







    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

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 05 October 2016



                    Formation of new chromatin domains determines pathogenicity of genomic duplications

                    	Martin Franke1,2 na1, 
	Daniel M. Ibrahim1,2,3 na1, 
	Guillaume Andrey1, 
	Wibke Schwarzer4, 
	Verena Heinrich2,5, 
	Robert Schöpflin5, 
	Katerina Kraft1,2, 
	Rieke Kempfer1, 
	Ivana Jerković1,2, 
	Wing-Lee Chan2, 
	Malte Spielmann1,2, 
	Bernd Timmermann6, 
	Lars Wittler7, 
	Ingo Kurth8,9, 
	Paola Cambiaso10, 
	Orsetta Zuffardi11, 
	Gunnar Houge12, 
	Lindsay Lambie13, 
	Francesco Brancati14,15, 
	Ana Pombo3,16, 
	Martin Vingron5, 
	Francois Spitz4 & 
	…
	Stefan Mundlos1,2,3,17 

Show authors

                    

                    
                        
    Nature

                        volume 538, pages 265–269 (2016)Cite this article
                    

                    
        
            	
                        29k Accesses

                    
	
                        407 Citations

                    
	
                            192 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Chromatin structure
	Disease genetics
	Disease model
	Gene duplication
	Gene regulation


    


                
    
    

    
    

                
            


        
            Abstract
Chromosome conformation capture methods have identified subchromosomal structures of higher-order chromatin interactions called topologically associated domains (TADs) that are separated from each other by boundary regions1,2. By subdividing the genome into discrete regulatory units, TADs restrict the contacts that enhancers establish with their target genes3,4,5. However, the mechanisms that underlie partitioning of the genome into TADs remain poorly understood. Here we show by chromosome conformation capture (capture Hi-C and 4C-seq methods) that genomic duplications in patient cells and genetically modified mice can result in the formation of new chromatin domains (neo-TADs) and that this process determines their molecular pathology. Duplications of non-coding DNA within the mouse Sox9 TAD (intra-TAD) that cause female to male sex reversal in humans6, showed increased contact of the duplicated regions within the TAD, but no change in the overall TAD structure. In contrast, overlapping duplications that extended over the next boundary into the neighbouring TAD (inter-TAD), resulted in the formation of a new chromatin domain (neo-TAD) that was isolated from the rest of the genome. As a consequence of this insulation, inter-TAD duplications had no phenotypic effect. However, incorporation of the next flanking gene, Kcnj2, in the neo-TAD resulted in ectopic contacts of Kcnj2 with the duplicated part of the Sox9 regulatory region, consecutive misexpression of Kcnj2, and a limb malformation phenotype. Our findings provide evidence that TADs are genomic regulatory units with a high degree of internal stability that can be sculptured by structural genomic variations. This process is important for the interpretation of copy number variations, as these variations are routinely detected in diagnostic tests for genetic disease and cancer. This finding also has relevance in an evolutionary setting because copy-number differences are thought to have a crucial role in the evolution of genome complexity.
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                    Figure 1: 4C-seq from human fibroblasts with intra-TAD and inter-TAD duplications.


Figure 2: Capture Hi-C from intra-TAD and inter-TAD duplications in mice.


Figure 3: Capture Hi-C, gene expression and phenotype in inter-TAD Cooks syndrome duplication.


Figure 4: Duplication-induced effects on chromatin organization and phenotype.
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Extended data figures and tables

Extended Data Figure 1 4C-seq from patient fibroblasts with a 470 kb intra-TAD duplication (sex reversal).
Schematic representation depicts TAD structure with KCNJ TAD (blue), SOX9 TAD (brown) and TAD boundaries (red hexagons). Size and position of the 470 kb intra-TAD duplication in a patient with female-to-male sex reversal is indicated by the overlap. Patient fibroblasts were derived from a gonadal biopsy of ovo-testes. 4C-seq tracks below show interaction profiles from SOX9 (brown), KCNJ2 (blue) and breakpoint (purple) viewpoint. Note interaction profiles from SOX9 and KCNJ2 are restricted to their corresponding TADs. Unique viewpoint at the breakpoint shows that interactions are restricted to the SOX9 TAD. Note all reads mapped to a wild-type genome resulting in split viewpoint for the duplication breakpoint.


Extended Data Figure 2 Allele frequencies determined in 4C-seq data indicate selective interactions in a patient with an inter-TAD duplication (no phenotype).
SNP analysis related to Fig. 1d. a, Schematic of SNP-analysis in a patient carrying an inter-TAD duplication (heterozygous) with no phenotype. SNP positions and their allele frequency (AF) identified by whole-genome sequencing from the patient are shown. Bottom, 4C-seq interaction profiles using SOX9 (brown), KCNJ2 (blue) and the duplication breakpoint (purple) as viewpoints (triangles). SNPs contacted by individual viewpoints are indicated. Note that variants contacted by the breakpoint viewpoint are not contacted by SOX9 and KCNJ2 viewpoints, suggesting the formation of an insulated interaction domain (purple). b, Summary of observed SNP genotype and allele frequency from whole-genome sequencing data and 4C-seq viewpoints.


Extended Data Figure 3 4C-seq from an inter-TAD duplication in Dup-L mouse mutants.
a, Schematic representation depicts TAD structure in wild type with Kcnj TAD (blue), Sox9 TAD (brown) and TAD boundaries (red hexagons). Below, 4C-seq interaction profiles of viewpoints (triangles) in Sox9 (brown) and Kcnj2 (blue) from E12.5 wild-type limb buds. b, Schematic representation of Dup-L allele. Position of lacZ reporter at the duplication breakpoint is shown and duplication is indicated by overlap. Note that 4C-seq reads are mapped to the wild-type genome, which results in split viewpoint from lacZ viewpoint. 4C-seq profiles with viewpoint in Sox9 (brown), Kcnj2 (blue) and lacZ reporter (purple) in Dup-L are shown below. Kcnj2 and Sox9 profiles are unchanged, whereas the unique viewpoint in the lacZ reporter shows interactions that are restricted to the duplicated region, suggesting formation of a separate interaction domain.


Extended Data Figure 4 Overview of mouse alleles used in this study.
The extent of each duplicated and deleted region in mice are given as mm9 coordinates. Observed mouse phenotypes and human syndromes with the equivalent mutation are listed. For generation of alleles see Methods. SB, Sleeping Beauty transgene containing a single loxP site (red) and a lacZ reporter gene (blue) flanked by SB-transposons.


Extended Data Figure 5 4C-seq interaction profile of neo-TAD in Dup-L mutants resembles profiles from Sox9 and Kcnj2 viewpoints.
a, The position of published in vivo tested reporter constructs11,33,34,35,36,37 and active chromatin marks (H3K4me1/H3K27ac positive) in Sox9-expressing tissue (mouse ENCODE project) are indicated above the 4C tracks. The only known enhancer driving testis-specific expression, TESCO, is indicated. 4C-seq interaction profiles from Kcnj2 (blue) and Sox9 (brown) in wild type and from the lacZ reporter gene (purple) in E12.5 Dup-L mutants are shown. Triangles indicate viewpoints. Note that 4C-seq reads are mapped to the wild-type genome resulting in split viewpoint from the lacZ viewpoint. The interaction profile from lacZ viewpoint located at the breakpoint of the Dup-L duplication shows a similar pattern and peak distribution (dashed boxes) as the Sox9 and Kcnj2 viewpoints. Note similarities of peak profiles at the boundary between Kcnj and Sox9 TADs (arrows in red dashed box). b, Schematic of locus with an artificially duplicated region and corresponding 4C-seq profile from the lacZ viewpoint inside the neo-TAD in Dup-L mutants. The centromeric and telomeric part of the tandem duplication is indicated. The purple 4C-seq profile corresponds to the neo-TAD delimited by the duplicated TAD boundary.


Extended Data Figure 6 4C-seq of inter-TAD Cooks syndrome duplications in mouse and human.
Extent and position of the duplications is indicated by the overlap in the schematic. 4C-seq profiles with indicated viewpoints and ratio to control (below) a, Sox9 (brown) and Kcnj2 (blue) 4C-seq from Dup-C mutant limb buds at E12.5. b, 4C-seq from fibroblasts of an individual with Cooks syndrome and inter-TAD duplication from SOX9 and KCNJ2 viewpoints. Below, 4C-seq with viewpoint in KCNJ16 (light blue) in patient and control fibroblasts and the ratio of patient to control. a, b, Incorporation of Kcnj/KCNJ genes in the neo-TAD results in ectopic contacts from the Kcnj2 or KCNJ2 and KCNJ16 viewpoints with the duplicated part of the Sox9 TAD, whereas interactions from the Sox9/SOX9 viewpoint remain unchanged.


Extended Data Figure 7 RNA-seq analysis of genes at the Sox9, Kcnj2 and Kcnj16 locus from mouse mutants used in this study.
a, b, RNA-seq from wild-type and mutant E12.5 limb buds and E17.5 fingertips (lower two tracks) shows read profiles for Kcnj16, Kcnj2 and Sox9. Note the absence of expression of Kcnj16 in the examined tissue. c, Summary of expression values of genes at the Sox9, Kcnj2 and Kcnj16 locus from E12.5 limb buds. Significant expression changes are in bold. FPKM, fragments per kilobase of exon per million fragments mapped. Benjamini–Hochberg-adjusted P value, n = 2, cut-off = 0.001.


Extended Data Figure 8 Deletion of the TAD boundary region in wild-type and Dup-L mutant mice.
a, Left, cHi-C from wild type (top) and ∆Bor (middle) E12.5 limb buds and subtraction map of ∆Bor relative to wild type (bottom). Deletion of the boundary between the Kcnj and Sox9 TADs leads to loss of insulation and ectopic interactions (*) between the TADs. Note overall TAD structure remains intact and ectopic interaction is restricted by remaining TAD boundaries. Right, cHi-C from Dup-L (top) and Dup-L∆Bor (middle) E12.5 limb buds and subtraction map of Dup-L∆Bor relative to Dup-L (bottom). Deletion of the two duplicated boundary regions flanking the neo-TAD, results in ectopic contacts of duplicated sequences with adjacent Kcnj and Sox9 TADs (*) including Sox9 and Kcnj2, as seen in ∆Bor mutants. Loss of neo-TAD insulation results in increased interactions of the duplicated sequences (**). b, Expression analysis of Sox9 and Kcnj2 in wild-type, ∆Bor and Dup-L∆Bor embryos. RNA-seq expression analysis of mutant versus wild-type E12.5 limb buds. Kcnj2 is upregulated in ∆Bor (heterozygous and homozygous) and Dup-L∆Bor (homozygous) limb buds (Benjamini-Hochberg adjusted P values, n = 2). Whole mount in situ hybridization shows no site-specific misexpression of Kcnj2 in a Sox9-like pattern.
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        Editorial Summary
Gene duplication and chromatin organization
SOX9 is a developmental transcription factor with functions in chondrocyte differentiation and male sex determination, and genomic duplications in the SOX9 locus have been linked to various human diseases. Stefan Mundlos and colleagues use chromosome conformation capture techniques to look at the effect of such duplications on the chromatin partitioning units termed topologically associated domains (TADs) that surround the mouse Sox9 locus. They find that although TADs are stable genomic regulatory units, they can be rearranged by structural genomic variations to create novel chromatin regulatory domains. Duplications are generally thought to confer their phenotypic effect through an increase in gene dosage, but these results show how duplications can also affect higher order chromatin structure.
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