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            Abstract
The notion that mobile units of nucleic acid known as transposable elements can operate as genomic controlling elements was put forward over six decades ago1,2. However, it was not until the advancement of genomic sequencing technologies that the abundance and repertoire of transposable elements were revealed, and they are now known to constitute up to two-thirds of mammalian genomes3,4. The presence of DNA regulatory regions including promoters, enhancers and transcription-factor-binding sites within transposable elements5,6,7,8 has led to the hypothesis that transposable elements have been co-opted to regulate mammalian gene expression and cell phenotype8,9,10,11,12,13,14. Mammalian transposable elements include recent acquisitions and ancient transposable elements that have been maintained in the genome over evolutionary time. The presence of ancient conserved transposable elements correlates positively with the likelihood of a regulatory function, but functional validation remains an essential step to identify transposable element insertions that have a positive effect on fitness. Here we show that CRISPRâ€“Cas9-mediated deletion of a transposable elementâ€”namely the LINE-1 retrotransposon Lx9c11â€”in mice results in an exaggerated and lethal immune response to virus infection. Lx9c11 is critical for the neogenesis of a non-coding RNA (Lx9c11-RegoS) that regulates genes of the Schlafen family, reduces the hyperinflammatory phenotype and rescues lethality in virus-infected Lx9c11âˆ’/âˆ’ mice. These findings provide evidence that a transposable element can control the immune system to favour host survival during virus infection.
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                    Fig. 1: CRISPRâ€“Cas9 deletion of the ancient LINE-1 element Lx9 on chromosome 11 in mice.[image: ]


Fig. 2: Deletion of Lx9c11 leads to an exaggerated early immune response to virus infection.[image: ]


Fig. 3: Lx9c11 negatively regulates the immune response to virus infection and hybridizes to its mRNA target.[image: ]


Fig. 4: Lx9c11-RegoS rescues phenotypic changes in the immune response to CVB4 in Lx9c11âˆ’/âˆ’ mice.[image: ]
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                Data availability

              
              RNA-seq, DNA-sequencing and RNA capture sequencing data can be found in the ArrayExpress database under the accession number E-MTAB-8436. Raw reads were mapped to the mouse transcriptome (Gencode release M9, GRCm38.p4) and mouse genome (mm10 assembly). Public data for transcription factor binding in FigÂ 1 are available in the Gene Expression Omnibus under the accession codes GSE56123 and GSE56121 (ref. 32). Primers and RNA sequences are available in Supplementary Table 3 and other relevant data are available from the corresponding author upon request. In addition to the open-source tools described in details in the Methods and their bash wrapper scripts, a set of custom R (v.4.0.0.) scripts for data analysis are available on GitHub: https://github.com/nbartonicek/lx9c11. For RNA-seq evolutionary analysis, the following datasets were used: for mouse: E-MTAB-6798 (ref. 60), SRP199494 (ref. 61), SRP194004 (ref. 62), SRP093651 (ref. 71), DRP006483 (ref. 72); for rat: E-MTAB-6811 (ref. 60), ERP104234 (ref. 73), SRP057603 (ref. 74); for rabbit: SRP266207 (ref. 75); and for guinea pig and hamster: SRP277304 (ref. 76).
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Extended data figures and tables

Extended Data Fig. 1 Differential expression analyses of immune stimulus-induced genes.
(A) GO-terms of genes associated with LINE-1 elements based on GREAT analysis (http://great.stanford.edu/). GO-terms filtered by REVIGO (B) GO-term of intergenic LINE-1 elements differentially expressed (adj-p-valueâ€‰<â€‰0.05, DESeq2) using GREAT analysis. (C) Heat map showing differentially expressed genes in the pancreas 4 days after infection of C57BL/6J mice with CVB4. Mock-infected C57BL/6J (B6) (nâ€‰=â€‰3 individual mice group) are compared with C57BL/6J CVB4-infected mice (nâ€‰=â€‰3); a total of 4115 DE genes with FCâ€‰>â€‰2 and FDRâ€‰=â€‰0.0001. (D) Gene expression pathway enrichment in pancreatic tissue 4 days following infection of C57BL/6 with CVB4 (nâ€‰=â€‰3 mice per group) showing the top 10 most significantly upregulated (left) and downregulated (right) KEGG pathways. Differentially expressed genes from the linear model fit (FDRâ€‰<â€‰0.05) were used to calculate enrichment of KEGG pathways with function â€œkeggaâ€� with default parameters. Circle size denotes the number of genes in a pathway, and the colour intensity denotes the percentage of overexpressed genes per pathway as shown (E) Heat map showing differentially expressed Slfn family genes in mock-infected C57BL/6J (B6) (nâ€‰=â€‰3) compared with C57BL/6J CVB4-infected pancreases (nâ€‰=â€‰3) (FDRâ€‰<â€‰0.05). Data relate to Fig. 1.


Extended Data Fig. 2 Gene expression and transcription factor analyses after CVB4 infection.
(A) Violin plot showing the distance of differentially expressed transposable elements and non-differentially expressed transposable elements from the transcriptional start site of the 500 most-upregulated genes (shown in red) and 500 most-downregulated genes (black line) in the pancreas 4 days after CVB4 infection of C57BL/6J mice relative to mock-infected C57BL/6J mice (nâ€‰=â€‰3/group). Statistical analyses; Mann-Whitney test, p-value was 0, or too small to represent. (B) Enrichment of transcription factors in promoters of the top 500 differentially expressed genes in pancreas tissue 4 days after infection with CVB4. Enrichr analysis performed with gene set Transcription factor PPIs. Distance of repetitive elements from transcription start site (TSS) of the top 25 DE genes. Transcription factor score denotes overlap with interferon regulatory factor (IRF) and signal transducer and activator of transcription (STAT) motif families - grey for none, orange for one, red for both. (C) Differentially expressed LINE retrotransposons in the pancreas on day 4 of CVB4 infection, data compares gene expression in mock-infected and CVB4-infected C57BL/6J mice (nâ€‰=â€‰3 mice per group). (D) A bubble plot displaying enrichment of family-specific LINE-1 elements based on conservation status. Size of bubble represents adjusted p-value (sher exact test) and colour represents the number of expressed events. Distal promoter was arbitrarily defined as the region 10â€‰kb upstream of the transcription start site. (E) Expression of Tex11 determined by RNA-seq of pancreases from day 4 CVB4-infected and mock-infected Lx9c11âˆ’/âˆ’ and WT female mice, aged 8â€“10 weeks of age. Data are shown as 3 individual mice per group means SD, there was no Tex11 expression detected in 11/12 individual female mice. (F) DNA sequence of Lx9 showing transcription factor consensus binding motifs for interferon regulatory factor (IRF) and signal transducer and activator of transcription (STAT). JASPAR motif analyses with a default relative profile score threshold of 90% was used to scan Lx9c11 and 500bp either side of Lx9c11. Data relate to Fig. 1.


Extended Data Fig. 3 RNA-seq analyses of Lx9c11 and L1_Mus3.
(A) Representative RNA-seq reads across Lx9c11 and L1_Mus3 in mock-infected WT, day 4 CVB4-infected WT, mock-infected Lx9c11âˆ’/âˆ’ and day 4 CVB4-infected Lx9c11âˆ’/âˆ’ pancreases as shown in Fig. 1, using single mapping. (B) Quantitative PCR analyses of the expression of Lx9c11 and L1_Mus3 in WT and Lx9c11âˆ’/âˆ’ splenocytes stimulated for 24 hours with polyI:C or (C) splenocytes stimulated for 4â€‰h with LPS. For panels B and C; fold modulation in stimulated (treated) or untreated cells is relative to housekeeping gene RPL19, data are shown as nâ€‰=â€‰5 individual mice/group and mean Â± SD from 2 independent experiments, statistical significance determined by 2-tailed, unpaired students T-test. (D) Schematic showing CRISPRâ€“Cas9 targeted deletion of Lx9c11 and RNA capture nanopore sequencing defined transcripts for Lx9c11-RegoS and L1_Mus3 between Slfn2 and Slfn4 on chromosome 11 showing collapsed repeats (locus) and condensed repeats (transcripts) (see Fig. 1).


Extended Data Fig. 4 RNA-seq confirms altered splice sites observed in Nanopore long-read sequencing of RNA.
(A) Nanopore and RNA-seq analyses of CVB4-infected (day 4) and mock-infected C57BL/6 (WT) mice showing Slfn1 isoforms and heat map showing differentially expressed Slfn1 isoforms. Slfn1 isoforms were detected by nanopore reads that overlap canonical Slfn1 exons, RNA-seq reads were aligned with STAR and quantified with RSEM. The transcript isoform with the highest percentage (45.2%) TCONS_00000008 contained a novel exon followed by the canonical Slfn1 isoforms TCONS_00000028 with 36.6% and TCONS_00000027 with 12.5%. (B) RNA-seq analyses of public datasets for equivalent tissues (liver, brain WBC, testis, kidney) across identified organisms. Reads were mapped with STAR and expression levels (TPM) calculated for the 500nt region upstream of Slfn1 (equivalent to area overlapping Lx9c11-RegoS). Each dot in the plot represents a tissue sample with colours associated with each species. (C) Schematic showing multiexonic Lx9c11-RegoS transcripts (in black) identified by Nanopore long-read sequencing of RNA from CVB4-infected (day 4) and mock-infected C57BL/6 (WT) mice, and the truncated variant observed in Lx9c11âˆ’/âˆ’ mice determined from analyses of contiguous reads spanning the Lx9 excision site shown by a grey vertical line (nâ€‰=â€‰2â€“4 mice per group). Uniquely mapped RNA-seq spliced reads over transcripts that overlap the Lx9 excision site are shown in red (negative strand) with the number indicating normalised counts (CPMs). Blue lines indicate splice sites overlapping the Slfn1 locus (positive strand) (see Fig. 1).


Extended Data Fig. 5 Flow cytometric analyses of the spleen and BALF after CVB4 infection.
Flow cytometry and FACS analyses following CVB4 infection of Lx9c11âˆ’/âˆ’ and C57BL/6j (WT) mice. (A) Representative dot plots from flow cytometric analyses showing gating strategy for NK cells in the spleens of WT and Lx9c11âˆ’/âˆ’ mice on day 4 of CVB4 infection, also noted in theÂ MethodsÂ section. Percentages (B) and numbers (C) of NK cells in the spleen of WT and Lx9c11âˆ’/âˆ’ mice on day 1 following CVB4 infection. Percentages (D) and numbers (E) of NK cells in the spleen of WT and Lx9c11âˆ’/âˆ’ mice on day 4 of CVB4 infection. For panels Bâ€“E; data are shown as nâ€‰=â€‰4â€“5 individual mice/group and mean Â± SD from 2 independent experiments. Statistical significance was determined by 2-tailed unpaired t-test. (F) CD11b+ F480+ macrophages, (G) CD11b+ Ly6G+ neutrophils (H) CD8+ CD44hi CD3+ T cells (I), CD4+ CD44hi CD3+ T cells in the spleen on day 4 of infection. Quantitation of cells in WT and Lx9c11âˆ’/âˆ’ BALF on day 7 of CVB4 infection, gating strategy shown in Fig. 2q and in the MethodsÂ section. Numbers of (J) CD64+ monocytes/macrophages, (K) Ly6C+CD64+ monocyte subset, (L) Ly6Câˆ’CD64+ macrophage subset, (M) CD69+ CD8+ T cells, (N) activated/memory phenotype CD44hi+ CD8+ T cells, (O) Activated/memory phenotype CD44hi CD4+ T cells. For panels F-O; data are extended from Fig. 2 and shown as individual mice and mean Â± SD nâ€‰=â€‰4â€“5 individual mice/group, from 2 independent experiments, and statistical significance was determined by one-way ANOVA.


Extended Data Fig. 6 Transcriptomic analyses of Lx9c11âˆ’/âˆ’ mice.
(A) Heat map from RNA-seq analyses shown in Fig. 3, depicting the top 50 upregulated genes in the pancreas 4 days following infection of Lx9c11âˆ’/âˆ’ and C57BL/6J (WT) mice with CVB4 relative to mock-infected mice (nâ€‰=â€‰3/group). (B) Volcano plot for day 4 CVB4-induced gene expression relative to mock-infected controls in pancreases of Lx9c11âˆ’/âˆ’ mice compared with WT mice, showing differential expression of Slfn genes, Ifnar1 and little to no differential expression of Kalrn (related to Fig. 3 and SuplementaryTable 2).


Extended Data Fig. 7 Hybridization of LINE-1 elements and target RNA.
(A) mFold structures for predicted Lx9c11 and L1_Mus3 RNA hybrids, related to Fig. 3. PAGE, showing the full gels from Fig. 3 of RNA after hybridization; IRD-probe labelled Lx9c11-RegoS combined with unlabelled (B) Slfn1 nc_exon 1 (C), Slfn1 exon 2-3â€™UTR or negative-control RNA and IRD-probe labelled L1_Mus3 combined with unlabelled (D) Slfn9, (E) Ifnar1 or negative-control RNA.


Extended Data Fig. 8 LNA knockdown of Lx9c11 and L1_Mus3.
Splenocytes and enzymatically dispersed pancreases from C57BL/6j mice were transfected for 24â€‰h with single-stranded gapmer locked nucleic acid (LNA)-modified DNA oligonucleotides (LNA gapmers) designed to silence expression of Lx9c11 and L1_Mus3 or with LNA gapmer negative controls. Splenocytes were subsequently stimulated with polyI:C for 24â€‰h or enzymatically dispersed pancreases were infected with CVB4 for 24â€‰h in vitro. RNA was extracted for qPCR and the levels of RNA were normalized to the housekeeping gene RPL19. Expression of Lx9c11 (A) and L1_Mus3 (B) in splenocytes and pancreas shown as fold modulation relative to either splenocytes stimulated with polyI:C alone or pancreases infected with CVB4 alone. Data are shown for individual mice (nâ€‰=â€‰5 mice per group) from 2 experiments with similar findings. Fold modulation of slfn1, slfn9 and Ifnar1 in (C) Splenocytes or (D) pancreases transfected with Lx9c11 LNA gapmer and (E) Splenocytes or (F) pancreases transfected with L1_Mus3 LNA gapmer prior to stimulation relative to LNA Gapmer negative control. For panels Aâ€“F; data are shown as individual mice (nâ€‰=â€‰4â€“7 mice per group) and mean Â± SD from 4 independent experiments. Statistical significance was assessed by 2-tailed unpaired Studentâ€™s t-test.


Extended Data Fig. 9 Lentivirus replacement of Lx9c11-RegoS and L1_Mus3 transcripts.
(A) Splenocytes from Lx9c11âˆ’/âˆ’ mice were transfected with Lx9c11-RegoS, L1_Mus3 or empty control pLL3.7 lentiviral constructs for 24â€‰h then stimulated with polyI:C for a further 24â€‰h. RNA was extracted for qPCR and the levels of RNA were normalized to the housekeeping gene RPL19. The expression of Slfn1, Slfn9 and Ifnar1 are shown as fold modulation relative to spleen cells cultured with empty pLL3.7 vector from individual mice (nâ€‰=â€‰5, 2 experimental repeats) with bars showing mean values Â± SD. Statistical significance was assessed by 2-tailed unpaired Studentâ€™s t-test. C57BL/6j (WT) mice were injected with both Lx9c11-RegoS lentivirus and L1_Mus3 lentivirus, each LINE-1 construct alone or empty vector (pLL3.7). Percentage (B) and numbers (C) of NK cells in the spleen, IFNÎ² (D) and IL-6 (E) proteins detected in sera and (F) pulmonary oedema measured by lung water content, shown as weight (mg), of C57BL/6J (WT) recipients of RegoS-Lx9c11 pLL3.7 plus L1_Mus3 pLL3.7 vectors, RegoS-Lx9c11 pLL3.7 vector, L1_Mus3 pLL3.7 vector, empty pLL3.7 vector on day 4 of CVB4 infection. Data shown are WT recipients related to Fig. 4 and are shown for individual mice with bars showing mean values Â± SD nâ€‰=â€‰5 mice/group, 2 experiments. Panels Bâ€“F: Statistical significance was assessed by one-way ANOVA using Bonferroniâ€™s multiple comparisons test.


Extended Data Table 1 BLAST alignments of Lx9c11-RegoS and L1_Mus3Full size table





Supplementary information
Supplementary Tables
This file contains Supplementary Tables 1â€“3: Supplementary Table 1 shows whole Genomic DNA-sequencing analyses of Lx9c11-/- mice using HiSeqX platform (KAPA PCR-Free v2.1); Supplementary Table 2 lists the top 100 hits for L1_Mus3 determined in murine genomic and transcript databases by megaBLAST and Supplementary Table 3 lists primers and RNA sequences.


Reporting Summary




Rights and permissions
Springer Nature or its licensor holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


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



Cite this article
Bartonicek, N., Rouet, R., Warren, J. et al. The retroelement Lx9 puts a brake on the immune response to virus infection.
                    Nature 608, 757â€“765 (2022). https://doi.org/10.1038/s41586-022-05054-9
Download citation
	Received: 22 October 2019

	Accepted: 30 June 2022

	Published: 10 August 2022

	Issue Date: 25 August 2022

	DOI: https://doi.org/10.1038/s41586-022-05054-9


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

                
                    	
                            
                                
                                    
                                        An intronic LINE-1 regulates IFNAR1 expression in human immune cells
                                    
                                

                            
                                
                                    	Carmen A. Buttler
	Daniel Ramirez
	Edward B. Chuong


                                
                                Mobile DNA (2023)

                            
	
                            
                                
                                    
                                        piRNA processing by a trimeric Schlafen-domain nuclease
                                    
                                

                            
                                
                                    	Nadezda Podvalnaya
	Alfred W. Bronkhorst
	RenÃ© F. Ketting


                                
                                Nature (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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
	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]
                    Sign up for the Nature Briefing newsletter â€” 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: ]
