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            Abstract
Diabetes is a complex metabolic syndrome that is characterized by prolonged high blood glucose levels and frequently associated with life-threatening complications1,2. Epidemiological studies have suggested that diabetes is also linked to an increased risk of cancer3,4,5. High glucose levels may be a prevailing factor that contributes to the link between diabetes and cancer, but little is known about the molecular basis of this link and how the high glucose state may drive genetic and/or epigenetic alterations that result in a cancer phenotype. Here we show that hyperglycaemic conditions have an adverse effect on the DNA 5-hydroxymethylome. We identify the tumour suppressor TET2 as a substrate of the AMP-activated kinase (AMPK), which phosphorylates TET2 at serine 99, thereby stabilizing the tumour suppressor. Increased glucose levels impede AMPK-mediated phosphorylation at serineÂ 99, which results in the destabilization of TET2 followed by dysregulation of both 5-hydroxymethylcytosine (5hmC) and the tumour suppressive function of TET2 in vitro and in vivo. Treatment with the anti-diabetic drug metformin protects AMPK-mediated phosphorylation of serineÂ 99, thereby increasing TET2 stability and 5hmC levels. These findings define a novel â€˜phospho-switchâ€™ that regulates TET2 stability and a regulatory pathway that links glucose and AMPK to TET2 and 5hmC, which connects diabetes to cancer. Our data also unravel an epigenetic pathway by which metformin mediates tumour suppression. Thus, this study presents a new model for how a pernicious environment can directly reprogram the epigenome towards an oncogenic state, offering a potential strategy for cancer prevention and treatment.
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                    Fig. 1: Hyperglycaemia deregulates global DNA 5hmC levels, and this regulation requires a functional, full-length TET2.[image: ]


Fig. 2: TET2 is a substrate of AMPK, which specifically phosphorylates TET2 at S99.[image: ]


Fig. 3: Glucose regulates TET2 stability via the TET2pS99 phosphorylation switch, which is controlled by AMPK.[image: ]


Fig. 4: Hyperglycaemia promotes xenografted tumour growth, which is suppressed by TET2 and further prevented by metformin.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Metabolic reprogramming and epigenetic modifications in cancer: from the impacts and mechanisms to the treatment potential
                                        
                                    

                                    
                                        Article
                                         Open access
                                         03 July 2023
                                    

                                

                                Xuemeng Xu, Qiu Peng, â€¦ Yujuan Zhou

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The p52-ZER6/G6PD axis alters aerobic glycolysis and promotes tumor progression by activating the pentose phosphate pathway
                                        
                                    

                                    
                                        Article
                                         Open access
                                         28 March 2023
                                    

                                

                                Yu Tang, Wenfang Li, â€¦ Vivi Kasim

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The cancer driver genes IDH1/2, JARID1C/ KDM5C, and UTX/ KDM6A: crosstalk between histone demethylation and hypoxic reprogramming in cancer metabolism
                                        
                                    

                                    
                                        Article
                                         Open access
                                         20 June 2019
                                    

                                

                                Soojeong Chang, Sujin Yim & Hyunsung Park

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Nathan, D. M. Long-term complications of diabetes mellitus. N. Engl. J. Med. 328, 1676â€“1685 (1993).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gregg, E. W. et al. Changes in diabetes-related complications in the United States, 1990â€“2010. N. Engl. J. Med. 370, 1514â€“1523 (2014).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Giovannucci, E. et al. Diabetes and cancer: a consensus report. CA Cancer J. Clin. 60, 207â€“221 (2010).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Chowdhury, T. A. Diabetes and cancer. QJM 103, 905â€“915 (2010).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Brower, V. Illuminating the diabetes-cancer link. J. Natl Cancer Inst. 104, 1048â€“1050 (2012).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Baylin, S. B. & Jones, P. A. A decade of exploring the cancer epigenome - biological and translational implications. Nat. Rev. Cancer 11, 726â€“734 (2011).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jones, P. A. Functions of DNA methylation: islands, start sites, gene bodies and beyond. Nat. Rev. Genet. 13, 484â€“492 (2012).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ko, M., An, J. & Rao, A. DNA methylation and hydroxymethylation in hematologic differentiation and transformation. Curr. Opin. Cell Biol. 37, 91â€“101 (2015).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tahiliani, M. et al. Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1. Science 324, 930â€“935 (2009).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, H. et al. TET1 is a DNA-binding protein that modulates DNA methylation and gene transcription via hydroxylation of 5-methylcytosine. Cell Res. 20, 1390â€“1393 (2010).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	He, Y. F. et al. Tet-mediated formation of 5-carboxylcytosine and its excision by TDG in mammalian DNA. Science 333, 1303â€“1307 (2011).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Carey, B. W., Finley, L. W., Cross, J. R., Allis, C. D. & Thompson, C. B. Intracellular Î±-ketoglutarate maintains the pluripotency of embryonic stem cells. Nature 518, 413â€“416 (2015).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Xu, W. et al. Oncometabolite 2-hydroxyglutarate is a competitive inhibitor of Î±-ketoglutarate-dependent dioxygenases. Cancer Cell 19, 17â€“30 (2011).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ko, M. et al. Impaired hydroxylation of 5-methylcytosine in myeloid cancers with mutant TET2. Nature 468, 839â€“843 (2010).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lian, C. G. et al. Loss of 5-hydroxymethylcytosine is an epigenetic hallmark of melanoma. Cell 150, 1135â€“1146 (2012).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Williams, K. et al. TET1 and hydroxymethylcytosine in transcription and DNA methylation fidelity. Nature 473, 343â€“348 (2011).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Xu, Y. et al. Genome-wide regulation of 5hmC, 5mC, and gene expression by Tet1 hydroxylase in mouse embryonic stem cells. Mol. Cell 42, 451â€“464 (2011).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hardie, D. G., Ross, F. A. & Hawley, S. A. AMPK: a nutrient and energy sensor that maintains energy homeostasis. Nat. Rev. Mol. Cell Biol. 13, 251â€“262 (2012).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hardie, D. G., Carling, D. & Carlson, M. The AMP-activated/SNF1 protein kinase subfamily: metabolic sensors of the eukaryotic cell? Annu. Rev. Biochem. 67, 821â€“855 (1998).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	de Lange, P. et al. Fuel economy in food-deprived skeletal muscle: signaling pathways and regulatory mechanisms. FASEB J. 21, 3431â€“3441 (2007).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhou, G. et al. Role of AMP-activated protein kinase in mechanism of metformin action. J. Clin. Invest. 108, 1167â€“1174 (2001).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cool, B. et al. Identification and characterization of a small molecule AMPK activator that treats key components of type 2 diabetes and the metabolic syndrome. Cell Metab. 3, 403â€“416 (2006).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kim, N. et al. AMPKÎ±2 translocates into the nucleus and interacts with hnRNP H: implications in metformin-mediated glucose uptake. Cell. Signal. 26, 1800â€“1806 (2014).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wang, Y. & Zhang, Y. Regulation of TET protein stability by calpains. Cell Reports 6, 278â€“284 (2014).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ma, S. et al. Site-specific phosphorylation protects glycogen synthase kinase-3Î² from calpain-mediated truncation of its N and C termini. J. Biol. Chem. 287, 22521â€“22532 (2012).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Losman, J. A. et al. (R)-2-hydroxyglutarate is sufficient to promote leukemogenesis and its effects are reversible. Science 339, 1621â€“1625 (2013).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pernicova, I. & Korbonits, M. Metforminâ€”mode of action and clinical implications for diabetes and cancer. Nat. Rev. Endocrinol. 10, 143â€“156 (2014).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Morales, D. R. & Morris, A. D. Metformin in cancer treatment and prevention. Annu. Rev. Med. 66, 17â€“29 (2015).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sander, V. et al. Role of the N, Nâ€²-dimethylbiguanide metformin in the treatment of female prepuberal BALB/c mice hyperandrogenized with dehydroepiandrosterone. Reproduction 131, 591â€“602 (2006).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Green, A. S. et al. LKB1/AMPK/mTOR signaling pathway in hematological malignancies: from metabolism to cancer cell biology. Cell Cycle 10, 2115â€“2120 (2011).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank A. Banks for discussions and reading of the manuscript; J. Cai for discussions and technical help; and L. Wang for technical support for PBMC culture. The TET1 antibody was a gift from G. Xu. This work was supported by NIH grants GM112062 and CA194302 to Y.G.S. SeeÂ Supplementary Information for more details.

                Reviewer information

                Nature thanks G. Hardie, R. Levine and the other anonymous reviewer(s) for their contribution to the peer review of this work.

              

Author information
Author notes	These authors contributed equally: Di Wu, Di Hu, Hao Chen, Guoming Shi


Authors and Affiliations
	Key Laboratory of Medical Epigenetics and Metabolism, Institute of Clinical Science of Zhongshan Hospital and Institutes of Biomedical Sciences, Fudan University, Shanghai, China
Di Wu,Â Di Hu,Â Hao Chen,Â Guoming Shi,Â Feizhen Wu,Â Li Tan,Â Hang Liu,Â Zhaoru Dong,Â Ruitu Lv,Â Yong Ye,Â Fei Lan,Â Jia Fan,Â Yang ShiÂ &Â Yujiang Geno Shi

	Division of Endocrinology, Diabetes and Hypertension, Department of Medicine, Brigham and Womenâ€™s Hospital, Harvard Medical School, Boston, MA, USA
Di Wu,Â Di Hu,Â Guoming Shi,Â Irfete S. Fetahu,Â Feizhen Wu,Â Kimberlie Rabidou,Â Rui Fang,Â Christian Argueta,Â Yufei Xu,Â Mei Wang,Â Shike Zhang,Â Danielle Duquette,Â Clark Yin,Â Gail K. Adler,Â Rajesh Garg,Â Lydia LynchÂ &Â Yujiang Geno Shi

	Division of Newborn Medicine and Program in Epigenetics, Department of Medicine, Boston Childrenâ€™s Hospital, Boston, MA, USA
Hao ChenÂ &Â Yang Shi

	Program in Dermatopathology, Department of Pathology, Brigham and Womenâ€™s Hospital, Harvard Medical School, Boston, MA, USA
Shuyun Xu,Â Songmei Geng,Â Christine Guo LianÂ &Â George F. Murphy

	Department of Chemistry and Institutes of Biomedical Science, Shanghai Medical School, Fudan University, Shanghai, China
Lei Zhang,Â Guoquan Yan,Â Jiajia ChenÂ &Â Pengyuan Yang

	Division of Endocrinology and Metabolism, Huashan Hospital, Fudan University, Shanghai, China
Fei MaoÂ &Â Yiming Li


Authors	Di WuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Di HuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hao ChenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Guoming ShiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Irfete S. FetahuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Feizhen WuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kimberlie RabidouView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Rui FangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Li TanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Shuyun XuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hang LiuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Christian ArguetaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Lei ZhangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Fei MaoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Guoquan YanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jiajia ChenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Zhaoru DongView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ruitu LvView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yufei XuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Mei WangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yong YeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Shike ZhangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Danielle DuquetteView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Songmei GengView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Clark YinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Christine Guo LianView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	George F. MurphyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Gail K. AdlerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Rajesh GargView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Lydia LynchView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Pengyuan YangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yiming LiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Fei LanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jia FanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yang ShiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yujiang Geno ShiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
Y.G.S. conceived, designed and supervised the execution of the entire project. D.W. and D.H. initiated the project, designed experiments, and carried out major western blot, dot blot, patient sample, bioinformatic, cellular and animal studies. H.C. performed in vitro kinase assays and was responsible for making the TET2S99p antibody and TET2 mutant constructs. F.W., I.S.F., L.T. and H.L. were responsible for hMeDIP and sequencing analysis. R.F., C.A., C.Y., K.R. and S.Z. provided feedback on results. S.X. performed high-g/normal-g culturing and western blot for a number of cell lines. D.W. and R.L. were responsible for microarray analysis. L.Z., G.Y., J.C. and P.Y. were responsible for mass spectrometry analysis on DNA and protein. M.W., C.G.L. and G.F.M. performed experiments on dot blot. Y.Y., Z.D. and G.S. helped to establish animal studies. S.G. helped with IHC staining. Y.X. constructed TET1/2/3-overexpressing cell lines. F.M., D.D., G.K.A., R.G., L.L. and Y.L. coordinated work with diabetic patients. J.F., F.L., Y.L. and Y.S. provided constant ideas and discussions throughout the project and revised the manuscript. Y.G.S., D.W. and D.H. co-wrote the manuscript.
Corresponding author
Correspondence to
                Yujiang Geno Shi.


Ethics declarations

              
                Competing interests

                Y.S. is cofounder of Constellation Pharmaceuticals, Inc and a member of its scientific advisory board. All other authors declare no competing financial interests.

              
            

Additional information
Publisherâ€™s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Biochemical and molecular analysis of 5hmC and TET2 in response to glucose in primary blood cells and cultured cell lines.
a, Dot blot comparison of global 5hmC levels between PBMC gDNA from 28 healthy donors and 29 patients with diabetes, **Pâ€‰=â€‰0.0017. b, Genomic DNA extracted from several cell types cultured under high or normal glucose were dot blotted for 5hmC, *Pâ€‰=â€‰0.022 (PBMC), 0.046 (HUVEC), 0.047 (TF-1). c, Western blot revealed that endogenous TET2 protein levels in PBMCs, HUVECs and TF-1 cells were higher when cultured in normal glucose than in high glucose. TET1 and TET3 protein levels were minimally detectable in these cell lines. d, e, RTâ€“qPCR (d) and western blot (e) showed that TET2 dominated amongst the TET family in A2058-TET2WT cells. In A2058 cells, expression of all three genes was extremely low. f, Flagâ€“TET2 protein levels in whole-cell lysates from A2058-TET2WT cells cultured in high glucose or normal glucose. g, Comparable levels of Flagâ€“TET2 mRNA from A2058-TET2WT cells cultured in high glucose or normal glucose. h, Half-lives of Flagâ€“TET2 in A2058-TET2WT cells cultured in high glucose or normal glucose. i, High glucose shock resulted in an acute increase in 5hmC in A2058-TET2WT cells followed by a rapid drop to baseline. j, Long-term culturing of A2058-TET2WT cells in normal glucose resulted in a sustained increase in 5hmC, which could be reversed by switching the medium to high glucose. SeeÂ Supplementary Information for more details. k, Dot blot quantification of 5hmC levels in A2058-TET2WT, mock, A2058-TET2M, and A2058-TET2CD cell lines in Fig.Â 1e; **Pâ€‰=â€‰0.0068. Data in bâ€“k represent three biologically independent repeats each. Two-sided Studentâ€™s t-test, data shown as meanâ€‰Â±â€‰s.d. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01. For gel source data, see Supplementary Fig.Â 1.

                          Source data
                        


Extended Data Fig. 2 Genome-wide alterations in 5mC and 5hmC under normal glucose compared with high glucose.
a, Normalized 5mC tag density distribution of A2058-TET2WT across gene bodies under high glucose (red) and normal glucose (blue). Each gene body was normalized relative to position percentage within the gene. In contrast to 5hmC (Fig.Â 1f), the 5mC landscape of A2058-TET2WT cells showed marginal differences between high and normal glucose conditions. b, Total peak numbers for differentially 5-hydroxymethylated regions (DhMRs) when comparing normal glucose to high glucose. We identified 30,217 DhMRs in total, among which the majority (>80%, ~24,537) were increased in normal glucose, whereas <20% were decreased. c, hMeDIPâ€“qPCR validation of DhMRs in a group of cancer-related genes including CHEK1, CENPA, MCM7, CREB3L2, GABPB1 and COBLL1 in A2058-TET2WT cells under high or normal glucose conditions; nâ€‰=â€‰3 biologically independent repeats. d, Genome-wide distribution of increased DhMRs in annotated genomic regions in A2058-TET2WT cells under normal glucose compared to high glucose. The majority of the DhMRs (65.4%) localized to transcribed gene regions, with 9.56% in promoters and 55.84% in gene bodies. e, Gene ontology (GO, left) and disease ontology (DO, right) analysis of genes (nâ€‰=â€‰11,475) that had increased DhMRs in A2058-TET2WT cells under normal glucose compared to high glucose. These genes were enriched in pathways related to cancer.

                          Source data
                        


Extended Data Fig. 3 Gene ontology and functional disease ontology analysis of genes that were transcriptionally regulated by glucose and TET2.
a, The 585 glucose-modulated and TET2-dependent genes (Fig.Â 1h) identified in A2058-TET2WT cells were analysed by gene ontology (left) and disease ontology (right). These genes are enriched in cell cycle pathways and are strongly correlated with cancers, including carcinoma, colon cancer, lung cancer and embryoma. b, Detailed disease ontology clustering of the 585 genes showed strong association with various cancer types. c, Two hundred and thirteen out of the 585 genes also had increased DhMRs in normal glucose as compared to high glucose. Further analysis of this gene subset by gene ontology and disease ontology showed that these genes are also highly associated with cell cycle functions and strongly correlated with cancers. d, Of these 213 genes with increased 5hmC and altered gene expression in response to glucose alterations, 124 were upregulated and 89 were downregulated. Consistent with the intricate role of 5hmC in gene regulation, correlation analysis revealed no significant relationship between increased 5hmC and gene upregulation.

                          Source data
                        


Extended Data Fig. 4 Purification of full-length TET2 recombinant proteins and determination of TET2 S99 phosphorylation by AMPK.
a, SDSâ€“PAGE gel showing the quality and quantity of recombinant TET2WT, TET2S99A, TET2SLF and TET2S1205A proteins. b, Representation of TET2 S99 phosphorylation levels, as detected by LCâ€“MS/MS after in vitro kinase assay. The peak areas represent the abundance of peptides containing non-phosphorylated S99 (lower lane) or phosphorylated S99 (upper lane). The levels of S99 phosphorylation were much higher after the addition of AMPK in the in vitro kinase assay. c, Various amounts of unphosphorylated or phosphorylated TET2S99 peptides were spotted onto nitrocellulose membrane and detected by purified anti-TET2 pS99 antibody (right) or unpurified whole serum (left). The TET2pS99 antibody specifically recognized phosphorylated S99 peptides. Figures in aâ€“c represent three biologically independent repeats each. d, Quantification of the radioactivity of AMPK phosphorylation. At the end of the phosphorylation assay, 20Â Î¼g of full-length Flagâ€“TET2 WT and mutant proteins bound to beads were subjected to measurements by Liquid Scintillation Analyzer. The calculation is based on the specific activity of [Î³-32P]ATP (800 c.p.m. per pmol) used and the calculated molar amounts of TET2 added to the assay tube. The stoichiometry is around 0.38Â mol phosphates per mole of TET2WT. This number decreases markedly if the TET2 protein is mutated (S99A mutant or SLF mutant, both of which disrupt the AMPK-recognizing consensus sequence). TET2WT and the S1205A mutant had comparably high levels of phosphorylation. nâ€‰=â€‰3 biologically independent repeats, with data shown as meanâ€‰Â±â€‰s.d.

                          Source data
                        


Extended Data Fig. 5 Increased AMPK activation, TET2 phosphorylation and TET2 stability in cells cultured with normal glucose.
a, Representations of TET2 S99 phosphorylation levels detected by LCâ€“MS/MS in A2058-TET2WT cells cultured under high (left) or normal glucose (right). Flagâ€“TET2 from A2058-TET2WT cells cultured under normal or high glucose was purified and then subjected to LCâ€“MS/MS analysis. The peak areas represent the abundance of peptides that contained non-phosphorylated S99 (top) or phosphorylated S99 (bottom). The ratio was calculated as area(phosphorylated S99)/(area(phosphorylated S99) + area(non-phosphorylated S99)), which indicated the level of S99 phosphorylation. S99 phosphorylation (TET2pS99) in cells cultured in normal glucose was significantly higher than the phosphorylation levels observed in cells cultured under high glucose. Data are representative of three biologically independent repeats in each condition. b, A2058-TET2WT cells were switched from high to normal glucose for 0, 2 or 4Â days. Results showed a steady increase in the levels of pAMPK as well as TET2pS99 and Flagâ€“TET2 during this period. Data are representative of three biologically independent repeats. c, Western blot showing increased levels of TET2pS99 and pAMPK in cell lines (PBMC, HUVEC, TF-1) cultured under normal glucose versus high glucose. Data are representative of three biologically independent repeats. d, Western blot comparison of TET2, TET2pS99, and pAMPK levels between PBMCs from healthy donors and from patients with diabetes. TET2, TET2pS99 and pAMPK levels were significantly higher in healthy donors than in patients. Data are representative of three western blot repeats.


Extended Data Fig. 6 Effects of AMPK activators (A769662 and metformin) on TET2 protein stability and 5hmC levels.
a, A2058-TET2WT cells were treated with metformin and then immunoblotted with the indicated antibodies. Metformin treatment increased the levels of pAMPK, TET2pS99 and Flagâ€“TET2. b, A2058-TET2WT cells were treated with 2Â Î¼M, 10Â Î¼M or 100Â Î¼M A769662 (an AMPK activator) for 30Â min or 1Â h, and then immunoblotted with the indicated antibodies. A769662 treatment increased pAMPK, TET2pS99 and Flagâ€“TET2 levels. c, Quantification of normalized Flagâ€“TET2WT half-life in A2058-TET2WT cells treated with CHX and with (+) or without (âˆ’) metformin (5Â mM) in Fig.Â 3f. Metformin treatment increased the half-life of TET2. d, Left, CHX was used to measure the half-life of Flagâ€“TET2 in A2058-TET2WT cells treated with (+) or without (âˆ’) A769662 (100Â Î¼M) in high glucose. Right, quantification of normalized Flagâ€“TET2WT treated with CHX and with (+) or without (âˆ’) A769662. A769662 increased TET2 stability from 42% to 73% at 4Â h after CHX treatment. Data in aâ€“d are representative of three biologically independent repeats each. e, hMeDIPâ€“qPCR showed that metformin treatment increased DhMRs to similar levels as observed in normal glucose in the previously validated genes in Extended Data Fig.Â 2c. nâ€‰=â€‰3 biologically independent repeats, data shown as meanâ€‰Â±â€‰s.d.

                          Source data
                        


Extended Data Fig. 7 Effects of AMPK knockdown on 5hmC in cells expressing TET2WT, TET2S99A or TET2S99D.
a, b, Western blot (a) and RTâ€“qPCR (b) to measure TET2 protein and mRNA levels in cells expressing TET2WT, TET2S99A or TET2S99D. TET2S99A has the lowest protein level (a), but it has the highest mRNA level (b) amongst the three cell lines. c, Representations of HPLCâ€“MS/MS analysis of genomic DNA from A2058 cells expressing TET2WT, TET2S99A or TET2S99D with or without AMPK knockdown (AMPK KD) in Fig.Â 3i. Left, chromatograms of 5hmC in cells expressing TET2WT or mutants with or without AMPK KD. Right, corresponding chromatograms of G. Total cytosine levels were estimated and equalized to the intensities of G. The ratios (right) were calculated as 5hmC intensity/G intensity, which indicated the cellular 5-hydroxymethylation level. 5hmC levels in A2058 cells expressing TET2WT, but not TET2S99A or TET2S99D, were decreased after AMPK KD. d, Comparison of the rescuing effects of calpain inhibitor on TET2WT, TET2S99A and TET2S99D. Data are representative of three biologically independent repeats in a, b, d and three technical repeats in c. Data shown as meanâ€‰Â±â€‰s.d.

                          Source data
                        


Extended Data Fig. 8 In vitro characterization of the effects of glucose and the AMPKâ€“TET2 axis on tumour suppression.
a. MTS proliferation assay shows that A2058-TET2WT cells grew significantly more slowly under normal glucose than under high glucose, but mock cells showed no difference; nâ€‰=â€‰5 biologically independent repeats, Pâ€‰=â€‰5.68â€‰Ã—â€‰10âˆ’5. b, TET2 was effectively knocked down (KD) in TF-1 cells, as confirmed by western blot (left) and RTâ€“qPCR (right). c, TF-1 TET2 KD cells exhibited cytokine-independent growth under no cytokines, consistent with a previous report26. d, Proliferation of TF-1 shControl and shTET2 cells treated with high or normal glucose under the indicated cytokine concentrations. TF-1 shControl proliferation was slower under the lower glucose condition, but TF-1 shTET2 cells showed no differential growth rates. P values (from left to right) are 0.0078, 1.94â€‰Ã—â€‰10âˆ’5, 3.21â€‰Ã—â€‰10âˆ’4, 0.0011, and 0.0091. a and d suggest that TET2 is a crucial point through which glucose levels affect tumour growth rates. nâ€‰=â€‰3 biologically independent repeats in bâ€“d. e, Left, dot blot showing 5hmC levels in A2058-TET2WT, A2058-TET2S99A and mock cells with (+) and without (âˆ’) metformin (5 mM) treatment. Right, normalization of nâ€‰=â€‰5 biologically independent dot blot repeats; Pâ€‰=â€‰0.026. f, MTS proliferation assay of A2058 cells expressing TET2WT, TET2S99A or mock treated with (+) or without (âˆ’) metformin (5Â mM); nâ€‰=â€‰5 biologically independent repeats, Pâ€‰=â€‰7.18â€‰Ã—â€‰10âˆ’5. g, h, Soft agar growth of A2058-TET2WT, A2058-TET2S99A and mock cells treated with 0Â mM, 2Â mM or 4Â mM metformin (g) and respective colony counting (h). Pâ€‰=â€‰6.99â€‰Ã—â€‰10âˆ’5 (top), 0.004 (middle), 0.0013 (bottom). i, j, mRNA (i) and protein (j) levels in MDA-MB-231 cells stably expressing mock, TET2WT or TET2S99A. k, l, Soft agar growth (k) and quantification (l) of MDA-MB-231 cells stably expressing mock, TET2WT or TET2S99A; nâ€‰=â€‰3 biologically independent repeats. The data suggest that TET2WT suppresses anchorage-independent tumour cell growth in vitro. Prevention of TET2 phosphorylation at S99 results in loss of this TET2-mediated suppression. Two-sided Studentâ€™s t-test, data shown as meanâ€‰Â±â€‰s.d. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ****Pâ€‰<â€‰0.0001.

                          Source data
                        


Extended Data Fig. 9 The mouse study paradigm and examination of the regulatory function of the tumour-suppressive glucoseâ€“AMPKâ€“TET2 axis in vivo.
a, Division of mice into eight groups. b, Outline of experimental procedure. In brief, nude mice were first induced to develop diabetes, and then transplanted with designated tumour cells. Tumour formation and sizes were documented continuously for three weeks, followed by histological and pathological examination. See more details inÂ Supplementary Information. c, d, Growth curves of A2058-TET2WT and A2058 mock tumours in diabetic (c) and non-diabetic (d) nude mice, with and without metformin treatment. nâ€‰=â€‰5, Pâ€‰=â€‰0.048 in c; nâ€‰=â€‰4â€“5, Pâ€‰=â€‰0.0046 in d. e, f, Comparison between endpoint A2058-TET2WT and mock tumour sizes in diabetic and non-diabetic mice. Mice were treated either with (f) or without (e) metformin, nâ€‰=â€‰4â€“5. Tumours from diabetic TET2 groups were significantly larger than that from non-diabetic TET2 groups in both e and f. However, mock groups showed no difference between diabetic or non-diabetic conditions in either e or f. *Pâ€‰=â€‰0.026 (bottom), ***Pâ€‰=â€‰0.00043 (top) in e; **Pâ€‰=â€‰0.0023 (bottom), ***Pâ€‰=â€‰0.00013 (top) in f. g, Western blot showed successful TET2 knock down (A2058-TET2KD cells) in comparison with its TET2WT precursor. Data are representative of three biologically independent repeats. h, Growth curves of A2058-TET2WT and A2058-TET2KD tumours with and without metformin treatment, nâ€‰=â€‰4â€“5. The curve indicates that A2058-TET2KD tumours were no longer suppressed by metformin, and grew larger than A2058-TET2WT tumours; *Pâ€‰=â€‰0.031. Two-sided Studentâ€™s t-test, data shown as meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰â€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001; ns, not significant.

                          Source data
                        


Extended Data Fig. 10 5hmC and pAMPK levels in tumour xenografts after metformin treatment in diabetic and non-diabetic mice.
a, Representative histology of pAMPK IHC staining in mock and A2058-TET2WT tumours treated with (+) or without (âˆ’) metformin (200Ã—); pictures represent four different stained slides in each group. b, Representative histology of 5hmC IHC staining in mock and A2058-TET2WT tumours treated with (+) or without (âˆ’) metformin (200Ã—); pictures represent four different stained slides in each group. All slides were counterstained with haematoxylin (light blue). c, d, Statistical analyses of the average score of pAMPK and 5hmC staining in mock and A2058-TET2WT tumours treated with or without metformin. Counts were done on 10 random fields in each group. Metformin treatment increased pAMPK in both mock and A2058-TET2WT tumours xenografted into diabetic and non-diabetic mice; ***Pâ€‰=â€‰6.06â€‰Ã—â€‰10âˆ’6 (1), **Pâ€‰=â€‰0.0013 (2), ****Pâ€‰=â€‰1.04â€‰Ã—â€‰10âˆ’11 (3), ****Pâ€‰=â€‰3.53â€‰Ã—â€‰10âˆ’6 (4). However, metformin increased 5hmC only in A2058-TET2WT tumours in diabetic and non-diabetic mice, with no increase in 5hmC in mock tumours under metformin treatment; **Pâ€‰=â€‰0.0010 (5), **Pâ€‰=â€‰0.028 (6). Box plot: centre lines, median; limits, upper and lower quartiles; top and bottom whiskers, minima and maxima. Two-sided Studentâ€™s t-test, data shown as meanâ€‰Â±â€‰s.d. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001.

                          Source data
                        


Extended Data Table 1 Correlation data analysis of 5hmC in diabetes, glucose/TET2 co-regulated genes and metformin impact on blood glucoseFull size table
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