







    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: 23 October 2019



                    Stabilization of chromatin topology safeguards genome integrity

                    	Fena Ochs1, 
	Gopal Karemore1Â nAff5, 
	Ezequiel Miron2Â nAff6, 
	Jill Brown3, 
	Hana Sedlackova1, 
	Maj-Britt Rask1, 
	Marko Lampe4, 
	Veronica Buckle3, 
	Lothar Schermelleh2, 
	Jiri Lukas1 & 
	â€¦
	Claudia Lukas1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 574,Â pages 571â€“574 (2019)Cite this article
                    

                    
        
            	
                        24k Accesses

                    
	
                        113 Citations

                    
	
                            142 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Chromatin structure
	DNA damage response
	Double-strand DNA breaks
	Super-resolution microscopy


    


                
    
    

    
    

                
            


        
            Abstract
To safeguard genome integrity in response to DNA double-strand breaks (DSBs), mammalian cells mobilize the neighbouring chromatin to shield DNA ends against excessive resection that could undermine repair fidelity and cause damage to healthy chromosomes1. This form of genome surveillance is orchestrated by 53BP1, whose accumulation at DSBs triggers sequential recruitment of RIF1 and the shieldinâ€“CSTâ€“POLÎ± complex2. How this pathway reflects and influences the three-dimensional nuclear architecture is not known. Here we use super-resolution microscopy to show that 53BP1 and RIF1 form an autonomous functional module that stabilizes three-dimensional chromatin topology at sites of DNA breakage. This process is initiated by accumulation of 53BP1 at regions of compact chromatin that colocalize with topologicallyÂ associatingÂ domain (TAD) sequences, followed by recruitment of RIF1 to the boundaries between such domains. The alternating distribution of 53BP1 and RIF1 stabilizes several neighbouring TAD-sized structures at a single DBS site into an ordered, circular arrangement. Depletion of 53BP1 or RIF1 (but not shieldin) disrupts this arrangement and leads to decompaction of DSB-flanking chromatin, reduction in interchromatin space, aberrant spreading of DNA repair proteins, and hyper-resection of DNA ends. Similar topological distortions are triggered by depletion of cohesin, which suggests that the maintenance of chromatin structure after DNA breakage involves basic mechanisms that shape three-dimensional nuclear organization. As topological stabilization of DSB-flanking chromatin is independent of DNA repair, we propose that, besides providing a structural scaffold to protect DNA ends against aberrant processing, 53BP1 and RIF1 safeguard epigenetic integrity at loci that are disrupted by DNA breakage.
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                    Fig. 1: DSBs are surrounded by 53BP1 nanodomains (53BP1-NDs) arranged into higher-order 53BP1 microdomains (53BP1-MDs) in a RIF1-dependent manner.[image: ]


Fig. 2: RIF1 localizes to 53BP1-ND neighbourhoods to stabilize ordered and circular architecture of 53BP1-MDs after DNA breakage.[image: ]


Fig. 3: 53BP1-MDs comprise several TAD-sized chromatin domains whose ordered, circular arrangement protects integrity of DSB sites.[image: ]
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                Code availability

              
              Custom ChaiN code is available at https://github.com/ezemiron/Chain. Custom QUANTEX code is available from the corresponding author upon reasonable request.

            

Data availability

              
              Numerical and statistical source data for Figs. 1e, f, 2d, e, 3a, b, eâ€“i and Extended Data Figs. 1d, e, 2c, e, f, 3b, 4d, 5b, 6c, d, 7a, b, d, 8c, d, 9c, 10b, d are provided online. Primary imaging data underlying widefield, confocal, SIM and STED images in Figs. 1aâ€“d, 2aâ€“c, f, 3aâ€“h and Extended Data Figs. 1c, iâ€“k, 2aâ€“c, 4b, c, e, f, h, i, 5b, 6a, c, d, 7c, e, f, 8bâ€“g, 9b, fâ€“h, k, l have been deposited at the European Bioinformatics Institute (EBI) BioStudies database (https://www.ebi.ac.uk/biostudies/) with accession number S-BSST275. Processed imaging data sets underlying QIBC, QUANTEX, ChaiN and other analysis, including guidance on how to navigate data sets, are available from the corresponding authors. There are no restrictions on data availability.
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Extended data figures and tables

Extended Data Fig. 1 Spatial features of 53BP1-MDs at sites of DNA breakage.
a, Experimentally derived resolution for STED and 3D-SIM instruments using nano-bead imaging under identical conditions as for image data acquisition at the indicated excitation wavelengths. Line profile is average of three lines; dotted line shows fit of a double Gaussian distribution, where the peak-to-peak distance indicates spatial resolution. b, Western blot of GFPâ€“53BP1 U2OS cells immunostained for 53BP1, GFP and loading controls (NUDC, tubulin). c, 3D-SIM and STED images of immunostained 53BP1-MDs in U2OS cells exposed to irradiation (1Â Gy, 2Â h). Images were processed identically for pixel numbers and bicubic interpolation smoothing for direct comparison. d, Diameter of a 53BP1-ND in pre- and post-replicative cells determined by full width atÂ half maximum (FWHM, nÂ =Â 75) from STED data in c. e, Centre-to-centre peak distance (nÂ =Â 85) of 53BP1-NDs from STED data in c. Box plots: centre line, median; box limits, 25th and 75th centiles; whiskers, minimum and maxiumum; dots, outliers. *PÂ =Â 0.0356 (d), PÂ =Â 0.8587Â (e; NS, not significant); two-tailed non-parametric Wilcoxon rank-sum test. Pre- or post-replicative chromatin assigned based on MCM+ or MCMâ€“ status. f, Schematic depiction of 53BP1-MD. g, Western blot of U2OS cells with endogenously tagged 53BP1â€“GFP immunostained for 53BP1, GFP and loading control (MCM2). h, Junction PCR showing homozygous 53BP1 tagging. iâ€“k, 3D-SIM of 53BP1 MDs in endogenously tagged U2OS-53BP1â€“GFP cells (i) or U2OS cells immunostained with mouse (j) or rabbit (k) 53BP1 antibodies, exposed to irradiation (1 Gy, 2Â h). Scale bars, 100Â nm (a); 200Â nm (c, iâ€“k). Experiments in b, d, e, gâ€“k were biologically replicated twice with similar results. For detailed image information see Supplementary Table 1. For gel source data see Supplementary Fig. 1.

                          Source data
                        


Extended Data Fig. 2 53BP1-MD relation to underlying chromatin.
a, 3D-SIM of GFPâ€“53BP1-MDs in U2OS cells exposed to irradiation (1Â Gy, 2Â h) and immunostained for Î³H2AX (PCCÂ =Â 0.93, nÂ =Â 300 MDs) shows high colocalization of 53BP1 and Î³H2AX. b, STED of a Î³H2AX-MD in U2OS cells treated as in a. c, 3D-SIM of three different z-planes of HeLa cells expressing histone H2Bâ€“GFP, treated withÂ 10Â ngÂ mlâ€“1 NCS for 2Â h and immunostained for Î³H2AX. Nuclear DNA was visualized by DAPI. Insets are magnified Î³H2AX-MDs. Intensity line profiles of the three fluorophores (along the white line in the insets) show colocalization of chromatin with Î³H2AX-MDs. d, Western blotting of U2OS cells treated with control or XRCC4 siRNA immunostained for XRCC4 and loading marker (KAP1). e, f, Intensity line profiles of 53BP1-MDs with XRCC4 (e) and RPA (f) in cells treated as in Fig. 1b; six independent examples per condition are shown. Fluorescence intensities in c, e, f were normalized to the maximum value of each profile. Scale bars, 200Â nm in a, b, insets in c and 5Â Î¼m in whole-nucleus images (c). Experiments were biologically replicated twice with similar results. For detailed image information see Supplementary Table 1. For gel source data see Supplementary Fig. 1.

                          Source data
                        


Extended Data Fig. 3 Image analysis software QUANTEX and feature comparison for maximum linear dimension.
a, QUANTEX 3D image analysis workflow to analyse spatial features of 53BP1-MDs at sites of DNA damage. Step 1: 3D-SIM images were processed and segmented for cell nuclei and 53BP1-MDs using a slice-by-slice segmentation approach. Step 2: measurements of texture, morphology and geometry features were automatically derived for all segmented structures and 3D models for visual inspection were generated. Step 3: Data analysis and statistics. For more information, seeÂ Methods. b, QUANTEX analysis of principal axis length metric of 53BP1-MDs in cells treated with control or RIF1 siRNAs. Principal axis length data were derived from the same experiments as in Fig. 1a, d and represent a parallel data analysis to the metric mean breadth in Fig. 1f; nÂ =Â 60. Box plots: centre lines, medians; box limits, 25th and 75th centiles; whiskers, minimum and maximum; dots, outliers. ****PÂ =Â 9.4329 Ã— 10âˆ’6 (left), 2.3092 Ã— 10â€“9 (right); two-tailed non-parametric Wilcoxon rank-sum test. The experiment was biologically replicated twice with similar results. c, Spearmanâ€™s Correlation R2 value was calculated for mean breadth and principal axis length metrics derived from control (negative class, nÂ =Â 90) and RIF1 depletion (positive class, nÂ =Â 87) experiments combined, in order to test association. ****PÂ =Â 2.74 Ã— 10âˆ’35; two-sided Spearmanâ€™s rank correlation coefficient method.

                          Source data
                        


Extended Data Fig. 4 Disruption of ordered, circular arrangement of DSB-flanking chromatin after depletion of RIF1 or 53BP1.
a, Western blotting of U2OS cells treated with control or two RIF1 siRNAs immunostained for RIF1 and loading marker (tubulin). b, 3D-SIM of GFPâ€“53BP1-MDs in U2OS cells transfected with RIF1 siRNA #2 and treated as in Fig. 1d. c, 3D-SIM of 53BP1-MDs in U2OS cells expressing siRNA-resistant GFPâ€“53BP1-7A mutant and depleted for endogenous 53BP1Â (#2 siRNA), exposed to irradiation (1Â Gy, 2Â h) (top). A schematic depiction of 53BP1-7A where glutamines in 7 SQ/TQ sites are converted to alanines (bottom). d, Distribution of circular with central interchromatin space (IC centre) versus elongated (no IC centre) 53BP1-MDs in U2OS, HeLa Kyoto, RPE1-hTERT and BJ cells (nÂ =Â 130 per condition) in control or RIF1-depleted cells treated with irradiation (1Â Gy, 2Â h). e, 3D-SIM of immunostained 53BP1-MDs in U2OS, HeLaÂ Kyoto, RPE1-hTERT and BJ cells after control or RIF1 depletion and irradiation exposure (1Â Gy, 2Â h). f, A representative 3D view of an ordered, circular arrangement of GFPâ€“53BP1-NDs in wild-type conditions (top) and disordered, elongated shapes after RIF1 depletion (bottom). MIP, maximal intensity projection; 3D opacity view is displayed in three orientations (V1â€“3) indicated by coloured arrows. All 3D-SIM images in this study were routinely inspected in this way. g, Western blotting of U2OS cells treated with TP53BP1 siRNA and immunostained for 53BP1 and loading marker (NUDC). h, 3D-SIM of Î³H2AX-MDs in U2OS cells transfected with TP53BP1 siRNA and exposed to irradiation (1Â Gy, 2Â h). i, 3D-SIM of GFPâ€“53BP1-MD in U2OS cells immunostained for Î³H2AX and treated as in Fig. 1d. Insets in b, c, h represent magnified single 53BP1-MDs. Scale bars, 5Â Î¼m in whole-nucleus images (b, c, h), 200Â nm in e, f, i and insets (b, c, h). Experiments were biologically replicated twice with similar results. For detailed image information see Supplementary Table 1. For gel source data see Supplementary Fig. 1.

                          Source data
                        


Extended Data Fig. 5 Live-SIM imaging of 53BP1-MDs; workflow and dynamics in control cells.
a, Schematic depiction of live-cell 3D-SIM workflow. b, Live-SIM of a chromosome locus harbouring DNA breakage under wild-type conditions. U2OSâ€“GFP-53BP1 cells were treated with 10Â ngÂ mlâ€“1 NCS to induce DSBs and imaged immediately for up to 22.5 min at 2.5-min intervals. Image galleries for seven fields from four independent acquisitions are displayed. Manual classification of transition stages is colour-coded. Scale bars, 200Â nm. For detailed image information see Supplementary Table 1.

                          Source data
                        


Extended Data Fig. 6 Live-SIM imaging of 53BP1-MDs with the underlying chromatin and after RIF1 depletion.
a, 3D-SIM of immunostained Î³H2AX-MDs in control or 53BP1-depleted U2OS cells treated with irradiation (1Â Gy) for the indicated times. b, Western blotting of U2OS cells expressing GFPâ€“53BP1 and H2Bâ€“Halo-Tag immunostained for 53BP1, GFP, H2B, Halo-Tag and loading marker (MCMBP). c, Live-SIM depicting an evolving GFPâ€“53BP1-MD at a single H2Bâ€“HaloTag-labelled chromatin locus after induction of DSBs by NCS (10Â ngÂ mlâ€“1) for the indicated time-points. Insets are magnified 53BP1-MDs. Intensity line profiles of the two fluorophores (along the white lines in the insets) show colocalization of underlying chromatin with the 53BP1-MD. Fluorescence intensities were normalized to the maximum value of each profile. d, Additional examples of live-SIM of cells treated as in Fig. 2c. Image galleries for seven fields from four independent acquisitions are displayed. Manual classification of transition stages is colour-coded. Experiments in aâ€“c were biologically replicated twice with similar results. Scale bars, 200Â nm in a, d, and insets in c; 1Â Î¼m in large fields in c. For detailed image information see Supplementary Table 1. For gel source data see Supplementary Fig. 1.

                          Source data
                        


Extended Data Fig. 7 Analysis of RIF1 depletion, shieldin localization, and RIF1 recruitment dynamics in the context of DSB-flanking chromatin.
a, b, QIBC of fluorescence intensities associated with Î³H2AX-MDs (a; nÂ =Â 1,000 cells per condition) and 53BP1-MDs (b; nÂ =Â 1,800 cells per condition) in control or RIF1-depleted cells treated with irradiation (1Â Gy) as indicated. Box plots: centre line, median; box limits, 25th and 75th centiles; whiskers, minimum and maximum; dots, outliers. ***PÂ =Â 2.0631 Ã— 10âˆ’10, **PÂ =Â 4.8803 Ã— 10âˆ’04, NS PÂ =Â 0.8651 (a, left to right); ***PÂ =Â 3.887 Ã— 10âˆ’9, NS P =Â 0.7172 (b, left to right); two-tailed non-parametric Wilcoxon rank-sum test. c, Confocal and STED acquisitions of immunostained 53BP1-MDs in U2OS cells treated with control or RIF1 siRNAs, exposed to irradiation (1Â Gy, 2Â h) and displayed as single and overlay images. d, Counts of 53BP1-NDs per 53BP1-MD quantified from STED images in c (nÂ =Â 70 per condition); horizonal bar showsÂ median, PÂ =Â 0.2711 (left), 0.9566 (right); Cochranâ€“Armitage chi-square test. e, U2OS cells expressing endogenously tagged 53BP1â€“GFP were treated by laser microirradiation and immunostained for Î³H2AX and RIF1. Stars indicate times when Î³H2AX, 53BP1 and RIF1 were first detected at DSBs. f, 3D-SIM of 53BP1-MD and 3Ã—-Flag-SHLD3 in U2OS cells exposed to irradiation (1Â Gy, 2h) and immunostained for 53BP1 and Flag-tag (six independent examples are shown). Scale bars, 200 nm (c, f), 20Â Î¼m (e). Experiments were biologically replicated twice with similar results. For detailed image information see Supplementary Table 1. For gel source data see Supplementary Fig. 1.

                          Source data
                        


Extended Data Fig. 8 RASER-FISH analysis of 53BP1-MDs at site-specific DSBs in KIF23 and KIF11 loci.
a, Depiction of a 0.45-Mb TAD from a reference cell line (adapted from Yue laboratory 3D genome browser, seeÂ Methods) harbouring the KIF23 gene (top) and a 0.4-Mb TAD harbouring the KIF11 gene (bottom). Sites of CRISPRâ€“Cas9 site-specific DSBs and a position of each RASER-FISH probe are indicated. b, DAPI-stained U2OS cells transfected with Cas9 ribonucleoprotein complexes with control, KIF23-, or KIF11-targeting guide RNAs (gRNA). Arrows indicate examples of mitotic aberrations inflicted by KIF23 and KIF11 knockout. c, d, 3D-SIM of the KIF23-TAD (c) and the KIF11-TAD (d) RASER-FISH probes in cells treated as in Fig. 3a, b but at loci without DNA damage (no 53BP1 signal). Dual-colour FISH probes FP-A and FP-B are located within the same TAD in c; FP-C and FP-D in in two adjacent TADs in d. e, Widefield microscopy of immunostained 53BP1-MDs at the damaged KIF23-TAD locus labelled by FP-B in U2OS and RPE1-hTERT cells 3Â h after transfection with KIF23 gRNAâ€“Cas9. Insets (MD1â€“3) are magnified 53BP1-MDs shown in xy, xz and yz orientations. f, Widefield microscopy of immunostained 53BP1-MDs at the damaged KIF11-TAD locus labelled by FP-C in U2OS cells 3Â h after transfection with KIF11 gRNAâ€“Cas9. Insets (MD1â€“3) were generated as in e. g, 3D-isosurface projections (V1â€“3) of 3D-SIM images of FP-C- and FP-D-labelled KIF11 TADs after DNA damage induction as shown in Fig. 3b. Scale bars, 5Â Î¼m in whole-nucleus images (e, f), 200Â nm in insets (e, f) and in c, d, 20Â Î¼m in b. Experiments in bâ€“f were biologically replicated twice with similar results. For detailed image information see Supplementary Table 1.

                          Source data
                        


Extended Data Fig. 9 Disruption of ordered, circular arrangement of DSB-flanking chromatin after cohesin depletion.
a, Western blotting of HCT116-RAD21â€“mAIDâ€“mClover cells treated with auxin (aux) as indicated and immunostained for RAD21 and loading marker (NUDC). b, Widefield images of HCT116-RAD21â€“mAIDâ€“mClover cells, either untreated or treated with auxin for 6Â h to induce RAD21 degradation. c, QUANTEX analysis of mean breadth of 53BP1-MDs in cells treated as in Fig. 3c, d (nÂ =Â 110). Box plots: centre line, median; box limits, 25th and 75th centiles; whiskers, minimum and maximum; dots, outliers. ****PÂ =Â 3.8495 Ã— 10âˆ’17 for MCM+, ****PÂ =Â 7.636 Ã— 10âˆ’16 for MCMâ€“; two-tailed non-parametric Wilcoxon rank-sum test. d, Western blotting of U2OS cells treated with control or RAD21 siRNA, immunostained for RAD21 and loading marker (tubulin). e, Western blotting of U2OS cells treated with control or SMC1 siRNA, immunostained for SMC1 and loading marker (MCMBP). fâ€“h, 3D-SIM of GFPâ€“53BP1-MDs in U2OS cells transfected with RAD21 siRNA (f), SMC1 siRNA #1 (g), or SMC1 siRNA #2 (h) and exposed to irradiation (1Â Gy, 2Â h). i, Western blotting of U2OS cells treated with the indicated siRNAs and immunostained for Î³H2AX; total protein stain is loading control. j, Western blotting of U2OS cells treated with indicated siRNAs and immunostained for 53BP1 and loading marker (MCM7). k, l, 3D-SIM of GFPâ€“53BP1-MDs in U2OS cells treated with 10 Î¼M DNA-PK inhibitor (k) or RBBP8 (also known asÂ CtIP) siRNA (l) and exposed to irradiation (1Â Gy, 2Â h). m, Western blotting of U2OS cells treated with control or RBBP8 siRNA, immunostained for CtIP and loading marker (NUDC). Insets in (fâ€“h, k, l) are magnified 53BP1-MDs. Scale bars, 5Â Î¼m in whole nuclei (fâ€“h, k, l), 200Â nm in insets (fâ€“h, k, l), 20Â Î¼m in b. Experiments were biologically replicated twice with similar results. For detailed image information see Supplementary Table 1. For gel source data see Supplementary Fig. 1.

                          Source data
                        


Extended Data Fig. 10 Chromatin density analysis by ChaiN, RNA-seq data, and a schematic model for topological surveillance of DSB loci.
a, Schematic depiction of ChaiN analysis to quantify chromatin density in 3D-SIM images based on histone H2Bâ€“GFP distribution. Reconstructed and aligned 3D-SIM images were used to segment volumes occupied by 53BP1-MDs and subjected to an HMM process to derive seven discrete GFPâ€“H2B chromatin density classes within the segmented region. Class 1 represents chromatin-free interchromatin space, while class 2â€“7 feature increasing chromatin densities. An equivalent analysis of the whole nucleus serves as a control for global chromatin distributions outside 53BP1-MDs. b, ChaiN analysis in undamaged nuclei in wild-type or RIF1-depleted cells (nÂ =Â 12 per condition). MedianÂ Â±Â 95% CI. *PÂ =Â 0.0348, 0.0226 (class 2 and 4), NS PÂ =Â 0.2525, 0.7373, 0.0990, 0.4874, 0.9496 (classes 1, 3, 5â€“7); two-tailed Studentâ€™s t-test. c, A hypothetical model. A DSB triggers accumulation of 53BP1 in the damaged and several neighbouring chromatin nanodomains. Saturation of 53BP1 at chromatin nanodomains prompts recruitment of RIF1 to the boundaries between them. Through functional crosstalk with cohesin, RIF1 locally stabilizes the nanodomain topology into an ordered and circular microdomain, which confines repair factors such as BRCA1 to DSBs and locally concentrates shieldinâ€“CSTâ€“POLÎ± to restrain DNA-end resection. Absence of RIF1 leads to topological disorder that results in excessive spreading of BRCA1, inability to concentrate DNA-end protection factors and DSB hyper-resection. d, RNA-seq data for TP53BP1, RIF1 and SHLD1 transcripts per million kilobases in cancerous cells (U2OS, HeLa) and normal cells (IMR90, HBL100). Data were derived from publicly available RNA-seq data in the EMBL-EBI expression atlas (seeÂ Methods). Scale bars (a), 5Â Î¼m in the whole nucleus and 200Â nm in the magnified 53BP1-MD image (right). For detailed image information see Supplementary Table 1.
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Supplementary Figure 1
This figure contains all uncropped versions of the cropped western blots shown in the Extended Data Figures. Black boxes indicate cropped regions. Asterisk indicates unspecific protein band.
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Supplementary Table 1
Methods, equipment and settings for microscopy. This table details information on imaging techniques, microscope equipment, image display, image processing, fluorophores and pseudo-colouring and sample preparation for all images shown in the main and extended data figures.
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