







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 27 January 2016



                    Active medulloblastoma enhancers reveal subgroup-specific cellular origins

                    	Charles Y. Lin1 na1 nAff20, 
	Serap Erkek2,3 na1, 
	Yiai Tong4, 
	Linlin Yin5, 
	Alexander J. Federation1, 
	Marc Zapatka6, 
	Parthiv Haldipur7, 
	Daisuke Kawauchi3, 
	Thomas Risch8, 
	Hans-Jörg Warnatz8, 
	Barbara C. Worst3, 
	Bensheng Ju9, 
	Brent A. Orr10, 
	Rhamy Zeid1, 
	Donald R. Polaski1, 
	Maia Segura-Wang2, 
	Sebastian M. Waszak2, 
	David T. W. Jones3,11, 
	Marcel Kool3,11, 
	Volker Hovestadt6, 
	Ivo Buchhalter12, 
	Laura Sieber3, 
	Pascal Johann3, 
	Lukas Chavez3, 
	Stefan Gröschel13, 
	Marina Ryzhova14, 
	Andrey Korshunov11,15, 
	Wenbiao Chen5, 
	Victor V. Chizhikov16, 
	Kathleen J. Millen7,17, 
	Vyacheslav Amstislavskiy8, 
	Hans Lehrach8, 
	Marie-Laure Yaspo8, 
	Roland Eils12,18, 
	Peter Lichter6,11, 
	Jan O. Korbel2, 
	Stefan M. Pfister3,11,19 na2, 
	James E. Bradner1 na2 & 
	…
	Paul A. Northcott3,4 na2 

Show authors

                    

                    
                        
    Nature

                        volume 530, pages 57–62 (2016)Cite this article
                    

                    
        
            	
                        26k Accesses

                    
	
                        245 Citations

                    
	
                            266 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Cancer genomics
	Chromatin immunoprecipitation
	CNS cancer
	Gene regulatory networks
	Paediatric cancer


    


                
    
    

    
    

                
            


        
            Abstract
Medulloblastoma is a highly malignant paediatric brain tumour, often inflicting devastating consequences on the developing child. Genomic studies have revealed four distinct molecular subgroups with divergent biology and clinical behaviour. An understanding of the regulatory circuitry governing the transcriptional landscapes of medulloblastoma subgroups, and how this relates to their respective developmental origins, is lacking. Here, using H3K27ac and BRD4 chromatin immunoprecipitation followed by sequencing (ChIP-seq) coupled with tissue-matched DNA methylation and transcriptome data, we describe the active cis-regulatory landscape across 28 primary medulloblastoma specimens. Analysis of differentially regulated enhancers and super-enhancers reinforced inter-subgroup heterogeneity and revealed novel, clinically relevant insights into medulloblastoma biology. Computational reconstruction of core regulatory circuitry identified a master set of transcription factors, validated by ChIP-seq, that is responsible for subgroup divergence, and implicates candidate cells of origin for Group 4. Our integrated analysis of enhancer elements in a large series of primary tumour samples reveals insights into cis-regulatory architecture, unrecognized dependencies, and cellular origins.
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                    Figure 1: The enhancer landscape of primary medulloblastoma.[image: ]


Figure 2: Differentially regulated enhancers in medulloblastoma subgroups.[image: ]


Figure 3: Medulloblastoma super-enhancers characterize subgroup-specific identity.[image: ]


Figure 4: In vivo validation of medulloblastoma super-enhancers.[image: ]


Figure 5: Super-enhancers characterize medulloblastoma regulatory circuitry.[image: ]


Figure 6: Master transcription factors implicate Group 4 cellular origins.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Enhancer landscape of primary medulloblastoma.
This figure accompanies Fig. 1. a, Experimental workflow for studying enhancers and super-enhancers in primary medulloblastomas. b, H3K27ac ChIP-seq data showing a highly active enhancer at the NEUROD1 locus across all 28 primary medulloblastoma samples from our series. c, Scatter plots showing Pearson correlation of H3K27ac peaks called using either sample-matched WGS or whole-cell extract (WCE) sequences as background for two samples from our series. d, Saturation analysis showing the number of discreet enhancer regions identified as a function of increasing sample number (top), or the fraction of newly gained discreet enhancer regions as a function of increasing sample number (bottom). Error bars represent 95% confidence intervals obtained from 1,000 permutations of sample order. e, Pie chart showing the genomic distribution of enhancer elements in medulloblastoma. f, Heat maps of ChIP-seq data showing the scaled read densities for H3K27ac, BRD4, H3K4me1, and H3K27me3 in regions located ± 5 kb from Group 3-specific H3K27ac (top panel) and H3K27me3 peak midpoints (bottom panel). g, Histograms showing the fractional overlap of enhancers with focal amplifications (top) or focal deletions (bottom) in Group 3 and Group 4 medulloblastoma samples. The blue distributions represent expected fractional overlap generated from 10,000 random simulations. The red line depicts the actual observed fractional overlap with empirical P-value noted. h, Scatter plot correlating average H3K27ac enrichment in Group 3 cell lines with average H3K27ac enrichment in Group 3 primary medulloblastomas. Enrichments are calculated for peaks called in primary Group 3 samples. i, Venn diagram showing the overlap between H3K27ac peaks called for primary Group 3 medulloblastomas and Group 3 medulloblastoma cell lines.


Extended Data Figure 2 Enhancer/gene assignments in medulloblastoma.
This figure accompanies Fig. 2. a, Meta H3K27ac ChIP-seq tracks of the Group 3-specific enhancers (E1 and E2) in the TAD containing ATP10A, GABRB3, and GABRA5. b, Zoom in meta H3K27ac ChIP-seq tracks of enhancer E1 from a. c–e, Scatter plots correlating sample-matched gene expression (log2 RPKM, x-axis) of ATP10A (c), GABRB3 (d), and GABRA5 (e) with H3K27ac enrichment (log2; y-axis) for the Group 3-specific enhancer shown in b. f, Zoom in meta H3K27ac ChIP-seq tracks of enhancers E2 from a. g–i, Scatter plots correlating sample-matched gene expression (log2 RPKM, x-axis) of ATP10A (g), GABRB3 (h), and GABRA5 (i) with H3K27ac enrichment (log2; y-axis) for the Group 3-specific enhancer shown in f. j, k, 4C-seq validation of TGFBR1 (j) and SMAD9 (k) enhancer/promoter interactions in a Group 3 cell line (HD-MB03).


Extended Data Figure 3 Enhancer-driven TGF-β activity in Group 3 medulloblastoma.
This figure accompanies Fig. 2. a, Functional annotation of target genes assigned to subgroup-specific enhancers based on their significant overlap with gene sets annotated in Gene Ontology (GO Biological Process) and pathway databases (KEGG, Reactome). b, Waterfall plot discriminating the top 1,000 Group 3 and Group 4 subgroup-specific enhancers as defined by total H3K27ac signal. The distribution of assigned targets in Group 3, Group 4, and shared Group 3-4 targets are shown below the waterfall. c, Convergence of Group 3-specific enhancers on TGF-β pathway genes. Subgroup-specific enhancers are summarized as nodes according to their respective medulloblastoma enhancer class—Group 3, Group 4, and shared Group 3/Group 4—with edges representing individual enhancer/TGF-β pathway gene assignments. d, Amplification of the TGF-β type II receptor, ACVR2A, in a Group 3 medulloblastoma from the ChIP-seq cohort (MB-4M23). Log2 read depth data (tumour versus matched germline) derived from WGS data for this case is shown (upper panel). Highly active H3K27ac enhancer peaks overlapping the amplified ACVR2A locus are shown for the same case (lower panel). e, Bar plot showing the difference in H3K27ac enhancer signal between MB-4M23 (ACVR2A-amplified Group 3 sample) and all other Group 3 samples. Bar plot shows H3K27ac log2 fold change at all enhancers regulating TGF-β component genes. Enhancers are ranked by increasing change in H3K27ac. Error bars represent standard error of the mean fold change.


Extended Data Figure 4 Features of medulloblastoma super-enhancers.
This figure accompanies Fig. 3. a, Unsupervised hierarchical clustering of primary medulloblastomas and cell lines using H3K27ac signal calculated at all SEs identified in each individual sample. b, Meta tracks of H3K27ac ChIP-seq signal for the ZIC1/ZIC4 SE locus. Expression (mean RPKM) for both ZIC4 (left) and ZIC1 (right) is displayed as bar graphs to the right of each H3K27ac track with error bars representing s.d. of the mean (n = 140 samples). c, Line plot showing the enhancer rank for the ZIC1/ZIC4 SE locus across all samples according to subgroup. d, Heat map showing the SE association of known medulloblastoma driver genes and chromatin modifiers. Genes with called differential SEs are shaded black, whereas genes with proximal SEs (within 100 kb of TSS) are shaded grey, according to their respective subgroup. e, Bar plot showing the number of SE regions assigned to individual enhancer classes in medulloblastoma. f, Bar plot of enhancer signal cross sample variance (y-axis) displayed as a fraction of the mean for SE enhancer constituents (left, black) or TE enhancer constituents (right, grey) identified in each medulloblastoma subgroup. g, Box plots of H3K27ac (left, blue) or BRD4 (right, red) enhancer signal at SEs or typical enhancers (TE) in their active group-specific context or in their inactive group context (for example, for SEs or TEs present in Group 3, active group context includes all Group 3 samples and inactive group context includes all other samples). Differences in the means of the distributions is quantified by a Welch’s two-tailed t-test (***P < 1 × 10−9). h, Dot plots of average H3K27ac enhancer signal in the constituents of SEs (left) or TEs (right) for enhancer constituents identified in WNT, SHH, Group 3, or Group 4 samples, respectively. Error bars represent standard deviation of the mean across all samples in a subgroup.


Extended Data Figure 5 In vivo validation of Group 3 and Group 4 medulloblastoma super-enhancers.
This figure accompanies Fig. 4. a, Summary of zebrafish reporter assays. b, Pie chart showing the fraction of all tested medulloblastoma enhancer regions that demonstrate any central nervous system localized reporter activity. c–l, Representative bright-field and fluorescence images of embryos (1 dpf) injected with individual enhancer-containing Tol2 vectors. Lateral views (60×) show GFP reporter expression in the whole body and dorsal views show GFP expression in the central nervous system (120×). White arrows indicate the locations of GFP signal. CNS, central nervous system; HB, hindbrain; MB, midbrain; CB, cerebellum; TC, telencephalon; RE, retina; OP, olfactory placode; TG, trigeminal ganglion. For each tested enhancer, meta tracks of H3K27ac ChIP-seq signal across medulloblastoma subgroups for the cloned regulatory element are shown. m, Heat map showing H3K27ac enrichment at the ±250 kb region flanking the medulloblastoma MYC SE described in Fig. 4 (SE #2; panels f, h–j) across 77 Epigenome Roadmap tissues. Each row represents a single tissue. Each column represents a region of the MYC gene desert locus. Black shaded regions indicate the presence of H3K27ac enrichment. The samples are ordered by similarity of H3K27ac enrichment pattern. Notable clusters of mesoderm (MESO.), epithelial (EPI.), blood, brain, or GI lineage derived samples are noted. The cloned enhancer reporter region described in Fig. 4 (panels f, h–j) is depicted as a vertical line and shows overlap with only 4/77 H3K27ac Epigenome Roadmap samples.


Extended Data Figure 6 Pathways regulated by super-enhancer associated transcription factors in medulloblastoma.
This figure accompanies Fig. 5. a, Functional pathways regulated by SE-associated TFs in medulloblastoma. b, Heat map of select subgroup-specific TFs showing their expression (left columns) and enhancer motif enrichment (right columns). Enhancer motif enrichment was calculated at differential enhancer elements in the respective enhancer classes.


Extended Data Figure 7 Medulloblastoma subgroup-specific transcription factors and their associated target genes.
This figure accompanies Fig. 5. a–d, Network of subgroup-specific TFs and their predicted target genes for WNT (a), SHH (b), Group 3 (c) and Group 4 (d) subgroups. Nodes represent subgroup-specific TFs. In each subgroup, node size is scaled and shaded according to the expression level of the TF and node font is scaled and shaded according to the number of inferred target genes (that is, OUT degree). TF target genes are shown in red font scaled according to the number of TFs predicted to target that gene (that is, IN degree).


Extended Data Figure 8 Super-enhancers define medulloblastoma regulatory circuitry.
This figure accompanies Fig. 5. a–d, Scatter plots of IN (x-axis) and OUT (y-axis) regulatory degree for SE-associated TFs in each medulloblastoma subgroup. e–h, TF interaction networks for each medulloblastoma subgroup. Nodes represent the top 50% of SE-associated TFs in each subgroup as ranked by total degree (counter clockwise). Each node is coloured by total degree and predicted binding interactions with other TF SEs are shown as edges. For Group 3 and Group 4 networks, edges validated by TF ChIP-seq binding are coloured. i–l, Position weight matrices showing the top statistically enriched motif identified for each transcription factor at the top 10,000 bound enhancers in each subgroup. m, Pie charts showing the fraction of predicted edges in each Group 3 and Group 4 TF networks that are validated by the presence of the respective TF ChIP-seq binding at the enhancer. n, Medulloblastoma subgroup distribution of shared, co-bound peaks for master regulatory TFs analysed by ChIP-seq. TF binding is quantified as area under curve per peak (AUC/peak) in units of rpm. Differences in the means of the distributions is quantified by a Welch’s two-tailed t-test (N.S. P > 0.1, **P < 1 × 10−6). o, Box plot of protein–protein interaction frequency (y-axis) calculated from STRING database for pairs of SE-associated TFs showing patterns of subgroup-specific SE co-regulation (left) or randomized pairs (right).


Extended Data Figure 9 LMX1A, EOMES, and LHX2 are master transcriptional regulators of Group 4 medulloblastoma.
This figure accompanies Fig. 5. a, Subgroup-specific regulatory circuitry. Nodes are TFs associated with an SE in a subgroup-specific context. Edges indicate co-regulating TFs as defined by enrichment of TF binding motifs in respective regulatory regions. Edges validated by TF ChIP-seq are coloured according to their respective subgroup association. b, Network involving LHX2, LMX1A, and EOMES TFs and target genes inferred based on the presence of the respective TF motifs in Group 4-specific enhancers. Target genes are coloured according to their validation status based on LMX1A and LHX2 ChIP-seq, with genes arranged in the centre of the network inferred to be targeted by all three master TFs. For visualization purposes, these common targets are displayed with a larger font size compared to the genes in the surrounding network.
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