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            Abstract
Recurrence is a hallmark of cancer-driving mutations. Recurrent mutations can arise at the same site or affect the same gene at different sites. Here we identified a set of mutations arising in individual samples and altering different cis-regulatory elements that converge on a common gene via chromatin interactions. The mutations and genes identified in this fashion showed strong relevance to cancer, in contrast to noncoding mutations with site-specific recurrence only. We developed a prediction method that identifies potentially recurrent mutations on the basis of the features shared by mutations whose recurrence is observed in a given cohort. Our method was capable of accurately predicting recurrent mutations at the level of target genes but not mutations recurring at the same site. We experimentally validated predicted mutations in distal regulatory regions of the TERT gene. In conclusion, we propose a novel approach to discovering potential cancer-driving mutations in noncoding regions.
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                    Figure 1: Chromatin structure–based recurrence model and mutational effects on transcription.[image: ]


Figure 2: Oncogenic relevance of gene-wise recurrent mutations.[image: ]


Figure 3: Recurrence prediction and cohort extension analysis.[image: ]


Figure 4: Functional validation of predicted distal TERT mutations.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Expression deviation of the genes mapped to gene-wise recurrent mutations in the TCGA breast cancer cohort (top) and the TCGA lung cancer cohort (bottom).
For each gene (each pair of red and blue bars), the average degree of expression deviation is compared between the mutated samples (red bar) and non-mutated samples (blue bar). For 72% (top) and 73% (bottom) of the cases, the mutated samples exhibited a higher degree of expression deviation. Genes were sorted according to the degree of the difference between the mutated and non-mutated groups. All genes are collapsed in the box plots on the right.


Supplementary Figure 2 Effects of copy number alterations versus mutations.
(a) The effects of copy number alterations for genes ordered as in Figure 1c. For each gene (each pair of red and blue bars), the percentage of samples with copy number alterations is compared between the mutated samples (red bar) and non-mutated samples (blue bar). All genes are collapsed in the box plots on the right. (b) Outcome of multiple linear regression quantitatively comparing the contribution of mutation recurrence and copy number alteration to expression perturbation. Copy number alteration was processed through the deviation metric used for expression perturbation. The contribution of mutation burden remained significant after adjusting for copy number alteration.


Supplementary Figure 3 Permutation tests for expression perturbation by mutations.
Gene expression profiles based on the RNA sequencing of 92 breast and 90 lung cancer samples were obtained from the TCGA and matched with the whole-genome sequences of the TCGA cohort samples. Array-based gene expression profiles of breast cancer samples were obtained from the ArrayExpress archive (E-MTAB-1088) and matched with the whole-genome sequences of the Sanger cohort samples. We obtained expression difference for each gene between the mutated and non-mutated groups as the t statistic. To estimate expected expression differences, the sample grouping (mutated versus non-mutated) was randomized while maintaining the sample size of each group. This permutation was repeated 1,000 times, and the t value was recalculated each time.


Supplementary Figure 4 Directionality of expression perturbation by mutations.
The x axis has genes ordered as in Figure 1c. The y axis indicates the fraction of cases (samples) that go in the same direction (either positive or negative expression deviation).


Supplementary Figure 5 Recurrence rate (the percentage of mutated samples in the given cohort) was obtained for each mutation (for site-specific recurrence) or each gene (for gene-level recurrence).
The site-specific recurrence rate was mapped to the target gene via the same chromatin interactome used for the gene-level recurrence analysis. P value indicates the differences in the recurrence rate between the known cancer genes and other genes.


Supplementary Figure 6 Permutation tests for biological validity of the chromatin interaction data.
We shuffled chromatin interaction links between enhancers and promoters. This procedure was repeated 1,000 times. High recurrence rates were observed for known cancer genes (Fig. 2c), cancer gene–interacting partners (Fig. 2d), and genes with relevant GO terms (Fig. 2e). We tested whether these patterns disappear as target genes are randomly mapped to mutations. To this end, the average recurrence rate of the above three groups of genes was obtained and divided by that of all genes. These relative recurrence rates were significantly higher with the real chromatin interactome map (black bars) than with the 1,000 randomized maps (gray density plots).


Supplementary Figure 7 Results of site-specific LOOCV
The proportion of positive votes by 1,000 decision trees in our random forest for site-specific LOOCV compared between truly recurrent mutations (green) and false, non-recurrent, mutations (red) depending on tumor and epigenome types.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1–7, Supplementary Tables 1, 2, 4, 7 and 9, and Supplementary Note. (PDF 2003 kb)


Supplementary Table 3
Cancer genes and interacting genes with >10% gene-wise recurrence in either cancer. (XLSX 37 kb)


Supplementary Table 5
Prediction performance (AUC). (XLSX 21 kb)


Supplementary Table 6
Variable importance. (XLSX 144 kb)


Supplementary Table 8
Random forest features of lung cancer mutations targeting TERT. (XLSX 21 kb)





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Kim, K., Jang, K., Yang, W. et al. Chromatin structure–based prediction of recurrent noncoding mutations in cancer.
                    Nat Genet 48, 1321–1326 (2016). https://doi.org/10.1038/ng.3682
Download citation
	Received: 21 March 2016

	Accepted: 29 August 2016

	Published: 10 October 2016

	Issue Date: November 2016

	DOI: https://doi.org/10.1038/ng.3682


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        The importance of enhancer methylation for epigenetic regulation of tumorigenesis in squamous lung cancer
                                    
                                

                            
                                
                                    	Jae-Won Cho
	Hyo Sup Shim
	Hye Ryun Kim


                                
                                Experimental & Molecular Medicine (2022)

                            
	
                            
                                
                                    
                                        Non-coding driver mutations in human cancer
                                    
                                

                            
                                
                                    	Kerryn Elliott
	Erik Larsson


                                
                                Nature Reviews Cancer (2021)

                            
	
                            
                                
                                    
                                        Discovery of regulatory noncoding variants in individual cancer genomes by using cis-X
                                    
                                

                            
                                
                                    	Yu Liu
	Chunliang Li
	Jinghui Zhang


                                
                                Nature Genetics (2020)

                            
	
                            
                                
                                    
                                        Genome-wide identification of differentially methylated promoters and enhancers associated with response to anti-PD-1 therapy in non-small cell lung cancer
                                    
                                

                            
                                
                                    	Jae-Won Cho
	Min Hee Hong
	Hye Ryun Kim


                                
                                Experimental & Molecular Medicine (2020)

                            
	
                            
                                
                                    
                                        Prevalence and detection of low-allele-fraction variants in clinical cancer samples
                                    
                                

                            
                                
                                    	Hyun-Tae Shin
	Yoon-La Choi
	Woong-Yang Park


                                
                                Nature Communications (2017)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Genetics (Nat Genet)
                
                
    
    
        ISSN 1546-1718 (online)
    
    


                
    
    
        ISSN 1061-4036 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter — top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
