







    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 Genetics]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature genetics

	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 22 August 2016



                    Recurrent somatic mutations in POLR2A define a distinct subset of meningiomas

                    	Victoria E Clark1,2,3, 
	Akdes Serin Harmancı1,2, 
	Hanwen Bai 
            ORCID: orcid.org/0000-0002-8473-52791,3 na1, 
	Mark W Youngblood1,2,3 na1, 
	Tong Ihn Lee4, 
	Jacob F Baranoski1,2,3, 
	A Gulhan Ercan-Sencicek2,5, 
	Brian J Abraham4, 
	Abraham S Weintraub4, 
	Denes Hnisz4, 
	Matthias Simon6, 
	Boris Krischek7, 
	E Zeynep Erson-Omay1,2, 
	Octavian Henegariu1,2,3,5,8, 
	Geneive Carrión-Grant1,2, 
	Ketu Mishra-Gorur1,2,3,5,8, 
	Daniel Durán1,2,3, 
	Johanna E Goldmann4, 
	Johannes Schramm9, 
	Roland Goldbrunner7, 
	Joseph M Piepmeier2, 
	Alexander O Vortmeyer10, 
	Jennifer Moliterno Günel1,2, 
	Kaya Bilgüvar1,3,11, 
	Katsuhito Yasuno 
            ORCID: orcid.org/0000-0002-3606-532X1,2, 
	Richard A Young 
            ORCID: orcid.org/0000-0001-8855-86474,12 & 
	…
	Murat Günel1,2,3,5,8,13 

Show authors

                    

                    
                        
    Nature Genetics

                        volume 48, pages 1253–1259 (2016)Cite this article
                    

                    
        
            	
                        6801 Accesses

                    
	
                        222 Citations

                    
	
                            20 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Genetics research
	Oncogenes
	Personalized medicine


    


                
    
    

    
    

                
            


        
            Abstract
RNA polymerase II mediates the transcription of all protein-coding genes in eukaryotic cells, a process that is fundamental to life. Genomic mutations altering this enzyme have not previously been linked to any pathology in humans, which is a testament to its indispensable role in cell biology. On the basis of a combination of next-generation genomic analyses of 775 meningiomas, we report that recurrent somatic p.Gln403Lys or p.Leu438_His439del mutations in POLR2A, which encodes the catalytic subunit of RNA polymerase II (ref. 1), hijack this essential enzyme and drive neoplasia. POLR2A mutant tumors show dysregulation of key meningeal identity genes2,3, including WNT6 and ZIC1/ZIC4. In addition to mutations in POLR2A, NF2, SMARCB1, TRAF7, KLF4, AKT1, PIK3CA, and SMO4,5,6,7,8, we also report somatic mutations in AKT3, PIK3R1, PRKAR1A, and SUFU in meningiomas. Our results identify a role for essential transcriptional machinery in driving tumorigenesis and define mutually exclusive meningioma subgroups with distinct clinical and pathological features.
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                    Figure 1: POLR2A mutations define a distinct subset of benign meningiomas.[image: ]


Figure 2: Meningioma driver genes in five major pathways account for the formation of >80% of benign meningiomas.[image: ]


Figure 3: Meningioma subgroups cluster according to their genome-wide transcription profile and show significant differences in the expression of critical developmental regulators.[image: ]


Figure 4: Super-enhancer-driven genes classify meningioma subgroups.[image: ]
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Integrated supplementary information

Supplementary Figure 1 POLR2A-mutant meningiomas do not have recurrent interchromosomal translocations.
Circos plots generated from somatic whole-genome sequencing data of three POLR2A mutant tumor-blood pairs: (a) MN-60355; (b) MN-63345; (c) MN-63670. Only structural events with a supporting read count >25 were plotted. For breakpoint call coordinates, see Supplementary Table 2.


Supplementary Figure 2 POLR2A-mutant meningiomas do not have increased numbers of somatic DNA mutations or transcriptional errors compared with other subgroups.
(a) Barplots of the number of somatic deleterious coding mutations, somatic silent mutations, and somatic non-coding mutations from 45 meningioma exomes normalized per megabase of sequencing (n=11 POLR2A mutant, orange; n=16 NF2/Chr22 loss, blue; n=18 non-NF2 mutant, green). The number of coding and non-coding somatic mutations from whole-exome sequencing data is not statistically different between POLR2A mutant and other meningioma samples (p=0.08 for deleterious coding; p=0.4 for noncoding; p=0.82 for all mutations). (b, c) Variants were called from RNAseq data for 25 meningiomas (n=8 POLR2A mutant, orange; n=9 NF2/Chr22 loss, blue; n=8 non-NF2 mutant, green). The number of coding (b) or non-coding (c) transcript mutations is not statistically different between POLR2A mutant and other samples (p=0.16 for deleterious coding; p=0.49 for noncoding). Student’s t-test was used to calculate significance.


Supplementary Figure 3 Recurrent TRAF7 splice mutations promote intron inclusion, resulting in a 28-amino-acid in-frame insertion plus an S/C missense.
(a) Location of the recurrent canonical (green) and non-canonical (crimson) TRAF7 splice mutations. The number above the diamond indicates the number of meningiomas mutant at that position. (b) RNAseq read alignments of a TRAF7 splice mutant (top) and a TRAF7 splice wildtype (bottom) reveal that TRAF7 splice mutant meningiomas have reads spanning intron 11 (grey shading above reads). This is not observed in non-splice mutant TRAF7 meningiomas. (c) An enhanced view of the RNAseq reads reveals the reads spanning the intron contain the non-canonical splice mutation (G/A change 5 basepairs intronic). (d) Sanger sequencing of cDNA libraries created from TRAF7 splice wildtype meningiomas reveal that intron 10 is spliced. Top: alignment of the Sanger bases to the human mRNA reference sequence; Bottom: Sanger chromatograms. (e) Sanger sequencing of cDNA libraries created from TRAF7 splice mutant meningiomas reveals mRNA reads spanning intron 10. Top: alignment of the Sanger bases to the human genomic reference sequence; Bottom: Sanger chromatograms.


Supplementary Figure 4 Schematic of Sonic hedgehog (SHH) signaling.
Mutually exclusive somatic mutations in SMO, PRKAR1A and SUFU that activate SHH signaling were identified in the 775 meningioma cohort.


Supplementary Figure 5 Spike-in normalized RNA-seq data from POLR2A-mutant v6.5 mouse ESCs do not reveal evidence for global transcriptional amplification in this model.
(a) The FPKM (fragments per kilobase of exon per million mapped reads) was computed for spike-in control normalized RNAseq data from knock-in POLR2A mutant mES cells (two independent Q403K clones, A7 and B10) and compared to wildtype v6.5 mouse ES cells. Transcripts with an FPKM value of 1 or greater in wildtype cells were selected, and the density of transcripts with a given FPKM was plotted. The FPKM distribution is not significantly different between the samples, consistent with a lack of evidence for global transcriptional amplification. (b) In contrast, identical analysis of previously published spike-in normalized RNAseq data with high- and low- expression of c-Myc reveals a shift in the distribution of normalized FPKM in the cells with high expression of c-Myc, consistent with global transcriptional amplification.


Supplementary Figure 6 Gene expression clustering of benign meningiomas using non-PAM methods.
Clustering using (a) consensus, (b) NMF, (c) hierarchical, or (d) PCA methods resulted in 5 discrete subgroups that were separated by the underlying driver gene mutations. Grade I, genomically unstable NF2 samples were excluded from analysis.


Supplementary Figure 7 Super-enhancers with concordant changes in gene expression that are more active in meningiomas compared to dura.
(a-c) Shading represents high confidence super-enhancers that were detected in at least 2 samples per subgroup. Chromosomal coordinates are hg19. (d-e) Concordant differential gene expression and differentially-bound super enhancers between meningioma subgroups. Red points represent a differentially highly bound super-enhancer (FDR < 0.05) with concordant up-regulation of its nearby target gene (FDR < 0.05). Blue points represent a differentially lower bound super-enhancer that correlates with down-regulation of its target gene.


Supplementary Figure 8 Super-enhancers with concordant changes in gene expression that are more active in specific meningioma subgroups.
Shading represents high confidence super-enhancers that were detected in at least 2 samples per subgroup. Chromosomal coordinates are hg19.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1–8 and Supplementary Tables 4 and 5. (PDF 2662 kb)


Supplementary Table 1
Genomic and clinical characterization of 775 meningiomas. (a) Per-sample summary of clinical data, detected mutations, method of sequencing, method of structural variation analysis, method of transcriptomic analysis, and method of ChIPseq analysis (if applicable). Anatomical location key: ASB: Anterior skull base, MSB_med: Middle skull basemedial, MSB_lat: Middle skull baselateral, PF_antmed: Anterior, medial posterior cranial fossa, PF_postlat: Posterior, lateral posterior cranial fossa, Spinal: Spinal, ST_ant: Anterior supratentorial, ST_post: Posterior supratentorial, Ventricular: Intraventricular, Multiple: Multiple. Coordinates are hg19. Exome = Whole-exome sequencing. MIPs = next-generation sequencing screening of the coding sequences of NF2, SMARCB1, TRAF7, PIK3CA, PIK3R1, PRKAR1A, SUFU, SMO, AKT1 p.Glu17Lys and KLF4 p.Lys409Gln. Amplicon = next-generation screening of the coding sequences of NF2, TRAF7, SMO, AKT1 p.Glu17Lys and KLF4 p.Lys409Gln. P = primary; R = Recurrent. M = Male; F = Female; U = Unknown; N/A = Not performed. (b) Cohort summary of genomic and epigenomic approaches for 775 meningiomas. (XLSX 198 kb)


Supplementary Table 2
Somatic breakpoints from three whole-genome-sequenced POLR2A-mutant meningiomas and matching blood pairs. Somatic breakpoints from three whole-genome sequenced POLR2A mutant meningiomas and matching blood pairs called by Breakdancer35 and passing filters as described in the methods. Chromosomal coordinates are hg19. (XLSX 65 kb)


Supplementary Table 3
Somatic variants from whole-exome-sequenced meningiomas. Somatic variants passing quality filters. Coordinates are hg19. (XLSX 456 kb)


Supplementary Table 6
Alternative splicing between meningioma subgroups. Transcripts were assembled from RNA-seq data using the Tuxedo suite, and alternative splicing and differential promoter usage was calculated between subgroups using CummeRbund37,38. There are no significant differences in alternative splicing between meningioma subtypes. (TXT 65341 kb)


Supplementary Table 7
Differential promoter usage between meningioma subgroups. Transcripts were assembled from RNAseq data using the Tuxedo suite, and differential promoter usage was calculated between subgroups using CummeRbund37,38. There are no significant differences in differential promoter usage between meningioma subtypes. (TXT 42857 kb)


Supplementary Table 8
Alternative splicing between v6.5 mESC knock-in models of POLR2AQ403K (clones A7 and B10) and wild-type cells. Transcripts were assembled from RNA-seq data using the Tuxedo suite, and alternative splicing and differential promoter usage was calculated between subgroups using CummeRbund37,38. There are no significant differences in alternative splicing between POLR2A mutant mES cells and wildtype. (TXT 19096 kb)


Supplementary Table 9
Differential promoter usage between v6.5 mESC knock-in models of POLR2AQ403K (clones A7 and B10) and wild-type cells. Transcripts were assembled from RNAseq data using the Tuxedo suite, and differential promoter usage was calculated between subgroups using CummeRbund37,38. There are no significant differences in differential promoter usage between meningioma subtypes. (TXT 10795 kb)


Supplementary Table 10
PAM clustering signature genes for meningioma subgroups. (XLSX 510 kb)


Supplementary Table 11
Concordant differentially bound super-enhancers and differential gene expression. Comparisons are between all meningiomas and dura. (XLSX 873 kb)


Supplementary Table 12
Concordant differentially bound super-enhancers and differential gene expression: comparisons between meningioma subgroups. (XLSX 174 kb)


Supplementary Table 13
Concordant differentially bound super-enhancers in at least two samples and differential gene expression: comparisons between meningioma subgroups. Super-enhancers assigned to a group (e.g. POLR2A) were present in at least two samples. Superenhancers present in dura were excluded from analysis. (XLSX 398 kb)


Supplementary Table 14
Whole-exome sequencing metrics. (a) Mean depth of sequencing coverage for tumor exomes was 205.08. (b) Mean depth of sequencing coverage for matching blood exomes was 115.19. (XLSX 69 kb)





Rights and permissions
Reprints and permissions


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



Cite this article
Clark, V., Harmancı, A., Bai, H. et al. Recurrent somatic mutations in POLR2A define a distinct subset of meningiomas.
                    Nat Genet 48, 1253–1259 (2016). https://doi.org/10.1038/ng.3651
Download citation
	Received: 17 February 2016

	Accepted: 28 July 2016

	Published: 22 August 2016

	Issue Date: October 2016

	DOI: https://doi.org/10.1038/ng.3651


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

                
                    	
                            
                                
                                    
                                        A novel BRAF::PTPRN2 fusion in meningioma: a case report
                                    
                                

                            
                                
                                    	Nishanth S. Sadagopan
	Khizar R. Nandoliya
	Stephen T. Magill


                                
                                Acta Neuropathologica Communications (2023)

                            
	
                            
                                
                                    
                                        A novel patient-derived meningioma spheroid model as a tool to study and treat epithelial-to-mesenchymal transition (EMT) in meningiomas
                                    
                                

                            
                                
                                    	Laurien L. van de Weijer
	Emanuela Ercolano
	C. Oliver Hanemann


                                
                                Acta Neuropathologica Communications (2023)

                            
	
                            
                                
                                    
                                        Somatic mutation landscape in a cohort of meningiomas that have undergone grade progression
                                    
                                

                            
                                
                                    	Sarah A Cain
	Bernard Pope
	Katharine J Drummond


                                
                                BMC Cancer (2023)

                            
	
                            
                                
                                    
                                        Respective roles of Pik3ca mutations and cyproterone acetate impregnation in mouse meningioma tumorigenesis
                                    
                                

                            
                                
                                    	Pierre-Cyril Cômes
	Tuan Le Van
	Matthieu Peyre


                                
                                Cancer Gene Therapy (2023)

                            
	
                            
                                
                                    
                                        Signaling pathways in brain tumors and therapeutic interventions
                                    
                                

                            
                                
                                    	Shenglan Li
	Can Wang
	Wenbin Li


                                
                                Signal Transduction and Targeted Therapy (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                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
	protocols.io
	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 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: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter — what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        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 cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
