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            Abstract
In response to DNA damage, tissue homoeostasis is ensured by protein networks promoting DNA repair, cell cycle arrest or apoptosis. DNA damage response signalling pathways coordinate these processes, partly by propagating gene-expression-modulating signals. DNA damage influences not only the abundance of messenger RNAs, but also their coding information through alternative splicing. Here we show that transcription-blocking DNA lesions promote chromatin displacement of late-stage spliceosomes and initiate a positive feedback loop centred on the signalling kinase ATM. We propose that initial spliceosome displacement and subsequent R-loop formation is triggered by pausing of RNA polymerase at DNA lesions. In turn, R-loops activate ATM, which signals to impede spliceosome organization further and augment ultraviolet-irradiation-triggered alternative splicing at the genome-wide level. Our findings define R-loop-dependent ATM activation by transcription-blocking lesions as an important event in the DNA damage response of non-replicating cells, and highlight a key role for spliceosome displacement in this process.
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                    Figure 1: DNA-damage-triggered chromatin displacement of activated spliceosomes.[image: ]


Figure 2: Mobilization and displacement of mature spliceosomes from sites of UVC-induced DNA damage.[image: ]


Figure 3: Chromatin displacement of mature spliceosomes is caused by RNAPII-blocking lesions and is NER-independent.[image: ]


Figure 4: ATM modulates spliceosome mobilization and influences splicing decisions upon DNA damage.[image: ]


Figure 5: Reciprocal regulation between spliceosome mobilization and R-loop-dependent ATM signalling.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Chromatin association of splicing factors.
a, Schematic overview of the proteomic experiments for the identification of proteins that display UV-dependant chromatin association. b, Schematic outline of cell fractionation. c, Validation of the chromatin-isolation protocol for NER proteins that are recruited to chromatin in response to DNA damage. Mock-treated or UV-irradiated quiescent HDFs (20 J m−2, 1 h post-irradiation) were fractionated as outlined in b. Equal protein amounts from each fraction were analysed by immunoblotting using antibodies against the indicated NER proteins. Abundance of H2A is shown as a control for chromatin-isolation efficiency. d, UV-triggered changes in chromatin association of core splicing factors, identified by quantitative SILAC proteomics. Proteomic experiments were performed with HDFs as outlined in a. The table lists representative examples of splicing factors that participate in distinct snRNP complexes and their chromatin association in response to UV irradiation (20 J m−2, 1 h). U2 and U5 snRNP splicing factors show significantly reduced chromatin association (P ≤ 0.05, significance B17) and are indicated with a cross. Significance B was calculated by estimating the variance of the distribution of all protein ratios, taking into account the dependency of the distribution on the summed protein intensity17. ND, not detected. e, Abundance of splicing factors in total cell lysates. Total lysates were prepared from U2OS cells that were mock-treated or UV-irradiated (20 J m−2, 1 h post-irradiation) and splicing factor abundance was assayed by immunobloting. Abundance of H2A is shown as a loading control. Right, immunoblots; left, quantification of splicing factor signal intensities normalized to H2A (n = 3, mean ± s.d., one-way ANOVA/Bonferroni). f, UV-dependent interaction of splicing proteins with elongating RNAPII. Quiescent HDFs were prepared as outlined in b except that, instead of MNase digestion, chromatin was mechanically sheared. Elongating RNAPII was immunoprecipitated with an antibody that recognizes specifically the Ser2-phosphorylated RNAPII C-terminal domain (CTD) and its interaction with the U2 snRNP splicing factors SF3a1 and SF3b2 was assayed by immunoblotting.


Extended Data Figure 2 Validation of HDFs stably expressing GFP-tagged splicing factors.
a, Whole-cell lysates from HDFs stably expressing eGFP tagged PRP8, SF3a1, SNRNP40 or free eGFP, were analysed by immunoblotting using antibodies against GFP (left) or against PRP8, SF3a1 and SNRNP40 (right). Ectopically produced proteins were expressed at near or below endogenous levels. b, Fluorescent microscopy images of GFP-tagged splicing factors showing the expected punctuated nuclear distribution. Images were obtained at 40× magnification. c, Localization of SNRNP40–GFP in nuclear speckles which were visualized by immunofluorescence detection of the speckle marker SRSF2/SC35. Images were obtained at 63× magnification. d, Interaction of SNRNP40–GFP with endogenous splicing factors and elongating RNAPII. Quiescent SNRNP40–GFP-expressing HDFs were mock-treated or irradiated with 20 J m−2 UVC. After a 3-h recovery period, cells were lysed under native conditions and chromatin was sheared by mechanical force. SNRNP40–GFP was immunoprecipitated from whole-cell lysates using GFP-Trap agarose beads, and its association with endogenous splicing factors and the large subunit of RNAPII was assayed by immunoblotting. Non-transfected cells are shown as a negative control. SNRNP40–GFP interacts with U2 and U5 snRNP components, suggesting that the GFP tag does not interfere with complex formation. Interaction of SNRNP40 with its U5 snRNP partner PRP8 is partially maintained even after MNase digestion, consistent with its presence in U4/U6.U5 tri-snRNP complexes. Participation of SNRNP40–GFP in co-transcriptional splicing complexes is confirmed by co-immunoprecipitation of the active (hyperphosphorylated RNAPIIo) large subunit of RNAPII.


Extended Data Figure 3 Displacement of mature spliceosomes from subnuclear sites of UV-inflicted DNA damage.
a, U2OS cells stably expressing GFP-tagged splicing factors were UV-irradiated (60 J m−2) through isopore membranes resulting in DNA lesion formation in small subnuclear areas. DNA damage sites (circled) were visualized by immunofluorescence using an antibody against the NER recognition factor XPC. Scale bar, 5 μm. b, SF3a1–GFP and PRP8–GFP depletion from UVC laser microbeam irradiation sites. Quantification of 20 cells from two independent experiments. eGFP localization at sites of DNA damage is used to demonstrate that depletion of eGFP-tagged splicing factors is not caused by photobleaching. c, UVC laser microbeam irradiation results in preferential displacement of U2- and U5-associated splicing factors from DNA damage sites. Quiescent HDFs were irradiated in a ∼1-µm-diameter nuclear area via a UVC laser. GFP signal intensity, reflecting the abundance of GFP-tagged U1, U2, U4 and U5 snRNP components at UVC DNA damage sites, was quantified in the irradiated and in a non-irradiated nuclear area (undamaged control). Plotted is the fluorescence signal intensity expressed as a percentage of that before irradiation, at the 1-min time point. Cells expressing free eGFP were used as negative control. Representative from three independent experiment (n = 12, mean ± s.e.m., paired t-test). d, Depletion of splicing factors from UVC laser irradiation sites depends on active transcription. Transcription initiation was inhibited in quiescent HDFs by prolonged α-amanitin treatment (10 µM, ≥24 h) before subnuclear UVC laser irradiation. Plotted is the SNRNP40–GFP abundance in irradiated and non-irradiated nuclear areas at 1-min post-irradiation. Representative from three independent experiments (n = 12, mean ± s.e.m., one-way ANOVA/Bonferroni).


Extended Data Figure 4 SNRNP40 reorganization and speckle enlargement in response to UV irradiation.
Representative microscopic images showing SNRNP40–GFP distribution in quiescent HDFs before, and 1 h post UVC irradiation with 20 J m−2. a, Live cells. b, Fixed cells. Images were obtained at 63× magnification.


Extended Data Figure 5 Transcription stalling mobilizes spliceosomes independent from NER complex assembly and proteasome activity.
a, RNA synthesis is inhibited preferentially by genotoxins that inflict bulky DNA lesions. Influence of genotoxins on RNA synthesis of quiescent HDFs was measured by 5EU pulse labelling combined with click chemistry. Top, representative images; bottom, quantification of fluorescence intensity (n = 150, mean ± s.e.m., one-way ANOVA/Bonferroni). Images were obtained at 40× magnification. b, Mobilization of U2 and U5 snRNPs by genotoxins inflicting transcription-blocking DNA lesions. Mobilization of GFP-tagged SF3a1 (left) and PRP8 (right) assayed by FRAP in quiescent HDFs exposed to different types of genotoxins (n = 30, mean ± s.e.m., one-way ANOVA/Dunnett’s). IR, ionizing radiation. c, Chromatin displacement of mature spliceosomes is not TC–NER-dependent. Left, chromatin abundance of U2 and U5 snRNP splicing factors was assayed by immunoblotting in XPA-deficient (left), XPA–GFP-corrected (middle) and CSB-deficient (right) HDFs. Cells were UV-irradiated (20 J m−2) and chromatin was isolated at the indicated times. Top, immunoblots; bottom, quantification of splicing factor signal intensities normalized to H2A (n = 3, mean ± s.d., one-way ANOVA/Bonferroni). d, Proteasome activity is not required for UV-damage-induced spliceosome mobilization. Mobilization of SNRNP40–GFP assayed by FRAP in quiescent HDFs exposed to UV radiation in the presence or absence of the proteasome inhibitor MG132 (50 µM) (n = 30, mean ± s.e.m., t-test). e, SNRNP40–GFP mobilization by transcription inhibition. FRAP of SNRNP40–GFP in quiescent HDFS after inhibition of transcription initiation (10 µg ml−1 α-amanitin, 24 h) or elongation (1 µg ml−1 actinomycin D or 50 µM DRB, 1 h) (n = 30, mean ± s.e.m., one-way ANOVA/Dunnett’s).


Extended Data Figure 6 ATM-dependency of UV induced spliceosome mobilization, alternative splicing and gene expression changes.
a, UV irradiation and DRB-dependent mobilization of SNRNP40. Quiescent HDFs expressing SNRNP40–GFP were UV-irradiated or DRB treated with doses that inhibit transcription to similar levels. Splicing factor mobility was assayed by FRAP. b, Additive effect of combined UV and DRB treatments. FRAP of SNRNP40–GFP in quiescent HDFs treated with DRB, UV, or a combination of both, each at a dose that inhibits RNA synthesis by ∼50%. c, Impaired UV-dependent SF3a1 mobilization in cells lacking ATM activity. SF3a1–GFP mobilization was measured by FRAP in quiescent HDFs derived from an ataxia telangiectasia (AT) patient or a healthy donor. d, ATM-dependent spliceosome mobilization. Quiescent HDFs were treated with 10 µM ATM (KU55933), ATR (VE821) or DNA-PK (NU7441) inhibitors before irradiation. GFP-tagged SF3a1 or PRP8 mobility was assayed by FRAP. ATM, but not ATR or DNA-PK inhibition partially prevented the UV-induced splicing factor mobilization. a–d, n = 25, mean ± s.e.m., one-way ANOVA/Bonferroni. e, Reduced UV-induced intron retention in response to ATM silencing. Intron inclusion in retina pigment epithelium (RPE) cells transfected either with control or ATM-silencing siRNAs and subsequently mock-treated or UV-irradiated (20 J m−2, 6 h) was assayed by RT–PCR. f, ATM-dependent changes in intron retention. Intron inclusion was assayed by RT–PCR in untreated, UV-irradiated and DRB-treated quiescent cells in the presence or absence of 10 µM ATM inhibitor. g, Heat map of UV-triggered and ATM-dependent transcriptome changes. Quiescent cells were mock-treated or UV-irradiated in the presence or absence of the ATM inhibitor. Transcriptome profiles were generated by RNA-seq. Differentially expressed genes between untreated and UV-irradiated cells (P < 0.05) and UV-irradiated cells in the presence or absence of the ATM inhibitor (P < 0.05), were clustered in a heat map using Pearson correlation. n = 1,676 differentially expressed transcripts. The observed correlation indicates that UV-inducible transcriptome changes can be, in part, prevented by ATM inhibition. h, Lack of influence of ATM inhibition on DRB-dependent splicing factor mobility. Splicing factor mobility was measured by FRAP in untreated or DRB-treated HDFs in the presence or absence of 10 µM ATM inhibitor (n = 30, mean ± s.e.m., one-way ANOVA/Bonferroni).


Extended Data Figure 7 Canonical and non-canonical ATM activation.
a, ATM autophosphorylation (Ser1981) was assayed in quiescent HDFs 1 h after the indicated treatments. In non-replicating cells UV and trichostatin A (TSA) activate ATM via non-canonical pathways. Transcription inhibition by DRB has no influence on ATM activity. b, The quiescent status of serum-deprived HDFs was verified by immunodetection of the cell cycle marker Ki67, which is not expressed by quiescent (G0) cells. c, Immunofluorescence detection of active ATM in quiescent HDFs treated with DDR kinase inhibitors. d, Immunoblotting analysis of nuclear extracts derived from quiescent HDFs treated as in c using a phospho-specific ATM (Ser1981) antibody (top) and an antibody recognizing ATM (bottom). e, Differences in autophosphorylated-ATM distribution in quiescent HDFs treated with various ATM activators. Left, multiple cells; right, single-cell magnification illustrating pan-nuclear localization of phosphorylated ATM after UV irradiation and focal accumulation after CPT or ionizing radiation treatments. Magnified cells are indicated by arrows (left panel). f, Differences in amounts of DNA damage-foci formation indicative of DSBs, in response to CPT, UV and ionizing radiation. Quiescent HDFs were pre-treated with the ATR inhibitor (10 µM, 1 h) and subsequently exposed to the indicated genotoxins. DSB foci were visualized by immunofluorescence using antibodies against γH2AX and p53BP1. Left, multiple cells; right, single-cell magnification; images were obtained at 40× and 63× magnification, respectively. Magnified cells are indicated by arrows in the left panel.


Extended Data Figure 8 ATM activation by interference with spliceosome assembly or RNaseH1/H2A silencing.
a, ATM autophosphorylation was assayed by immunofluorescence in HDFs after silencing of SF3a1, PRP8 or combined silencing of RNaseH1 and RNaseH2A. b, Immunoblotting analysis of silenced proteins in total cell lysates. Tubulin is shown as a loading control. c, Splicing factor mobilization by the spliceosome inhibitor pladienolide B (PL) was assayed by FRAP in quiescent HDFs. Consistent with its function in interfering with spliceosome maturation following pre-spliceosome assembly, cell treatment with pladienolide B resulted in extensive mobilization of U5 snRNP factors (PRP8 and SNRNP40), partial mobilization of the U2 snRNP SF3a1, and had no influence on the U1 snRNP factor U1A (n = 30, mean ± s.e.m., one-way ANOVA/Bonferroni). d, e, ATM activation by Pladienolide B. Quiescent HDFs were either treated with 5 µM pladienolide B or exposed to 1 Gy ionizing radiation (IR) and autophosphorylated ATM was detected by immunofluorescence (d) or immunoblotting (e). f, Effect of pladienolide treatment on intron retention. RNA isolated from mock-treated, UV-irradiated or pladienolide B-treated RPE cells. Intron retention, as assayed by RT–PCR on transcripts of the indicated genes, shows that pladienolide B influences splicing to the same extent as UV irradiation. U/S, ratio of relative abundance of unspliced (U) to spliced (S) introns. g, Efficiency of RNaseH1 and H2A silencing at the single-cell level, assayed by immunofluorescence. Images were obtained at 40× magnification.


Extended Data Figure 9 UV-induced R-loop formation enhances spliceosome mobilization.
a, Recruitment of RNaseH1(D145N)–GFP at local DNA damage sites depends on endogenous levels of RNaseH activity. DNA damage was inflicted via a UVC laser in ∼1-µm-diameter subnuclear areas of cells after silencing of RNaseH2A or overexpression of RNaseH1–mCherry. Recruitment of RNaseH1(D145N)–GFP at the irradiated sites was monitored by live-cell imaging. Plotted is the fluorescence intensity of RNaseH1(D145N)–GFP at 1 min post-irradiation, at the irradiated and in a non-irradiated nuclear area. Representative from three independent experiments (n = 10, mean ± s.e.m., one-way ANOVA/Bonferroni). b, c, R-loop formation at sites of local UVC laser irradiation. Immunofluorescence detection of R-loops using the DNA–RNA hybrid-specific S9.6 antibody. Sites of irradiation are visualized by XPC immunodetection. b, Dashed boxes indicate the magnified areas shown in the right panels. The dashed lines indicate the line-scan track used to quantify fluorescence intensity of S9.6 and anti-XPC (shown in in the graph). c, Specificity of the antibody was confirmed by its increased sensitivity after RNaseH2A silencing and its ability to detect R-loops when suboptimal doses of UVC irradiation were applied. d, RNaseH1 accumulation at local DNA damage sites depends on active transcription but not ATM activity. Transcription initiation was inhibited in quiescent HDFs by α-amanitin (10 µg ml−1, 24 h) before local UVC laser irradiation. Plotted is the fluorescence intensity at 1 min post-irradiation of RNaseH1(D145N)–GFP at the irradiated area and in a non-irradiated nuclear area for untreated, ATM-inhibitor- and α-amanitin-treated cells. Representative from three experiments (n = 10, mean ± s.e.m., one-way ANOVA/Bonferroni). e, RNaseH1 overexpression inhibits the UV-dependent spliceosome mobilization. FRAP of U2OS cells stably expressing GFP-tagged SF3a1 and PRP8 and transiently transfected with RNaseH1–mCherry. f, RNaseH1 and H2A silencing potentiates the UV-dependent spliceosome mobilization. RNaseH1 and H2 were silenced in U2OS cells expressing SF3a1–GFP or PRP8–GFP and splicing factor mobility was assayed by FRAP. g, FRAP of SNRNP40–GFP in quiescent HDFs after RNaseH1/H2 silencing. e–g, n = 30, mean ± s.e.m., one-way ANOVA/Bonferroni.


Extended Data Figure 10 Combined transcription inhibition and ATM activation results in extensive mobilization of mature spliceosomes.
a, Combinatorial effect of DRB and ionizing radiation on spliceosome mobilization. Quiescent HDFs were exposed to ionizing radiation in the presence or absence of DRB, and SF3a1–GFP and PRP8–GFP mobility was assayed by FRAP. b, The ionizing-radiation-mediated increase of DRB-dependent spliceosome mobilization depends on ATM activity. FRAP of GFP-tagged SNRNP40 in quiescent HDFs treated with DRB and/or ionizing radiation in the presence or absence of an ATM inibitor. c, Spliceosome mobilization by CPT. Quiescent HDFs were treated with 25 µg ml−1 CPT, 25 µM DRB and 20 J m−2 UV at doses that inhibit transcription to approximately 30% and their influence on SF3a1, PRP8 and SNRNP40 mobilization was measured by FRAP. Mobilization of GFP-tagged SF3a1, PRP8 and SNRNP40 in quiescent HDFs was measured by FRAP. a–c, n = 30, mean ± s.e.m., one-way ANOVA/Bonferroni. d, Inhibition of RNA synthesis by the treatments shown in c was assayed in quiescent HDFs by 5EU incorporation and click chemistry (n = 150, mean ± s.e.m., one-way ANOVA/Dunnett’s).
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show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    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 (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (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]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
