







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 25 May 2022



                    ADAR1 masks the cancer immunotherapeutic promise of ZBP1-driven necroptosis

                    	Ting ZhangÂ 
            ORCID: orcid.org/0000-0002-8645-581X1Â na1, 
	Chaoran Yin1Â na1, 
	Aleksandr FedorovÂ 
            ORCID: orcid.org/0000-0002-8829-34472Â na1, 
	Liangjun Qiao3, 
	Hongliang BaoÂ 
            ORCID: orcid.org/0000-0002-0680-44274, 
	Nazar Beknazarov2, 
	Shiyu Wang4, 
	Avishekh Gautam1, 
	Riley M. Williams1, 
	Jeremy Chase CrawfordÂ 
            ORCID: orcid.org/0000-0003-4096-60485, 
	Suraj Peri1, 
	Vasily StuditskyÂ 
            ORCID: orcid.org/0000-0002-7389-79936,7, 
	Amer A. Beg8, 
	Paul G. ThomasÂ 
            ORCID: orcid.org/0000-0001-7955-02565, 
	Carl WalkleyÂ 
            ORCID: orcid.org/0000-0002-4784-90319, 
	Yan Xu4, 
	Maria Poptsova2, 
	Alan HerbertÂ 
            ORCID: orcid.org/0000-0002-0093-15722,10 & 
	â€¦
	Siddharth BalachandranÂ 
            ORCID: orcid.org/0000-0003-2084-18031Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 606,Â pages 594â€“602 (2022)Cite this article
                    

                    
        
            	
                        34k Accesses

                    
	
                        121 Citations

                    
	
                            172 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Cancer immunotherapy
	Cell death and immune response


    


                
    
    

    
    

                
            


        
            Abstract
Only a small proportion of patients with cancer show lasting responses to immune checkpoint blockade (ICB)-based monotherapies. The RNA-editing enzyme ADAR1 is an emerging determinant of resistance to ICB therapy and prevents ICB responsiveness by repressing immunogenic double-stranded RNAs (dsRNAs), such as those arising from the dysregulated expression of endogenous retroviral elements (EREs)1,2,3,4. These dsRNAs trigger an interferon-dependent antitumour response by activating A-form dsRNA (A-RNA)-sensing proteins such as MDA-5 and PKR5. Here we show that ADAR1 also prevents the accrual of endogenous Z-form dsRNA elements (Z-RNAs), which were enriched in the 3â€²â€‰untranslated regions of interferon-stimulated mRNAs. Depletion or mutation of ADAR1 resulted in Z-RNA accumulation and activation of the Z-RNA sensor ZBP1, which culminated in RIPK3-mediated necroptosis. As no clinically viable ADAR1 inhibitors currently exist, we searched for a compound that can override the requirement for ADAR1 inhibition and directly activate ZBP1. We identified a small molecule, the curaxin CBL0137, which potently activates ZBP1 by triggering Z-DNA formation in cells. CBL0137 induced ZBP1-dependent necroptosis in cancer-associated fibroblasts and reversed ICB unresponsiveness in mouse models of melanoma. Collectively, these results demonstrate that ADAR1 represses endogenous Z-RNAs and identifies ZBP1-mediated necroptosis as a new determinant of tumour immunogenicity masked by ADAR1. Therapeutic activation of ZBP1-induced necroptosis provides a readily translatable avenue for rekindling the immune responsiveness of ICB-resistant human cancers.
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                    Fig. 1: ADAR1 suppresses endogenous Z-RNAs.


Fig. 2: ADAR1 loss triggers ZBP1-dependent cell death.


Fig. 3: CBL0137 induces Z-DNA formation in cells.


Fig. 4: CBL0137 induces ZBP1-dependent cell death.


Fig. 5: CBL0137 potentiates ICB responses in melanoma.
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              The RNA-seq, ChIP-seq and RIP-seq experimental data are available from the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo) under the accession number GSE184966. The genomic annotations used in the DeepZ feature analysis were obtained from the ChIP-Atlas public resource (https://chip-atlas.org).Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Z-RNA accumulation upon Adar ablation.
a, Time course of Z-RNA and A-RNA formation in ADAR1 WT, ADAR1 KO, ADAR1/MAVS double KO MEFs, or ADAR1 KO MEFs treated with anti-IFNAR1 neutralizing antibody (20â€‰Âµg/mL). b, Quantification of fluorescence intensity of Z-RNA and A-RNA signals in a. c, MAVS protein levels in WT MEFs following CRISPR-based murine Mavs (MAVS KO), and exposure to IFNÎ² (100â€‰ng/mL, 24â€‰h). Mavs was ablated using lentiviruses expressing â€˜all-in-oneâ€™ sgRNA. d, Whole-cell extracts from ADAR1 WT or ADAR1 KO treated with IFNÎ² for 6â€‰h were examined for phosphorylated STAT1, total STAT1 and ADAR1 by immunoblot analysis. e, Isg15 mRNA levels were examined by RT-qPCR in ADAR1 WT or ADAR1 KO treated with or without IFNÎ² for 6â€‰h. f, Detection of Z-RNA and A-RNA accumulation in primary Adar+/+Ifih1âˆ’/âˆ’ or Adarâˆ’/âˆ’Ifih1âˆ’/âˆ’ MEFs in the presence or absence IFNÎ² (100â€‰ng/mL). g, Quantification of fluorescence intensity of Z-RNA and A-RNA signals in f. h, Detection of Z-RNA and A-RNA accumulation in immortalized BMDMs in the presence or absence of IFNÎ² (100â€‰ng/mL), following ADAR1 ablation by CRISPR-based approaches. i, Protein levels of ADAR1 p150 in immortalized BMDMs were detected by immunoblot (upper panel). Quantification of fluorescence intensity of Z-RNA and A-RNA signals in h (bottom panel). j, Detection of Z-RNA and A-RNA accumulation in airway epithelium-derived immortalized LET1 cells in the presence or absence of IFNÎ² (100â€‰ng/mL), following ADAR1 ablation by CRISPR-based approaches. k, Protein levels of ADAR1 p150 in LET1 cells were detected by immunoblot (upper panel). Quantification of fluorescence intensity of Z-RNA and A-RNA signals in j (bottom panel). l, Detection of Z-RNA and A-RNA accumulation in ADAR1 WT or KO immortalized endothelial SVEC4-10 cells in the presence or absence of IFNÎ² (100â€‰ng/mL). m, Protein levels of ADAR1 p150 in SVEC4-10 cells were detected by immunoblot (upper panel). Quantification of fluorescence intensity of Z-RNA and A-RNA signals in l (bottom panel). n, Schematic of FLAG-tagged ADAR1 p150, E861A and ZÎ± (N175A/Y179A) mutants used in this experiment. o, Equivalent expression levels of ADAR1 constructs in stably-reconstituted Adarâˆ’/âˆ’ MEFs were confirmed by immunoblotting. p, Z-RNA accumulation in immortalized Adarâˆ’/âˆ’ MEFs stably reconstituted with empty vector (Vec), or with ADAR1 p150, ZÎ± N175A/Y179A (ZÎ± mut) or editing-deficient (E861A) mutants without IFNÎ² treatment. q, Detection of Z-RNA accumulation in ADAR1 p150 or E861A mutant cells following IFNÎ² (100â€‰ng/mL) treatment. r, Quantification of fluorescence intensity of Z-RNA signals in q. s, Detection of Z-RNA accumulation in ADAR1 p150 or E861A mutant cells after proteinase treatment. Fixed cells were treated with proteinase K (0.008â€‰U/ml) for 30â€‰min before staining. t, Quantification of fluorescence intensity of Z-RNA signals in s. Data are meanâ€‰Â±â€‰s.d. (nâ€‰=â€‰30 in b, g, i, k, m, r, t or nâ€‰=â€‰3 in e per group). One-way ANOVA test (b, g, i, k, m), two-tailed unpaired t-test with Welchâ€™s correction (e, r) or two-tailed unpaired Studentâ€™s t-test (t). ***Pâ€‰<â€‰0.0005 (Pâ€‰<â€‰0.0001 in b, g, i, k, m, r). NS, no significance. Data are representative of at least three independent experiments. Adar was ablated by CRISPR-based approaches, as detailed in the manuscript.
Source data


Extended Data Fig. 2 Z-forming mRNAs suppressed by ADAR1.
a, Origin of sequenced RNA fragments in Z22 RIP-seq for ADAR1 KO Zbp1âˆ’/âˆ’ MEFs with IFNÎ² (100â€‰ng/mL). b, Aâ†’I Editing Index of RNAs in Z22 pull-downs from ADAR1 WT and ADAR1 Zbp1âˆ’/âˆ’ KO cells before and after IFNÎ² treatment (100â€‰ng/mL). c, Expression levels of ADAR2 in ADAR1 WT or ADAR1 KO MEFs in the presence or absence of IFNÎ² (100â€‰ng/mL, 24â€‰h). d, Distribution of repeats in Z22 enriched ISG mRNAs from ADAR1 KO Zbp1âˆ’/âˆ’ MEFs. Localization and the total number of repeats that were also edited in Z22 pulldowns from IFNÎ²-treated ADAR1 WT cells are provided in red (Aâ†’I Editing Index > 0.1%; mean coverage per adenosine > 5). e, 3â€™UTRs of inverted SINE-containing mRNAs showing Z22 enrichment (blue peaks), IgG (grey peaks), input (orange peaks), editing sites (vertical red bars), location of SINEs, and location of qPCR primers (red arrows). qPCR quantitation of the indicated inverted SINE-containing mRNAs (Xrn1 and Knl1) 3â€™UTRs following immunoprecipitation with Z22 or control IgG antibodies from ADAR1 MEFs stimulated with or without IFNÎ² (100â€‰ng/mL, 48â€‰h) is shown to the right. f, qPCR analysis of the indicated GU-type simple repeat containing mRNAs (Eif2ak2 and Ifih1) following immunoprecipitation with Z22 or control IgG antibodies from ADAR1 KO MEFs. Potential bipartite (dumbbell) Z-forming RNA structures (RNA-fold) are shown to the right of each graph, and putative ZÎ± binding sites are outlined in pink boxes. Data are meanâ€‰Â±â€‰s.d. (nâ€‰=â€‰3 in e, f per group). Two-tailed unpaired t-test with Welchâ€™s correction (e, f). *Pâ€‰<â€‰0.05 [Pâ€‰=â€‰0.005 in e (Xrn1)], **Pâ€‰<â€‰0.005 [Pâ€‰=â€‰0.003 in e (Knl1), Pâ€‰=â€‰0.001 in f (Eif2ak2), P = 0.004 in f (Ifih1)]. Data are representative of at least three independent experiments.
Source data


Extended Data Fig. 3 ZBP1-activated cell death following Adar ablation.
a, Photomicrographs of ADAR1 WT or ADAR1 KO following treatment with IFNÎ² (100â€‰ng/mL, 48â€‰h). b, Zbp1âˆ’/âˆ’ MEFs stably expressing FLAG-ZBP1, in which ADAR1 was present (ADAR1 WT) or ablated by CRISPR/Cas9 (ADAR1 KO), were treated with the indicated cytokines (100â€‰ng/mL). Cell viability was determined at 48â€‰h post treatment. (c, d), MEFs produced as in b were treated with IFNÎ² (c) or IFNÎ³ (100â€‰ng/mL) (d) in the presence or absence of zVAD (50â€‰mM) and RIPK3 inhibitor (R3i) GSKâ€™843 (5â€‰ÂµM). Viability was examined at 48â€‰h post treatment. e, Adar was ablated by CRISPR-based approaches in Mlklâˆ’/âˆ’ or Mlklâˆ’/âˆ’Casp8âˆ’/âˆ’ MEFs. Cells were treated IFNÎ² (100â€‰ng/mL) in the presence or absence of zVAD (50â€‰mM). Viability was examined at 48â€‰h post treatment. f, IFNÎ² (100â€‰ng/mL)-treated ADAR1 WT and ADAR1 KO MEFs were lysed at 24â€‰h post treatment and examined for RIPK1, FADD, Caspase 8 (Casp8), and ADAR1 by immunoblotting. g, Schematic of FLAG-tagged murine ZBP1 and its mutants. h, Equivalent expression levels of FLAG-ZBP1 constructs in retrovirally-reconstitued Zbp1âˆ’/âˆ’ MEFs were confirmed by immunoblotting for the FLAG tag. i, Cell viability of Zbp1âˆ’/âˆ’ MEFs stably expressing FLAG-ZBP1 or its mutants was determined at 48â€‰h post IFNÎ² (100â€‰ng/mL) treatment. j, Immortalized Zbp1âˆ’/âˆ’ MEFs stably reconstituted with either FLAG-ZBP1 or FLAG-ZBP1Î”ZÎ± mutant were ablated for ADAR1 expression by a CRISPR-based approach, treated with IFNÎ² (100â€‰ng/mL, 48â€‰h). Following cell lysis, anti-FLAG immunoprecipitates were examined for FLAG. Whole-cell extract (5% input) was examined in parallel for FLAG. GAPDH was used as a loading control. k, Zbp1âˆ’/âˆ’ MEFs stably expressing FLAG-ZBP1 or FLAG-ZBP1Î”ZÎ± mutant were ablated for ADAR1 expression, treated with or without IFNÎ² (100â€‰ng/mL). RNA present in anti-FLAG or control IgG immunoprecipitates was subjected to RT-qPCR using primers for the 3â€™UTRs of Eif2ak2, Ddx58, or Ifih1. l, Zbp1âˆ’/âˆ’ MEFs reconstituted with FLAG-ZBP1 or FLAG-ZBP1Î”ZÎ± were ablated for ADAR1 expression, treated with or without IFNÎ² (100â€‰ng/mL). FLAG or control IgG immunoprecipitates from cell lysates were subjected to RT-qPCR using primers for the 3â€™UTRs of Xrn1, Knl1 or Slfn5. m, Immunofluorescence staining for pMLKL (green) in Zbp1âˆ’/âˆ’ MEFs stably expressing FLAG-ZBP1 and ablated for Adar (ADAR1 KO) at the indicated time point after treatment with IFNÎ² (100â€‰ng/mL). Nuclei are stained with DAPI (blue) and outlined with dashed white lines. pMLKL is seen in the nucleus and cytoplasm of cells after IFNÎ² exposure. n, Line graph depicts the kinetics of pMLKL positivity, and bars show the localization of the pMLKL signal. o, Lamin B1 (green) staining for nuclear envelope integrity of ADAR1 WT or ADAR1 KO MEFs at 48â€‰h post treatment with IFNÎ² (100â€‰ng/mL). p, Kinetics of nuclear envelope breakdown in ADAR1 WT or ADAR1 KO MEFs after IFNÎ² (100â€‰ng/mL) treatment. Data are meanâ€‰Â±â€‰s.d. (nâ€‰=â€‰4 in b, c, d, e, i, n, p or nâ€‰=â€‰3 in k, l per group). Two-tailed unpaired t-test with Welchâ€™s correction (b, e, i, k, l), one-way ANOVA test (c, d) or two-way ANOVA test (p). *Pâ€‰<â€‰0.05 [Pâ€‰=â€‰0.0178 in k (Ifih1), Pâ€‰=â€‰0.026 in l (Slfn5)], **Pâ€‰<â€‰0.005 [Pâ€‰=â€‰0.0007 in b (IFNÎ³), Pâ€‰=â€‰0.001 in e, Pâ€‰=â€‰0.0044 in k (Eif2ak2), Pâ€‰=â€‰0.002 in k (Ddx58), Pâ€‰=â€‰0.0018 in l (Knl1)], ***Pâ€‰<â€‰0.0005 [Pâ€‰<â€‰0.0001 in b (IFNÎ²), c, d, i, Pâ€‰=â€‰0.0002 in l (Xrn1)]. Data are representative of at least three independent experiments.
Source data


Extended Data Fig. 4 CBL0137 induced Z-DNA formation.
a, Structures of A-RNA, Z-RNA, Z-DNA and B-DNA. b, Z-DNA inducing activity of CBL0137 analogs. c, Quantification of fluorescence intensity of Z-DNA signal in b. d, Genomic distribution of L1Md A and L1Md T repeats overlapping with Z22 peaks in CBL0137-treated FLAG-ZBP1 MEFs. e, Quantile-quantile plot of the linear model weights for the features analyzed by DeepZ. The graph shows that the values for the upper and lower bounds of the plot differ from the normal distribution expected under the null hypothesis. f, Comparative plot of the importance of the features evaluated in datasets Z22 and FLAG-ZBP1 shows the reproducibility of the DeepZ analysis when each independently derived data set was analyzed separately. g, The importance of features based on the weights of linear regression trained on the combined Z22 and FLAG-ZBP1 dataset are scored using a normalized scale of 1 to âˆ’1. Epigenetic marks, transcription factor binding sites and other elements that predict pull-down by Z22 and FLAG-ZBP1 of the LINE 5' UTR region have positive values and identify features that are associated with Z-DNA formation in cells. h, MEFs treated with or without CBL0137 (5ÂµM) for 12â€‰h were stained for Z-DNA (red) and PML (green). i, Quantification of PML foci in CBL0137 untreated or treated cells. Data are meanâ€‰Â±â€‰s.d. (nâ€‰=â€‰30 in c or nâ€‰=â€‰5 in i per group). Two-tailed unpaired t-test with Welchâ€™s correction (i). ***Pâ€‰<â€‰0.0005 (Pâ€‰<â€‰0.0001 in i). Data are representative of at least three independent experiments.
Source data


Extended Data Fig. 5 ZBP1-dependent cell death induced by CBL0137.
a, Mlklâˆ’/âˆ’ or Mlklâˆ’/âˆ’Casp8âˆ’/âˆ’ MEFs were treated or untreated with CBL0137 (5â€‰ÂµM) in the presence or absence of zVAD (50â€‰mM) and viability was examined at 18â€‰h post treatment. b, Z-DNA formation in primary early-passage (p<5) Zbp1+/+ and littermate control Zbp1âˆ’/âˆ’ MEFs treated with CBL0137 (5â€‰ÂµM). c, Quantification of fluorescence intensity of Z-DNA signals in b. d, Zbp1+/+ and Zbp1âˆ’/âˆ’ MEFs were treated with CBL0137 (5â€‰ÂµM) in the presence or absence of zVAD (50â€‰mM) and RIPK3 inhibitor (R3i) GSKâ€™843 (5â€‰ÂµM) and viability was examined at 18â€‰h post treatment. e, Immunoblot analysis of ZBP1-dependent MLKL activation in primary MEFs. f, Immunoblots showing levels of ZBP1, RIPK3 and MLKL in the human fibroblast cell line HS68 in the presence or absence of hIFNÎ² (100â€‰ng/mL, 6â€‰h). g, Z-DNA formation in HS68 cells treated with CBL0137 (5â€‰ÂµM, 12â€‰h). h, Quantification of fluorescence intensity of Z-DNA signals in g. i, hIFNÎ² pretreated (100â€‰ng/mL, 6â€‰h) HS68 cells were exposed to CBL0137 in the presence or absence of zVAD (50â€‰mM) and RIPK3 inhibitor (R3i, GSKâ€™872, 5â€‰ÂµM) and viability was examined at 36â€‰h post treatment. j, MLKL activation in hIFNÎ² pretreated (100â€‰ng/mL, 6â€‰h) HS68 cells treated with CBL0137 in the presence or absence of zVAD (50â€‰mM) and RIPK3 inhibitor (R3i, GSKâ€™872, 5â€‰ÂµM) was examined by immunoblot analysis 30â€‰h post-CBL0137 treatment. k, CBL0137-induced cell death kinetics in Zbp1âˆ’/âˆ’ MEFs stably reconstituted with empty vector (Vec), FLAG-ZBP1, or its mutants. l, Immunoblot analysis of MLKL activation in Zbp1âˆ’/âˆ’ MEFs reconstituted with empty vector (Vec), FLAG-ZBP1, or FLAG-ZBP1 mutants after CBL0137 treatment. m, Primary Zbp1+/+ and littermate-matched Zbp1âˆ’/âˆ’ BMDMs were treated with CBL0137 (5â€‰ÂµM, 18â€‰h) and stained for Z-DNA (red) and the macrophage marker F4/80 (green). n, Primary Zbp1+/+ and Zbp1âˆ’/âˆ’ BMDMs were treated with CBL0137 (5â€‰ÂµM) and viability was examined at 24â€‰h post treatment. o, Distribution of FLAG-enriched peaks following treatment with CBL0137 (5ÂµM) for 14â€‰h. p, Immortalized Zbp1âˆ’/âˆ’ MEFs stably reconstituted with either FLAG-ZBP1 or FLAG- Î”ZÎ± mutant were treated with CBL0137 (1.5â€‰ÂµM, 14â€‰h), and anti-FLAG immunoprecipitates were examined for FLAG. Whole-cell extract (5% input) was examined in parallel for FLAG. GAPDH was used as a loading control. Data are meanâ€‰Â±â€‰s.d. (nâ€‰=â€‰4 in a, d, i, k, n or nâ€‰=â€‰20 in c, h per group). Two-tailed unpaired t-test with Welchâ€™s correction (a, c, n), one-way ANOVA test (d, i) or two-way ANOVA test (k). ***Pâ€‰<â€‰0.0005 (Pâ€‰=â€‰0.0002 in a, Pâ€‰<â€‰0.0001 in c, d, i, k, n). Data are representative of at least three independent experiments.
Source data


Extended Data Fig. 6 CBL0137 induced Z-DNA and immunogenicity.
a, HepG2, MCF7, A549, HT-29, HeLa, SK-MEL-2 or A375 human cell lines were treated with CBL0137 (5â€‰ÂµM) for 12â€‰h and stained for Z-DNA. b, Quantification of fluorescence intensity of Z-DNA signal in a. c, Cell lines deficient in necroptosis effector expression (HepG2, MCF7, A549, HeLa or SK-MEL-2) or those with intact/reconstituted necroptosis signaling (HT-29 cells reconstituted with FLAG-hZBP1, HS68 cells pretreated with hIFNÎ² (100â€‰ng/mL) for 6â€‰h, WT MEFs, LET1 murine airway epithelial cells, or SVEC4-10 murine endothelial cells stably reconstituted with FLAG-mZBP1) were treated with CBL0137 (5ÂµM), and cell viability was examined 24â€‰h (or 36â€‰h for HS68 cells) after CBL0137 treatment. d, CBL0137-induced cell death kinetics in HT-29 cells reconstituted with empty vector (Vec) or FLAG-hZBP1. e, Whole-cell extracts from human HT-29 cells stably expressing empty vector or FLAG-hZBP1 and treated with CBL0137 were examined for phosphorylated MLKL and FLAG-hZBP1 by immunoblot analysis. f, Mice bearing subcutaneous B16-F10 melanoma tumors were treated as shown in Figure 5g. Tumors were collected following four cycles of CBL0137 (20â€‰ÂµM, intratumoral injection) and anti-PD1 antibody (200â€‰Âµg/mouse, i.p. injection). Frozen sections prepared from these tumors were co-stained for immunofluorescence detection of CD8+ CD44+, CD8+ GzmB+ or CD8+ Ki67+ T cells, or CD11c+ DCs. g, Treatment schedule of mice bearing syngeneicÂ subcutaneous B16-OVA melanomas. Treatments were initiated at 8 days post inoculation of tumor cells, on mice with similar tumor volumes (~100â€‰mm3). h, Gating strategy for identification of OVA-specific (SIINFEKL H-2Kb+) CD8+ T cells. i, Total numbers of OVA-specific CD8+ T cells isolated from tumor-draining inguinal lymph node (left panel) and frequencies of OVA-specific CD8+ T cells in the tumor-draining inguinal lymph node, as a fraction of total CD8+ T cells (right panel) are shown. j, Treatment schedule of mice bearing bilateral B16-OVA melanomas. Treatments were initiated at 8 days post inoculation of tumor cells, on mice with similar tumor volumes (~100â€‰mm3). k, Tumor growth curves of CBL0137-treated (ipsilateral) and untreated (contralateral) B16-OVA tumors following the indicated treatments. l, Immunofluorescence staining for fibroblasts (PDGFRÎ±, green) and Z-DNA (red) in YUMMER1.7 melanoma sections from CBL0137 (intra-tumoral, 20â€‰ÂµM)-treated or untreated WT mice. m, Quantification of the proportion of Z-DNA positive fibroblasts in l. n, Vehicle or CBL0137 injected YUMMER1.7 tumors in WT or Zbp1âˆ’/âˆ’ mice were stained for PDGFRÎ± (green) or pMLKL (red). Nuclei are stained with DAPI (blue). o. Quantification of pMLKL+ fibroblasts in n. p, Immunofluorescence staining for Z-DNA (red) and DAPI (blue) in B16-F10 melanoma tumor sections from CBL0137 treated or untreated mice, 24â€‰h after intravenous administration of drug at 50â€‰mg/kg. q, Quantification of Z-DNA positive cells in p. Data are meanâ€‰Â±â€‰s.d. in c, d, m, o, q or s.e.m. in f, i, k (nâ€‰=â€‰20 in b, nâ€‰=â€‰4 in c, d, nâ€‰=â€‰6 in f, i, nâ€‰=â€‰3 in m, q or nâ€‰=â€‰5 in o per group). Two-tailed unpaired t-test with Welchâ€™s correction (c), one-way ANOVA test (f, i, o) or two-way ANOVA test (d, k). **Pâ€‰<â€‰0.005 (Pâ€‰=â€‰0.0015 in i), ***Pâ€‰<â€‰0.0005 (Pâ€‰<â€‰0.0001 in d, f, i, k, o). Data are representative of at least three independent experimentsSource data.
Source data


Extended Data Fig. 7 Flow chart showing the algorithm used to construct enrichment profiles for L1Md A and L1Md T repeats in Z22 and FLAG-ZBP1 ChIP-Seq datasets.
Following mapping to L1 elements, reads were normalized and aligned to consensus L1 sequences derived from the UCSC genome browser RepeatMasker tracks for the mouse assembly mm10. The enrichment values at each position were calculated and smoothed as described in Supplementary Methods and aligned with the NCBI annotation of LI open reading frames.





Supplementary information
Supplementary Fig. 1
Uncropped immunoblots used to prepare the main and extended data figures.


Reporting Summary

Supplementary Table 1
Z-RNAs enriched in Z22 RIP-seq. Z-forming features of Z22-enriched RNAs from ADAR1 KO Zbp1â€“/â€“ MEFs, following IFNÎ² treatment (48â€‰h). Location of repeats edited in Z22 pulldowns from IFNÎ²-treated ADAR1 WT MEFs is also shown. Enrichment was measured by comparing RIP-seq with matched control total RNA-seq experiments. Pâ€‰values were derived using a one-sided negative binomial test implemented in the DeSeq2 package (pvalue column), and the Benjaminiâ€“Hochberg procedure was used to account for multiple comparisons (padj column).


Supplementary Table 2
DeepZ features of Z-DNA-forming sequences identified by ChIP-seq in CBL0137-treated cells. The 874 features derived from ENCODE data were evaluated using the DeepZ model to identify their positive or negative importance in predicting the regions of Z-DNA formation identified by Z22 ChIP-seq in CBL0137-treated cells and validated by Flagâ€“ZBP1 ChIP-seq. The weights assigned are listed from negative to positive importance. Features use the same colour scheme for the labels as shown in Extended Data Fig. 4g.





Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Fig. 5

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Zhang, T., Yin, C., Fedorov, A. et al. ADAR1 masks the cancer immunotherapeutic promise of ZBP1-driven necroptosis.
                    Nature 606, 594â€“602 (2022). https://doi.org/10.1038/s41586-022-04753-7
Download citation
	Received: 06 July 2021

	Accepted: 11 April 2022

	Published: 25 May 2022

	Issue Date: 16 June 2022

	DOI: https://doi.org/10.1038/s41586-022-04753-7


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

                
                    	
                            
                                
                                    
                                        Melanoma biology and treatment: a review of novel regulated cell death-based approaches
                                    
                                

                            
                                
                                    	Ming-yun Hsieh
	Sheng-Kai Hsu
	Chien-Chih Chiu


                                
                                Cancer Cell International (2024)

                            
	
                            
                                
                                    
                                        Suppression of A-to-I RNA-editing enzyme ADAR1 sensitizes hepatocellular carcinoma cells to oxidative stress through regulating Keap1/Nrf2 pathway
                                    
                                

                            
                                
                                    	Houhong Wang
	Xiaoyu Wei
	Heng Li


                                
                                Experimental Hematology & Oncology (2024)

                            
	
                            
                                
                                    
                                        MRE11 mobilizes CGAS and drives ZBP1-dependent necroptosis
                                    
                                

                            
                                
                                    	Manuel BeltrÃ¡n-Visiedo
	Siddharth Balachandran
	Lorenzo Galluzzi


                                
                                Cell Research (2024)

                            
	
                            
                                
                                    
                                        Immunogenic cell death in cancer: targeting necroptosis to induce antitumour immunity
                                    
                                

                            
                                
                                    	Pascal Meier
	Arnaud J. Legrand
	John Silke


                                
                                Nature Reviews Cancer (2024)

                            
	
                            
                                
                                    
                                        Inflammatory cell death PANoptosis is induced by the anti-cancer curaxin CBL0137 via eliciting the assembly of ZBP1-associated PANoptosome
                                    
                                

                            
                                
                                    	Ya-Ping Li
	Zhi-Ya Zhou
	Xian-Hui He


                                
                                Inflammation Research (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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Z-nucleic acids give immunotherapy a boost
                

                
	Joseph Willson



                
    
        
            Nature Reviews Cancer
        
        Research Highlight
        
        
            28 Jun 2022
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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 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
            
        


    









    








