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            Abstract
Epigenetic dysregulation is a defining feature of tumorigenesis that is implicated in immune escape1,2. Here, to identify factors that modulate the immune sensitivity of cancer cells, we performed in vivo CRISPRâ€“Cas9 screens targeting 936 chromatin regulators in mouse tumour models treated with immune checkpoint blockade. We identified the H3K9 methyltransferase SETDB1 and other members of the HUSH and KAP1 complexes as mediators of immune escape3,4,5. We also found that amplification of SETDB1 (1q21.3) in human tumours is associated with immune exclusion and resistance to immune checkpoint blockade. SETDB1 represses broad domains, primarily within the open genome compartment. These domains are enriched for transposable elements (TEs) and immune clusters associated with segmental duplication events, a central mechanism of genome evolution6. SETDB1 loss derepresses latent TE-derived regulatory elements, immunostimulatory genes, and TE-encoded retroviral antigens in these regions, and triggers TE-specific cytotoxic T cell responses in vivo. Our study establishes SETDB1 as an epigenetic checkpoint that suppresses tumour-intrinsic immunogenicity, and thus represents a candidate target for immunotherapy.
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                    Fig. 1: In vivo chromatin regulator screens.


Fig. 2: SETDB1 (1q21.3) amplification in human tumours.


Fig. 3: SETDB1 targets evolving genomic loci.


Fig. 4: SETDB1 loss induces TE-encoded viral antigens.



                


                
                    
                
            

            
                Data availability

              
              All genomic sequencing data that support the findings of this study have been deposited in the Gene Expression Omnibus database with the accession code GSE155972. The original mass spectra for all experiments, and the protein sequence database used for searches have been deposited in the public proteomics repository MassIVE (https://massive.ucsd.edu) and are accessible at ftp://massive.ucsd.edu/MSV000086580/.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Analysis of screening performance.
a, Tumour volumes (mean Â± s.e.m.) of bilateral tumours (nÂ =Â 25 mice, nÂ =Â 50 individual tumours) in the LLC (top) and B16 (bottom) screens for the indicated treatment conditions on day 12 (LLC) and day 9 (B16) after tumour inoculation. Statistics by ANOVA with Tukeyâ€™s test for multiple comparisons. b, Saturation analysis of animal replicates from the three in vivo screening conditions for LLC (top) and B16 (bottom). Pearsonâ€™s correlations are calculated for the log2 guide abundance in one animal versus any other animal, then for two averaged animals versus any other two, and so on. Saturation approaches rÂ =Â 0.95 for both screens. c, Depletion (negative ratios) or enrichment (positive ratios) of targeted chromatin regulator genes in ICB-treated WT versus NSG mice in the LLC (x-axis) and B16 (y-axis) screens. Circle sizes reflect the significance (âˆ’log10(P value)) of depletion in the higher scoring model. Selected genes that scored uniquely in B16 (left) or LLC (right) are highlighted and coloured according to their associated chromatin regulator complexes. d,Â RNA expression (FPKM) in LLC (x-axis) and B16 (y-axis) for the top 30 screening hits by STARS score in each cell line. Colours indicate whether the gene was depleted in LLC only (orange), B16 only (blue), or in both cell lines (red). One outlier value (x = 11.7, y = 248.7) for the B16-only hit, Cdk2 is excluded for ease of visualization but is included in the calculation of the correlation coefficient. *PÂ <Â 0.05; **PÂ <Â 0.01; ***PÂ <Â 0.001; ****PÂ <Â 0.0001.
Source data


Extended Data Fig. 2 Tumour growth and survival data for Setdb1, Trim28, and HUSH complex KO.
a, Tumour growth (mean Â± s.e.m.) in untreated WT mice (no ICB) inoculated with Setdb1 (nÂ =Â 10) Tasor (nÂ =Â 5), Mphosph8 (nÂ =Â 5), or Trim28 (nÂ =Â 5) KO LLC cells, or Setdb1 or Trim28 KO B16 cells. Data are representative of 3 (Setdb1), 1 (Tasor), 1 (Mphosph8), 1 (Trim28 in LLC), and 2 (Trim28 in B16) experiments. Statistics by two-sided Studentâ€™s t-test at the indicated time-points. b, Tumour growth (mean Â± s.e.m.) in WT mice treated with ICB inoculated with Mphosph8 (nÂ =Â 20) or Trim28 (nÂ =Â 20) KO LLC cells. Data represent 1 experiment. Statistics by two-sided Studentâ€™s t-test at the indicated time-points. c, Overall survival for untreated (top) and ICB-treated (bottom) WT mice inoculated with B16 (left) or LLC (right) tumours and corresponding to Fig. 1d. Statistics by log-rank test. d, Tumour growth (top, mean Â± s.e.m.) and overall survival (bottom) for untreated NSG mice (no ICB) inoculated with Setdb1 KO B16 (left, nÂ =Â 20) or LLC (right, nÂ =Â 15). Data represent 1 experiment. Statistics for tumour growth by two-sided Studentâ€™s t-test at the indicated time-points. Statistics for overall survival by log-rank test. *PÂ <Â 0.05; ***PÂ <Â 0.001; ****PÂ <Â 0.0001.
Source data


Extended Data Fig. 3 SETDB1 (1q21.3) amplification in human TCGA and ICB-treated cohorts.
a, Running enrichment scores by GSEA for immune gene sets significantly (FDR <0.001) anti-correlated with SETDB1 expression by Pearsonâ€™s correlation across TCGA cohorts. b, Pearsonâ€™s correlation between SETDB1 expression and cytolytic score (geometric mean of PRF1 and GZMA expression) in TCGA cohorts. Circle size indicates statistical significance (âˆ’log10(P value)) of the Pearsonâ€™s correlation. Blue and red indicate negative and positive values, respectively.Â c, Bootstrap analysis plotting the rank of the correlation between cytolytic score and SETDB1 expression (red lines) in each TCGA cohort, compared to 408 randomly selected control genes (grey lines). d, Kaplanâ€“Meier curves for patients with renal cell carcinoma treated with PD-1 blockade (left, nivolumab) or mTOR inhibitor (right, everolimus). Overall survival curves are stratified according to SETDB1 expression (top 50%, high expression; bottom 50%, low expression). Hazard ratios associated with SETDB1 high expression are listed. The number of patients-at-risk are indicated for each time point. Statistics by log-rank test. e, Bootstrap analysis showing the impact of GISTIC2-defined copy-number alterations (CNA) on overall survival in patients treated with mTOR inhibitor (left, everolimus) or PD-1 blockade (right, nivolumab). Positive values indicate a CNA that has a harmful impact on survival with ICB or mTOR inhibitor, and negative values indicate a CNA that has a beneficial effect. 1q21.3 amplification (red) is highlighted alongside chromosomal regions previously reported as predictors of ICB response in RCC, including 10q23.31 deletion (associated with improved response) and 9p21.3 deletion (associated with poor response).


Extended Data Fig. 4 Identification of SETDB1 domains.
a, Heat map of H3K9me3 peaks (rows, FPKM) in control and Setdb1 KO LLC (left) and B16 (right) cells. Peaks are separated based on whether they were lost (top) or retained (bottom) in Setdb1 KO cells, and annotated by whether they are located in the open compartment A of the genome. Statistics for compartment A enrichment by permutation testing. b, The number of 100-kb windows containing the indicated numbers of SETDB1-dependent H3K9me3 peaks in B16 (left) or LLC (right) cells, compared to random control peaks. Statistics by Chi-square test. c, Workflow for annotation of SETDB1-domains from H3K9me3 ChIPâ€“seq data in LLC and B16 cells. *PÂ <Â 0.05; ****PÂ <Â 0.0001.


Extended Data Fig. 5 TE-encoded regulatory elements in Setdb1 KO LLC and B16 cells.
a, Proportion of chromatin accessible sites (ATAC-seq) gained in Setdb1 KO LLC or B16 cells that are located within (red) or outside (grey) SETDB1 domains. b, Proportion of ATAC-seq sites gained in Setdb1 KO LLC or B16 cells that coincide with promoters (light grey), distal TEs (red), or other promoter-distal sites (dark grey). Statistics by permutation testing. c, Proportion of gained ATAC-seq sites at distal TEs in Setdb1 KO B16 cells that also gain H3K27 acetylation and resemble active enhancers. d, Coordinate gain of chromatin accessibility and H3K27 acetylation at an example TE-site in Setdb1 KO B16 cells. e, Activation of genes near (<50 kb) gained ATAC-seq sites at distal TEs in Setdb1 KO LLC or B16 cells compared to control genes. Statistics by permutation testing. fâ€“g, Flow cytometry in control and Setdb1 KO cells showing gating strategy (f), cell-surface expression (g) (y-axis, median fluorescence intensity (MFI)) for ULBP1 and RAET1 ligands in LLC (left), and MHCI expression in LLC and B16 (right) with or without induction with IFNÎ³ (10 ngÂ mlâˆ’1, 24 h). Data are mean Â± s.e.m. and reflect 2 independent experiments with 4 biological replicates. Statistics by two-sided Studentâ€™s t-test. *PÂ <Â 0.05; **PÂ <Â 0.01.


Extended Data Fig. 6 Gene and TE expression in Setdb1 KO LLC and B16 cells.
a, Distribution of TE types (top) and LTR subfamilies (bottom) induced in Setdb1 KO LLC or B16 cells by RNA-seq. b, Heat map showing RNA expression (row normalized) of canonical interferon-stimulated genes in untreated and poly(I:C) stimulated (500 ngÂ mlâˆ’1, 48Â h) control and Setdb1 KO LLC and B16 cells. c, Percentage of TEs induced in Setdb1 KO LLC or B16 cells that retain intact viral ORFs, compared to control TEs. Statistics by Fisherâ€™s exact test. d, Flow cytometry for cell-surface expression of the MuLV envelope protein in Setdb1 KO LLC and B16 cells. Gating strategy (left) and histograms (right) with mode-normalized cell counts are shown. Data are representative of nÂ =Â 3 and nÂ =Â 2 experiments in LLC and B16, respectively. e, Differential protein expression in B16 cells by whole-cell mass spectrometry. Tryptic protein sequences derived from TEs (red) or canonical proteins (grey) are highlighted. Fold-change (x-axis) and statistical significance (y-axis) for proteins in Setdb1 KO versus control are shown. f, Venn diagrams showing the number of predicted, unique TE-encoded H2-Kb/H2-Db binding peptides in LLC and B16 cells by GRCm38 RNA-seq analysis. Diagrams show the total number of predicted, TE-encoded MHC Class I peptides in LLC and B16 cells (left), and subsets showing (1) high expression in control cells and further induction upon Setdb1 KO (middle), and (2) no detectable expression in control cells and strong induction only upon Setdb1 KO (right). Several MuLV-encoded peptides known to be presented by H2-Kb or H2-Db are highlighted. ***PÂ <Â 0.001. ****PÂ <Â 0.0001.


Extended Data Fig. 7 TE expression in SETDB1 KO A375 cells.
a, Distribution of TE types (top) and LTR subfamilies (bottom) induced in SETDB1 KO A375 cells by RNA-seq. b, Volcano plot of Hallmark IFN-alpha response genes in A375 cells by RNA-seq. Fold-change (x-axis) and statistical significance (y-axis) in SETDB1 KO versus control are shown. c, Percentage of TEs induced in Setdb1 KO A375 cells that retain intact viral ORFs compared to control TEs. Statistics by Fisherâ€™s exact test. d, Diagram showing the total number of predicted, unique TE-encoded MHCI peptides induced in SETDB1 KO A375 cells by RNA-seq. Binding predictions are based on A375-specific HLA types (seeÂ Methods). Subsets of predicted TE-encoded MHCI peptides with (1) high expression in control cells and further induction upon SETDB1 KO, or (2) no detectable expression in control cells and strong induction only upon SETDB1 KO, are highlighted. ***PÂ <Â 0.001. ****PÂ <Â 0.0001.


Extended Data Fig. 8 Gene expression and scRNA-seq analysis of immune infiltration in LLC tumours.
aâ€“c, Transcriptional profiling with RNA-seq performed on bulk tumour tissue from control (nÂ =Â 8 untreated and nÂ =Â 6 ICB-treated) and Setdb1 KO (nÂ =Â 10 untreated and nÂ =Â 6 ICB-treated) LLC tumours. Data represent 1 experiment. a, Running enrichment scores by GSEA for immune gene sets significantly (FDR <0.01) upregulated in Setdb1 KO LLC tumours treated with ICB relative to controls. b, Volcano plot depicts expression fold-change (x-axis) and statistical significance (y-axis) of cytotoxicity genes (red) and all other genes (grey) in Setdb1 KO LLC tumours treated with ICB relative to controls. c, TCR repertoire profiling with targeted sequencing of alpha and beta-chain variable regions from Setdb1 KO LLC tumours (untreated and ICB-treated) relative to controls. Variation in clonotype abundance (skewing) is represented by the Gini index (left, higher number indicates greater skewness) and Shannon entropy (right, lower number indicates greater skewness). Data are mean Â± s.e.m. Statistics by two-sided Studentâ€™s t-test. dâ€“h, scRNA-seq (3â€²) analysis of immune cells (CD45+ enrichment) from control (nÂ =Â 3 untreated, nÂ =Â 4 ICB-treated) or Setdb1 KO (nÂ =Â 3 untreated, nÂ =Â 4 ICB-treated) LLC tumours. Data are from 1 experiment. d, UMAP plots highlight 4,497 cells and associated clusters identified in the lymphoid compartment. e, Representative marker genes used to identify and annotate cell clusters in d. f, Changes in lymphoid populations in ICB-treated tumours (nÂ =Â 4 control, nÂ =Â 4 Setdb1 KO) as a proportion of the total lymphoid population. Data are mean Â± s.e.m. Statistics by two-sided Studentâ€™s t-test. g, Ratio of NK-2 to NK-1 cells in ICB-treated samples. Data are mean Â± s.e.m. Statistics by Mannâ€“Whitney U test. h, Differentially expressed genes (log2(fold-change)) in NK-2 vs NK-1 cells. Circle sizes indicate statistical significance (FDR). *PÂ <Â 0.05. ****PÂ <Â 0.0001.


Extended Data Fig. 9 TCR profiling and scRNA-seq of p15E-specific T cells isolated from control and Setdb1 KO LLC tumours.
a, Unique CDR3 sequences (x-axis) identified from TCR sequencing of flow-sorted p15E-tetramer-positive CD8+ T cells isolated from control LLC tumours. High-confidence CDR3 sequences (nÂ =Â 377) are highlighted by brackets and identified based on strong statistical enrichment (âˆ’log10(P value) > 46 cut-off indicated by dotted line, seeÂ Methods) within the p15E-tetramer-positive fraction. b, c, scRNA-seq (5â€²) of 24,860 lymphoid cells (CD4+CD8+ enrichment) isolated from control (nÂ =Â 4 untreated, nÂ =Â 4 ICB-treated) and Setdb1 KO (nÂ =Â 3 untreated, nÂ =Â 3 ICB-treated) LLC tumours. b, UMAP plot highlights cell populations identified among CD4+CD8+-enriched lymphoid cells. c, Representative marker genes used to identify and annotate cell clusters in b. d, Representative flow cytometry gating strategy for p15E-tetramer studies. Corresponds to Fig. 4e. *PÂ <Â 0.05.


Extended Data Fig. 10 Survival data and functional studies evaluating MHCI ablation, CD8 depletion, and NK depletion in Setdb1 KO cells.
a, Overall survival for ICB-treated WT mice inoculated with control and Setdb1 KO B16 (left) or LLC (right) cells with intact (B2m WT) or deficient (B2m KO) MHCI, as detailed in Fig. 4f and Methods. Statistics by log-rank test. b, Overall survival for ICB-treated WT mice inoculated with control or Setdb1 KO B16 (left) or LLC (right) cells that received intraperitoneal injections with isotype (left), CD8-depleting (middle), or NK-depleting (right) antibodies starting on day âˆ’3 before tumour challenge and continuing every 3 days until day 18, as detailed in Fig. 4f and Methods. Statistics by log-rank test. *PÂ <Â 0.05; ***PÂ <Â 0.001.
Source data





Supplementary information
Reporting Summary

Supplementary Table 1
List of chromatin regulator genes included in the CRISPR screening library.


Supplementary Table 2
sgRNA depletion and enrichment data for in vivo CRISPR screens in LLC and B16.


Supplementary Table 3
Enrichments for transposable elements and segmental duplications within SETDB1 domains.


Supplementary Table 4
Gene-ontology enrichments for segmental duplications within SETDB1 domains.


Supplementary Table 5
H2-Kb peptides detected by immunopeptidomics in control and Setdb1 KO LLC cells.


Supplementary Table 6
High-confidence CDR3 regions identified by TCR sequencing of p15E-specific CD8+ T cells.


Supplementary Table 7
SRA accession numbers for public RNA-seq data of normal tissues.





Source data
Source Data Fig. 1

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 10




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Griffin, G.K., Wu, J., Iracheta-Vellve, A. et al. Epigenetic silencing by SETDB1 suppresses tumour intrinsic immunogenicity.
                    Nature 595, 309â€“314 (2021). https://doi.org/10.1038/s41586-021-03520-4
Download citation
	Received: 14 August 2020

	Accepted: 07 April 2021

	Published: 05 May 2021

	Issue Date: 08 July 2021

	DOI: https://doi.org/10.1038/s41586-021-03520-4


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

                
                    	
                            
                                
                                    
                                        SETDB1 promotes progression through upregulation of SF3B4 expression and regulates the immunity in ovarian cancer
                                    
                                

                            
                                
                                    	Hongjuan Yang
	Lei Sui
	Yuchao Diao


                                
                                Journal of Ovarian Research (2024)

                            
	
                            
                                
                                    
                                        HKDC1 promotes tumor immune evasion in hepatocellular carcinoma by coupling cytoskeleton to STAT1 activation and PD-L1 expression
                                    
                                

                            
                                
                                    	Yi Zhang
	Mingjie Wang
	Ping Gao


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Keep quiet: the HUSH complex in transcriptional silencing and disease
                                    
                                

                            
                                
                                    	Iris MÃ¼ller
	Kristian Helin


                                
                                Nature Structural & Molecular Biology (2024)

                            
	
                            
                                
                                    
                                        ZNF689 deficiency promotes intratumor heterogeneity and immunotherapy resistance in triple-negative breast cancer
                                    
                                

                            
                                
                                    	Li-Ping Ge
	Xi Jin
	Yi-Zhou Jiang


                                
                                Cell Research (2024)

                            
	
                            
                                
                                    
                                        Towards targeting transposable elements for cancer therapy
                                    
                                

                            
                                
                                    	Yonghao Liang
	Xuan Qu
	Ting Wang


                                
                                Nature Reviews Cancer (2024)

                            


                

            

        
    

            
                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

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing: Cancer newsletter â€” what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



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


    









    








