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            Abstract
Epigenetic alterations, that is, disruption of DNA methylation and chromatin architecture, are now acknowledged as a universal feature of tumorigenesis1. Medulloblastoma, a clinically challenging, malignant childhood brain tumour, is no exception. Despite much progress from recent genomics studies, with recurrent changes identified in each of the four distinct tumour subgroups (WNT-pathway-activated, SHH-pathway-activated, and the less-well-characterized Group 3 and Group 4)2,3,4, many cases still lack an obvious genetic driver. Here we present whole-genome bisulphite-sequencing data from thirty-four human and five murine tumours plus eight human and three murine normal controls, augmented with matched whole-genome, RNA and chromatin immunoprecipitation sequencing data. This comprehensive data set allowed us to decipher several features underlying the interplay between the genome, epigenome and transcriptome, and its effects on medulloblastoma pathophysiology. Most notable were highly prevalent regions of hypomethylation correlating with increased gene expression, extending tens of kilobases downstream of transcription start sites. Focal regions of low methylation linked to transcription-factor-binding sites shed light on differential transcriptional networks between subgroups, whereas increased methylation due to re-normalization of repressed chromatin in DNA methylation valleys was positively correlated with gene expression. Large, partially methylated domains affecting up to one-third of the genome showed increased mutation rates and gene silencing in a subgroup-specific fashion. Epigenetic alterations also affected novel medulloblastoma candidate genes (for example, LIN28B), resulting in alternative promoter usage and/or differential messenger RNA/microRNA expression. Analysis of mouse medulloblastoma and precursor-cell methylation demonstrated a somatic origin for many alterations. Our data provide insights into the epigenetic regulation of transcription and genome organization in medulloblastoma pathogenesis, which are probably also of importance in a wider developmental and disease context.
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                    Figure 1: Negative correlation between methylation and expression is enriched in extensive regions downstream of promoters.[image: ]


Figure 2: Differential methylation around LIN28B reveals a novel promoter, tightly correlated with expression in Group 3 and Group 4 medulloblastomas.[image: ]


Figure 3: Megabase-scale silenced domains and smaller DMVs are associated with distinct histone marks and positive correlation with expression.[image: ]


Figure 4: Focal LMRs mark binding sites for key transcriptional regulators.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        NOMePlot: analysis of DNA methylation and nucleosome occupancy at the single molecule
                                        
                                    

                                    
                                        Article
                                         Open access
                                         31 May 2019
                                    

                                

                                Francisco Requena, Helena G. Asenjo, … David Landeira

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Integrative Network Analysis of Differentially Methylated and Expressed Genes for Biomarker Identification in Leukemia
                                        
                                    

                                    
                                        Article
                                         Open access
                                         07 February 2020
                                    

                                

                                Robersy Sanchez & Sally A. Mackenzie

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Extended-representation bisulfite sequencing of gene regulatory elements in multiplexed samples and single cells
                                        
                                    

                                    
                                        Article
                                        
                                         06 May 2021
                                    

                                

                                Sarah J. Shareef, Samantha M. Bevill, … Bradley E. Bernstein

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Accession codes

              
              
                Primary accessions

                
                  Gene Expression Omnibus
	
                    
                        GSE54880
                      

                  


                
              
              
                Data deposits

                Short-read sequencing data have been deposited in the European Genome-phenome Archive (http://www.ebi.ac.uk/ega/) under accession number EGAS00001000561. Methylation array data have been deposited in the Gene Expression Omnibus under accession number GSE54880.

              
            

References
	Shen, H. & Laird, P. W. Interplay between the cancer genome and epigenome. Cell 153, 38–55 (2013)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Taylor, M. D. et al. Molecular subgroups of medulloblastoma: the current consensus. Acta Neuropathol. 123, 465–472 (2012)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Jones, D. T. W. et al. Dissecting the genomic complexity underlying medulloblastoma. Nature 488, 100–105 (2012)
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Northcott, P. A. et al. Medulloblastomics: the end of the beginning. Nature Rev. Cancer 12, 818–834 (2012)
Article 
    CAS 
    
                    Google Scholar 
                

	Hovestadt, V. et al. Robust molecular subgrouping and copy-number profiling of medulloblastoma from small amounts of archival tumour material using high-density DNA methylation arrays. Acta Neuropathol. 125, 913–916 (2013)
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Lister, R. et al. Global epigenomic reconfiguration during mammalian brain development. Science 341, 1237905 (2013)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Hong, C. et al. Epigenome scans and cancer genome sequencing converge on WNK2, a kinase-independent suppressor of cell growth. Proc. Natl Acad. Sci. USA 104, 10974–10979 (2007)
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Gaur, T. et al. Canonical WNT signaling promotes osteogenesis by directly stimulating Runx2 gene expression. J. Biol. Chem. 280, 33132–33140 (2005)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Doi, A. et al. Differential methylation of tissue- and cancer-specific CpG island shores distinguishes human induced pluripotent stem cells, embryonic stem cells and fibroblasts. Nature Genet. 41, 1350–1353 (2009)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Hansen, K. D. et al. Increased methylation variation in epigenetic domains across cancer types. Nature Genet. 43, 768–775 (2011)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Irizarry, R. A. et al. The human colon cancer methylome shows similar hypo- and hypermethylation at conserved tissue-specific CpG island shores. Nature Genet. 41, 178–186 (2009)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Hodges, E. et al. Directional DNA methylation changes and complex intermediate states accompany lineage specificity in the adult hematopoietic compartment. Mol. Cell 44, 17–28 (2011)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Yang, Z. J. et al. Medulloblastoma can be initiated by deletion of Patched in lineage-restricted progenitors or stem cells. Cancer Cell 14, 135–145 (2008)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Cho, Y. J. et al. Integrative genomic analysis of medulloblastoma identifies a molecular subgroup that drives poor clinical outcome. J. Clin. Oncol. 29, 1424–1430 (2011)
Article 
    PubMed 
    
                    Google Scholar 
                

	Shyh-Chang, N. & Daley, G. Q. Lin28: primal regulator of growth and metabolism in stem cells. Cell Stem Cell 12, 395–406 (2013)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Molenaar, J. J. et al. LIN28B induces neuroblastoma and enhances MYCN levels via let-7 suppression. Nature Genet. 44, 1199–1206 (2012)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Berman, B. P. et al. Regions of focal DNA hypermethylation and long-range hypomethylation in colorectal cancer coincide with nuclear lamina-associated domains. Nature Genet. 44, 40–46 (2012)
Article 
    CAS 
    
                    Google Scholar 
                

	Hon, G. C. et al. Global DNA hypomethylation coupled to repressive chromatin domain formation and gene silencing in breast cancer. Genome Res. 22, 246–258 (2012)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Lister, R. et al. Human DNA methylomes at base resolution show widespread epigenomic differences. Nature 462, 315–322 (2009)
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Wen, B., Wu, H., Shinkai, Y., Irizarry, R. A. & Feinberg, A. P. Large histone H3 lysine 9 dimethylated chromatin blocks distinguish differentiated from embryonic stem cells. Nature Genet. 41, 246–250 (2009)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Schuster-Böckler, B. & Lehner, B. Chromatin organization is a major influence on regional mutation rates in human cancer cells. Nature 488, 504–507 (2012)
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Aran, D., Toperoff, G., Rosenberg, M. & Hellman, A. Replication timing-related and gene body-specific methylation of active human genes. Hum. Mol. Genet. 20, 670–680 (2011)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Jeong, M. et al. Large conserved domains of low DNA methylation maintained by Dnmt3a. Nature Genet. 46, 17–23 (2014)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Xie, W. et al. Epigenomic analysis of multilineage differentiation of human embryonic stem cells. Cell 153, 1134–1148 (2013)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Tanay, A., O’Donnell, A. H., Damelin, M. & Bestor, T. H. Hyperconserved CpG domains underlie Polycomb-binding sites. Proc. Natl Acad. Sci. USA 104, 5521–5526 (2007)
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Manoranjan, B. et al. FoxG1 interacts with Bmi1 to regulate self-renewal and tumorigenicity of medulloblastoma stem cells. Stem Cells 31, 1266–1277 (2013)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Ohm, J. E. et al. A stem cell-like chromatin pattern may predispose tumor suppressor genes to DNA hypermethylation and heritable silencing. Nature Genet. 39, 237–242 (2007)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Schlesinger, Y. et al. Polycomb-mediated methylation on Lys27 of histone H3 pre-marks genes for de novo methylation in cancer. Nature Genet. 39, 232–236 (2007)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Bunt, J. et al. OTX2 directly activates cell cycle genes and inhibits differentiation in medulloblastoma cells. Int. J. Cancer 131, E21–E32 (2012)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Stadler, M. B. et al. DNA-binding factors shape the mouse methylome at distal regulatory regions. Nature 480, 490–495 (2011)
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Milde, T. et al. HD-MB03 is a novel Group 3 medulloblastoma model demonstrating sensitivity to histone deacetylase inhibitor treatment. J. Neurooncol. 110, 335–348 (2012)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Richter, J. et al. Recurrent mutation of the ID3 gene in Burkitt lymphoma identified by integrated genome, exome and transcriptome sequencing. Nature Genet. 44, 1316–1320 (2012)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Lister, R. et al. Hotspots of aberrant epigenomic reprogramming in human induced pluripotent stem cells. Nature 471, 68–73 (2011)
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Jones, D. T. W. et al. Recurrent somatic alterations of FGFR1 and NTRK2 in pilocytic astrocytoma. Nature Genet. 45, 927–932 (2013)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Hafner, M. et al. Identification of microRNAs and other small regulatory RNAs using cDNA library sequencing. Methods 44, 3–12 (2008)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Bunt, J. et al. Joint binding of OTX2 and MYC in promotor regions is associated with high gene expression in medulloblastoma. PLoS ONE 6, e26058 (2011)
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Krueger, F. & Andrews, S. R. Bismark: a flexible aligner and methylation caller for Bisulfite-Seq applications. Bioinformatics 27, 1571–1572 (2011)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows–Wheeler transform. Bioinformatics 25, 1754–1760 (2009)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21 (2013)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Trapnell, C. et al. Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nature Biotechnol. 28, 511–515 (2010)
Article 
    CAS 
    
                    Google Scholar 
                

	Kozomara, A. & Griffiths-Jones, S. miRBase: integrating microRNA annotation and deep-sequencing data. Nucleic Acids Res. 39, D152–D157 (2011)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Langmead, B., Trapnell, C., Pop, M. & Salzberg, S. Ultrafast and memory-efficient alignment of short DNA sequences to the human genome. Genome Biol. 10, R25 (2009)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Zhang, Y. et al. Model-based analysis of ChIP-Seq (MACS). Genome Biol. 9, R137 (2008)
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	R Development Core Team. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, 2010)

	Burger, L., Gaidatzis, D., Schubeler, D. & Stadler, M. B. Identification of active regulatory regions from DNA methylation data. Nucleic Acids Res. 41, e155 (2013)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Jolma, A. et al. DNA-binding specificities of human transcription factors. Cell 152, 327–339 (2013)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl Acad. Sci. USA 102, 15545–15550 (2005)
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Li, H. et al. Transcription factor MEF2C influences neural stem/progenitor cell differentiation and maturation in vivo. Proc. Natl Acad. Sci. USA 105, 9397–9402(2008
Article 
    ADS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank the members of the ICGC PedBrain Tumor Project, the German Cancer Research Center (DKFZ) Genomics and Proteomics Core Facility, the European Molecular Biology Laboratory (EMBL) Genomics Core Facility, M. Schick, R. Fischer, M. Bewerunge-Hudler, M. Knopf, R. Kabbe, A. Benner, R. Volckman and P. van Sluis for technical support and helpful discussion. Active Motif, Inc. is acknowledged for ChIP and library preparation. We also thank C. Plass for critical reading of the manuscript. This work was principally supported by the PedBrain Tumor Project contributing to the International Cancer Genome Consortium, funded by German Cancer Aid (109252) and the German Federal Ministry of Education and Research (BMBF, grants #01KU1201A, MedSys #0315416C and NGFNplus #01GS0883). Additional support came from the DKFZ-Heidelberg Center for Personalized Oncology (DKFZ-HIPO), the Dutch Cancer Foundations KWF (2010-4713) and KIKA (M.Ko.), and the German Research Foundation (DFG; grant LA2983/2-1 to P.La.).


Author information
Author notes	Volker Hovestadt and David T. W. Jones: These authors contributed equally to this work.


Authors and Affiliations
	Division of Molecular Genetics, German Cancer Research Center (DKFZ), Im Neuenheimer Feld 280, Heidelberg 69120, Germany, 
Volker Hovestadt, Simone Picelli, Wei Wang, Kortine Kleinheinz, Ursula D. Weber, Marc Zapatka, Bernhard Radlwimmer & Peter Lichter

	Division of Pediatric Neurooncology, German Cancer Research Center (DKFZ), Im Neuenheimer Feld 280, Heidelberg 69120, Germany, 
David T. W. Jones, Marcel Kool, Paul A. Northcott, Serap Erkek & Stefan M. Pfister

	Max Planck Institute for Molecular Genetics, Ihnestrasse 63-73, Berlin 14195, Germany, 
Marc Sultan, Hans-Jörg Warnatz, Meryem Ralser, Hans Lehrach & Marie-Laure Yaspo

	Department of Pediatric Oncology, Hematology and Clinical Immunology, Heinrich Heine University Düsseldorf, Moorenstrasse 5, Düsseldorf 40225, Germany, 
Katharina Stachurski, Arndt Borkhardt & Pablo Landgraf

	Department of Neuropathology, NN Burdenko Neurosurgical Institute, 4th Tverskaya-Yamskaya 16, Moscow 125047, Russia, 
Marina Ryzhova

	Tumor Initiation and Maintenance Program, National Cancer Institute (NCI)–Designated Cancer Center, Sanford-Burnham Medical Research Institute, 2880 Torrey Pines Scenic Drive, La Jolla, California 92037, USA, 
Sonja Brun & Robert J. Wechsler-Reya

	Queensland Brain Institute, University of Queensland, QBI Building, St Lucia, Queensland 4072, Australia, 
Jens Bunt

	Department of Oncogenomics, AMC, University of Amsterdam, Meibergdreef 9, Amsterdam 1105 AZ, the Netherlands, 
Jens Bunt, Jan Koster & Rogier Versteeg

	Division of Theoretical Bioinformatics, German Cancer Research Center (DKFZ), Im Neuenheimer Feld 280, Heidelberg 69120, Germany, 
Natalie Jäger, Kortine Kleinheinz, Benedikt Brors & Roland Eils

	European Molecular Biology Laboratory (EMBL), Meyerhofstrasse 1, Heidelberg 69117, Germany, 
Serap Erkek

	Division of Translational Oncology, German Cancer Research Center (DKFZ), Im Neuenheimer Feld 280, Heidelberg 69120, Germany, 
Cynthia C. Bartholomae & Christof von Kalle

	National Center for Tumor Diseases (NCT), Im Neuenheimer Feld 460, Heidelberg 69120, Germany, 
Cynthia C. Bartholomae & Christof von Kalle

	Data Management Facility, German Cancer Research Center (DKFZ), Im Neuenheimer Feld 280, Heidelberg 69120, Germany, 
Chris Lawerenz & Jürgen Eils

	Department of Pediatric Oncology, Hematology & Immunology, Heidelberg University Hospital, Im Neuenheimer Feld 430, Heidelberg 69120, Germany, 
Till Milde, Olaf Witt & Stefan M. Pfister

	Clinical Cooperation Unit Pediatric Oncology, German Cancer Research Center (DKFZ), Im Neuenheimer Feld 280, Heidelberg 69120, Germany, 
Till Milde & Olaf Witt

	Genomics and Proteomics Core Facility, German Cancer Research Center (DKFZ), Im Neuenheimer Feld 280, Heidelberg 69120, Germany, 
Sabine Schmidt & Stephan Wolf

	Department of Neuropathology, University of Bonn Medical Center, Sigmund-Freud-Strasse 25, Bonn 53105, Germany, 
Torsten Pietsch

	Department of Paediatric Haematology and Oncology, University Medical Center Hamburg-Eppendorf, Martinistrasse 52, Hamburg 20246, Germany, 
Stefan Rutkowski

	Cnopf’sche Kinderklinik, Nürnberg Children’s Hospital, St.-Johannis-Mühlgasse 19, Nürnberg 90419, Germany, 
Wolfram Scheurlen

	Program in Developmental and Stem Cell Biology, The Arthur and Sonia Labatt Brain Tumour Research Centre, Hospital for Sick Children, 555 University Avenue, Toronto, Ontario M5G 1X8, Canada, 
Michael D. Taylor

	Division of Neurosurgery, Hospital for Sick Children, 555 University Avenue, Toronto, Ontario M5G 1X8, Canada, 
Michael D. Taylor

	Department of Laboratory Medicine and Pathobiology, University of Toronto, Toronto, Ontario M5S 1A8, Canada, 
Michael D. Taylor

	Department of Neuropathology, Heinrich Heine University Düsseldorf, Moorenstrasse 5, Düsseldorf 40225, Germany, 
Jörg Felsberg & Guido Reifenberger

	German Consortium for Translational Cancer Research (DKTK), German Cancer Research Center (DKFZ), Im Neuenheimer Feld 280, Heidelberg 69120, Germany, 
Jörg Felsberg & Guido Reifenberger

	Institute of Pharmacy and Molecular Biotechnology (IPMB), University of Heidelberg, Heidelberg 69120, Germany, 
Roland Eils

	Bioquant Center, University of Heidelberg, Im Neuenheimer Feld 267, Heidelberg 69120, Germany, 
Roland Eils

	Heidelberg Center for Personalised Oncology (DKFZ-HIPO), Im Neuenheimer Feld 280, Heidelberg 69120, Germany, 
Roland Eils & Peter Lichter

	Department of Neuropathology, University of Heidelberg, Im Neuenheimer Feld 220, Heidelberg 69120, Germany, 
Andrey Korshunov

	Clinical Cooperation Unit Neuropathology, German Cancer Research Center (DKFZ), Im Neuenheimer Feld 220-221, Heidelberg, 69120 Germany, 
Andrey Korshunov


Authors	Volker HovestadtView author publications
You can also search for this author in
                        PubMed Google Scholar



	David T. W. JonesView author publications
You can also search for this author in
                        PubMed Google Scholar



	Simone PicelliView author publications
You can also search for this author in
                        PubMed Google Scholar



	Wei WangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Marcel KoolView author publications
You can also search for this author in
                        PubMed Google Scholar



	Paul A. NorthcottView author publications
You can also search for this author in
                        PubMed Google Scholar



	Marc SultanView author publications
You can also search for this author in
                        PubMed Google Scholar



	Katharina StachurskiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Marina RyzhovaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hans-Jörg WarnatzView author publications
You can also search for this author in
                        PubMed Google Scholar



	Meryem RalserView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sonja BrunView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jens BuntView author publications
You can also search for this author in
                        PubMed Google Scholar



	Natalie JägerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kortine KleinheinzView author publications
You can also search for this author in
                        PubMed Google Scholar



	Serap ErkekView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ursula D. WeberView author publications
You can also search for this author in
                        PubMed Google Scholar



	Cynthia C. BartholomaeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Christof von KalleView author publications
You can also search for this author in
                        PubMed Google Scholar



	Chris LawerenzView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jürgen EilsView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jan KosterView author publications
You can also search for this author in
                        PubMed Google Scholar



	Rogier VersteegView author publications
You can also search for this author in
                        PubMed Google Scholar



	Till MildeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Olaf WittView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sabine SchmidtView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stephan WolfView author publications
You can also search for this author in
                        PubMed Google Scholar



	Torsten PietschView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stefan RutkowskiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Wolfram ScheurlenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Michael D. TaylorView author publications
You can also search for this author in
                        PubMed Google Scholar



	Benedikt BrorsView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jörg FelsbergView author publications
You can also search for this author in
                        PubMed Google Scholar



	Guido ReifenbergerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Arndt BorkhardtView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hans LehrachView author publications
You can also search for this author in
                        PubMed Google Scholar



	Robert J. Wechsler-ReyaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Roland EilsView author publications
You can also search for this author in
                        PubMed Google Scholar



	Marie-Laure YaspoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Pablo LandgrafView author publications
You can also search for this author in
                        PubMed Google Scholar



	Andrey KorshunovView author publications
You can also search for this author in
                        PubMed Google Scholar



	Marc ZapatkaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Bernhard RadlwimmerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stefan M. PfisterView author publications
You can also search for this author in
                        PubMed Google Scholar



	Peter LichterView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
D.T.W.J., S.Pi., W.W., M.S., S.B., J.B., C.C.B., C.v.K., R.V., S.S., S.W., J.F. and P.La performed and/or coordinated experimental work. V.H., M.K., P.A.N., K.S., N.J., H.-J.W., M.Ra., K.K., S.E., C.L., J.E., J.K. and P.La. performed data analysis. M.Ry., T.M., O.W., T.P., S.R., W.S., M.D.T. and A.K. collected data and provided patient materials. V.H., D.T.W.J., M.K., P.A.N., M.Z., B.R., S.M.P. and P.Li. prepared the initial manuscript and figures. D.T.W.J., U.D.W., B.B., G.R., A.B., H.L., R.J.W.-R., R.E., M.-L.Y., A.K., P.La., M.Z., B.R., S.M.P. and P.Li. provided project leadership.
Corresponding authors
Correspondence to
                Bernhard Radlwimmer, Stefan M. Pfister or Peter Lichter.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Extended data figures and tables

Extended Data Figure 1 Global properties of DNA methylation.
a, Fraction of genome-wide CpGs showing different methylation states, binned into ten windows. The majority of CpGs show a bimodal pattern close to either fully methylated or unmethylated, with few intermediate values. b, Distribution of average methylation rate with varying CpG density, showing that CpG-dense regions are typically unmethylated, with high methylation in CpG-poor regions. c, Genome-wide methylation rates by tumour subgroup or age (for controls). All tumour subgroups show significantly reduced methylation compared with fetal cerebellum (CBM), with the largest reduction in WNT and Group 3 tumours. *P < 0.05, **P < 0.01, ***P < 0.001. d, Minimal non-CpG (CH) methylation is seen in tumours or fetal cerebellum, with levels significantly below that of adult normal cerebellum. ***P < 0.001. e, The distribution of methylation states for non-CpG methylation does not show a similar bimodal pattern to CpG methylation, with a marked shift towards low percentages (indicating heterogeneity of methylation levels within a tissue). The curves are truncated at a lower limit of 0.1 to increase resolution in the higher range, as the vast majority of sites show methylation rates <0.1.


Extended Data Figure 2 Hypermethylation of CGIs is rare in medulloblastoma.
a, Overview of number of genes associated with significantly differentially methylated CGIs across the four medulloblastoma subgroups and control cerebellum, and those that are specifically differentially methylated in a given tumour subgroup. The fraction of differentially methylated promoter CGIs per subgroup that are hypo- (blue) or hypermethylated (red) relative to control cerebellum is also shown. b, Methylation plot for the 5′ end of WNK2, showing a region of methylation extending into the promoter CGI in some WNT, SHH and Group 3 medulloblastomas. c, Methylation of the WNK2 promoter region is negatively correlated with gene expression in the extended, array-based validation cohort. Sample numbers are indicated next to the boxplots (n = 95 overlap). CBM, cerebellum; r, Pearson’s correlation coefficient; p.adj.expr, expression-adjusted P value (analysis of variance (ANOVA), Benjamini–Hochberg adjustment); p.adj.meth, methylation-adjusted P value. d, A summary of methylation levels at all promoter CGIs across medulloblastoma cell lines and tumours, and normal tissues.


Extended Data Figure 3 pdCRs overlap with the H3K4me3 histone mark.
a, Methylation plot for ESYT2, showing hypomethylation of a pdCR in some Group 4 medulloblastomas. The variable methylation states at the boundaries of the pdCR suggest subpopulations of differing values within a tumour. Additionally, the heterogeneity across the subgroup indicates a potential somatic acquisition of this demethylation. b, Methylation of the ESYT2 pdCR is negatively correlated with gene expression in the extended, array-based validation cohort. c, Methylation plot including H3K4me3 ChIP-seq data for the SOAT1 and FSTL1 loci, showing differential pdCRs methylation in two medulloblastoma cell lines. Notably, the pdCR overlaps with the presence of H3K4me3. d, When looking at segments of pdCRs unique to either medulloblastoma cell line, H3K4me3 levels are significantly higher in the cell line showing the extended pdCR. e, Methylation levels at the pdCR of PDLIM3 are negatively correlated with expression in the extended array cohort (see also Fig. 1h). f, Mouse SHH medulloblastomas also show hypomethylation of a pdCR in Pdlim3 that is associated with increased expression, which is not seen in GNPs (that is, somatic in origin, see also Fig. 1i).


Extended Data Figure 4 The MIR-23b–27b–24-1 cluster is epigenetically regulated in WNT medulloblastoma.
a, An example of a novel first exon within a gene body is seen for C9orf3, which is the primary transcript hosting the MIR-23b–27b–24-1 cluster. b–d, Methylation around MIR-23b, MIR-27b and MIR-24-1 is negatively correlated with expression of these miRNAs in an extended validation cohort. e, Negative correlation of methylation and expression is also observed for C9orf3 itself.


Extended Data Figure 5 Members of the LET-7 family negatively correlate with LIN28B expression.
a, Proportion of Group 3 and Group 4 medulloblastomas showing methylation of the canonical LIN28B promoter in the extended validation cohort. Sample numbers are indicated. b, Coverage of RNA-seq reads for exon 1 and 2 of the canonical LIN28B transcript separated by promoter methylation state for Group 3 and 4 medulloblastomas, showing a loss of exon 1 expression in those samples with methylation of the canonical promoter. c, Group 3 and 4 medulloblastomas that are unmethylated at the canonical promoter show even higher LIN28B expression than other samples in these subgroups. d, Expression levels of LET-7 family miRNAs for medulloblastoma subgroups and normal cerebellum. RPM, reads per million. e, Correlation of LIN28B expression with LET-7 family miRNAs within Group 3 and Group 4 medulloblastomas and across all medulloblastoma subgroups. f, Association of LIN28B expression with overall survival in Group 4 medulloblastomas (Kaplan–Meier analysis; P, log-rank test).


Extended Data Figure 6 PMDs are restricted to WNT and Group 3 tumours and are subgroup specific.
a, A global view of genome-wide methylation values, shown in 100 kb bins and sorted according to similarity, gives a clear picture of the PMDs in WNT and Group 3 tumours. Also notable is the extensive hypomethylation in the cell lines. b, Indication of the fraction of total PMD length in each tumour that is covered by genes, showing that PMDs are typically gene-poor regions compared to the genome average (left-most bar). c, Overview of methylation values in WNT PMDs, showing a high similarity between samples (with the exception of ICGC_MB46, which does not show the same pattern). d, An overview of methylation values in Group 3 PMDs, showing some similarity between samples, but with more variation in extent and sites of demethylation compared with WNT tumours. e, Similarity of PMD regions in WNT and Group 3 medulloblastoma samples that show elevated levels of PMDs (samples with a total of >0.2 Gb covered by a PMD). Correlation is higher within rather than between subgroups.


Extended Data Figure 7 PMDs are associated with decreased gene expression.
a, Genes located within WNT PMDs are expressed at a significantly lower level in those WNT tumours that have PMDs compared with normal cerebellum. WNT medulloblastomas lacking clear PMDs (that is, ICGC_MB46) show intermediate expression. Genes not in PMDs show a slightly elevated expression in the tumours. *P < 0.05, **P < 0.01, ***P < 0.001. b, Genes located within Group 3 PMDs are expressed at a significantly lower level in those Group 3 tumours that have PMDs compared with normal cerebellum. Group 3 medulloblastomas lacking clear PMDs show intermediate expression. Genes not in PMDs show a slightly elevated expression in the tumours. *P < 0.05, **P < 0.01, ***P < 0.001. c, An example of a PMD in Group 3 medulloblastoma around the CLMN gene, showing heterogeneous methylation levels within the subgroup. d, Methylation levels of the CLMN PMD are positively correlated with gene expression in Group 3 medulloblastoma (n = 11). e, PMDs are typically associated with H3K9me3 or H3K27me3 histone marks, but less commonly with both.


Extended Data Figure 8 Positively correlating DMVs overlap regions of differential H3K27 trimethylation.
a, Boxplots of the number of DMVs identified per sample, split by tumour subgroup (or age group for controls, n = 42 samples). b, c, Overview of genes encompassed by a negatively or positively correlating DMV, those that are significantly differentially methylated across the four medulloblastoma subgroups and control cerebellum, and those that are specifically differentially methylated in a given tumour subgroup. The fraction of subgroup-specific, gene-encompassing DMVs that are hypo- (blue) or hypermethylated (red) relative to control cerebellum is also shown. d, Methylation plot for PITX2, located in a DMV that shows differential methylation in a variety of subgroups. This DMV is hypomethylated in control cerebellum, but methylation is re-established in several tumours. In the MED-8A cell line, this locus is hypomethylated and covered by the inactivating H3K27me3 mark, and is not expressed. In D425, in which PITX2 is expressed, re-establishment of methylation is accompanied by loss of H3K27me3 and gain of the active H3K4me3 modification. e, This re-establishment of methylation, representing normalization of chromatin, is positively correlated with increased gene expression in the extended, array-based validation cohort.


Extended Data Figure 9 Systematic analysis of LMRs identifies transcriptional regulators in human and mouse medulloblastoma.
a, Heat-map representation of genomic regions of 3-kb-centred LMRs predicted to contain an OTX2-binding motif. More than 75% of LMRs overlap with a ChIP peak, with strongest binding at those sites where the motif more closely matches the consensus sequence. b, Heat-map representation of a k-means clustering of subgroup-specifically methylated LMRs. A single methylation value per sample and LMR is shown, as used for the clustering. c, Heat-map representation of a k-means clustering of LMRs in GNPs, SHH medulloblastoma mouse model and external data sets. Left, a single methylation level per sample and LMR is shown, as used for the clustering. Right, genomic regions of 3 kb centred around the LMR of selected samples are shown. Selected transcription-factor-binding motifs enriched within specific clusters are indicated. The relevance of this analysis for highlighting transcriptional regulators is further supported by an LMR cluster with specificity for sorted neuronal cells (NeuN+), which showed clear enrichment for Mef2c binding (a key regulator of neuronal cell fate48).


Extended Data Figure 10 Epigenetic regulation of a novel GLI2 transcript variant.
a, Methylation levels at a pdCR in PTCH1 are negatively correlated with expression in the extended array cohort (see also Fig. 4d). b, Mouse SHH medulloblastomas also show hypomethylation of a pdCR in Ptch1 that is associated with increased expression, which is not seen in GNPs (that is, somatic in origin; see also Fig. 4e). c, Methylation plot for GLI2, showing an exon upstream of the annotated transcript in WNT and SHH medulloblastoma and adult cerebellum. RNA-seq data are shown in reads per million (RPM) below the heat map. d, Methylation at the GLI2 upstream exon is negatively correlated with gene expression in the extended, array-based validation cohort.
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