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            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.[image: ]


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


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


Fig. 4: CBL0137 induces ZBP1-dependent cell death.[image: ]


Fig. 5: CBL0137 potentiates ICB responses in melanoma.[image: ]
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                Data availability

              
              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.

            

Code availability

              
              Detailed commands and scripts to reproduce the analysis are available online at GitHub: https://github.com/alnfedorov/MEF-CBL0137. The data preprocessing pipeline for the DeepZ model can be found at https://github.com/Nazar1997/DeepZ_data_creation.
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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.
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