dehydrogenase; mean ± s.e.m.).


Extended Data Figure 5 Cyclin D1–Cdk4 is regulated by insulin/GSK-3β, and hepatic specific cyclin D1 deletion causes increased gluconeogenesis and glycaemia upon re-feeding.
a, Cyclin D1 transcripts are increased upon re-feeding. qRT–PCR analysis of Ccnd1, Ccnd2 and Ccne1 gene expression upon overnight fasting, 4 h and 10 h re-feeding in BALB/c mice livers (one-way ANOVA with Tukey post-test, n = 3). b, Cyclin D1 protein is increased upon re-feeding. Western blot analysis of cyclin D1 protein levels and associated signalling pathway upon fasting and re-feeding measured from nuclear (N) and cytoplasmic (C) liver extracts from BALB/c mice. c, Cyclin D1–Cdk4 kinase activity is increased upon 4 h re-feding. In vitro 32P incorporation into recombinant Rb by immunoprecipitated cyclin D1–Cdk4 kinase from whole-cell extracts of overnight fast and 4 h re-fed livers. d, Western blot analysis of cyclin D1 protein level and associated signalling pathway upon fasting and re-feeding and qRT–PCR analysis of Ccnd1 and Pgc1α mRNA level in various tissues (L, liver; M, skeletal muscle; B, brown adipose tissue; W, epididymal white adipose tissue; P, pancreas; two-tailed unpaired t-test, n = 12/L, n = 4/M, B, W, P). e, qRT–PCR analysis of PGC-1α target genes in liver and epididymal white adipose tissues (eWAT) upon vehicle or PD 0332991 treatment (two-tailed unpaired t-test, n = 10). f, Ccnb1 and Pcna gene expressions in liver do not change upon fasting and re-feeding (n = 3/fast and 10 h re-fed, n = 4/4 h re-fed). g, BrdU incorporation in liver does not change upon fasting and re-feeding. Small intestine was used as a positive control. h, Ki-67 staining in liver does not change upon fasting and re-feeding after vehicle or PD 0332991 administration. The small intestine was used as a positive control. i, Ki-67 staining in liver does not change upon fasting and re-feeding following GFP or cyclin D1 T286A tail-vein injection. Small intestine used as a positive control. j, Hepatic ploidy profiles of livers of GFP or cyclin D1 T286A adenovirus tail-vein injected mice do not show significant difference. Ploidy analysis of primary hepatocytes isolated from livers measured by propidium iodide staining and flow cytometry (n = 6/fast and 4 h re-fed, n = 4/10 h re-fed). k, Western blot analysis of endogenous nuclear (N) and cytoplasmic (C) cyclin D1 protein level upon insulin or GSK-3β inhibitors treatments in primary hepatocytes. l, PGC-1α acetylation is increased upon insulin or GSK-3β inhibitors treatment in primary hepatocytes. m, No effect of insulin or GSK-3β inhibitors on cyclin D1 mRNA level (n = 3). n, Minimum essential medium (MEM) amino acid addition increases cyclin D1 mRNA in primary hepatocytes (one-way ANOVA with Tukey post-test, n = 3). o, Insulin does not change Ccnd1 mRNA in primary hepatocytes (one-way ANOVA with Tukey post-test, n = 3). p, q, Body and liver weights and Ccnd1 and Ccnd2 gene expression of wild-type and liver-specific cyclin D1 LKO mice (combined four cohorts of n = 3/fasting, n = 5/re-feeding). r, Western blot analysis of cyclin D1 protein levels and associated signalling pathway by using nuclear and cytoplasmic liver extracts from wild-type and D1 LKO mice upon fasting (F) and 4 h re-feeding (R). s, Endogenous acetylation of PGC-1α is decreased in livers of D1 LKO mice compared with wild-type mice. Western blot analysis of acetylation of PGC-1α immunoprecipitated from liver nuclear extracts. All mice were killed upon 4 h re-feeding. t, u, PD 0332991 increases glycaemia with a similar tendency for gluconeogenic gene expression only in wild-type mice, but not in D1 LKO mice (two-tailed unpaired t-test, n = 8, except n = 6 for vehicle treated wild-type mice). v, w, Gluconeogenic gene expression and hepatic glucose production are increased in primary hepatocytes isolated from D1 LKO mice (v: one-way ANOVA Tukey post-test, n = 3; w: two-tailed unpaired test, n = 6). Statistical significance is represented by asterisks corresponding to *P < 0.05, **P < 0.01, ***P < 0.001. Data are shown as mean ± s.e.m.


Extended Data Figure 6 In diabetic hyperinsulinemic mice, cyclin D1–Cdk4 is dysregulated and hyperactivation of cyclin D1–Cdk4 attenuates the diabetic phenotype.
a, qRT–PCR analysis of gluconeogenic and Ccnd1 gene expression changes upon fasting and re-feeding in Leprdb/+ (db/+) and Leprdb/db (db/db) mice livers (two-tailed unpaired t-test, n = 3). b, Cyclin D1 protein is chronically elevated upon fasting and re-feeding in livers of mice fed a high-fat diet compared with control diet fed mice. Nuclear (N) and cytoplasmic (C) liver extracts were used. c, d, Phosphorylation of GCN5 is elevated upon fasting in db/db of livers of mice fed a high-fat diet (HFD) compared with respective control mice and remains insensitive to fast–re-fed transitions. Western blot analysis of GCN5 immunoprecipitated by anti-phosphoS*P (pS*P) antibody using liver extracts from mice that were tail-vein injected with adenoviruses expressing GFP or GCN5 (F, 16 h fast; R, 4 h re-fed). e, Cyclin D1 and Rb phosphorylation levels in livers from db/db mice tail-vein injected with GFP, cyclin D1 T286A or cyclin D1 K112E adenoviruses, shown in Fig. 4b, c. Nuclear and cytoplasmic liver extracts were used. f, g, Cyclin D1 T286A overexpression reduces gluconeogenic genes and glycaemia in mice fed a high-fat diet (two-tailed unpaired t-test, n = 6/GFP, n = 7/D1 T286A). h, Cyclin D1 and Rb phosphorylation levels in livers of mice fed a high-fat diet that were tail-vein injected with adenoviruses expressing GFP or cyclin D1 T286A, shown in Extended Data Fig. 4f, g. i, Overall model. Statistical significance is represented by asterisks corresponding to *P < 0.05, **P < 0.01, ***P < 0.001. Data are shown as mean ± s.e.m.
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