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            Abstract
The biological function of Z-DNA and Z-RNA, nucleic acid structures with a left-handed double helix, is poorly understood1,2,3. Z-DNA-binding proteinÂ 1 (ZBP1; also known as DAI or DLM-1) is a nucleic acid sensor that contains two ZÎ± domains that bind Z-DNA4,5 and Z-RNA6,7,8. ZBP1 mediates host defence against some viruses6,7,9,10,11,12,13,14 by sensing viral nucleic acids6,7,10. RIPK1 deficiency, or mutation of its RIP homotypic interaction motif (RHIM), triggers ZBP1-dependent necroptosis and inflammation in mice15,16. However, the mechanisms that induce ZBP1 activation in the absence of viral infection remain unknown. Here we show that ZÎ±-dependent sensing of endogenous ligands induces ZBP1-mediated perinatal lethality in mice expressing RIPK1 with mutated RHIM (Ripk1mR/mR), skin inflammation in mice with epidermis-specific RIPK1 deficiency (RIPK1E-KO) and colitis in mice with intestinal epithelial-specific FADD deficiency (FADDIEC-KO). Consistently, functional ZÎ± domains were required for ZBP1-induced necroptosis in fibroblasts that were treated with caspase inhibitors or express RIPK1 with mutated RHIM. Inhibition of nuclear export triggered the ZÎ±-dependent activation of RIPK3 in the nucleus resulting in cell death, which suggests that ZBP1 may recognize nuclear Z-form nucleic acids. We found that ZBP1 constitutively bound cellular double-stranded RNA in a ZÎ±-dependent manner. Complementary reads derived from endogenous retroelements were detected in epidermal RNA, which suggests that double-stranded RNA derived from these retroelements may act as a ZÎ±-domain ligand that triggers the activation of ZBP1. Collectively, our results provide evidence that the sensing of endogenous Z-form nucleic acids by ZBP1 triggers RIPK3-dependent necroptosis and inflammation, which could underlie the development of chronic inflammatory conditionsâ€”particularly in individuals with mutations in RIPK1 and CASP817,18,19,20.
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                    Fig. 1: ZBP1 causes skin inflammation in RIPK1E-KO mice and perinatal lethality in Ripk1mR/mR mice by ZÎ±-dependent and -independent mechanisms.[image: ]


Fig. 2: ZÎ±-dependent sensing of Z-NAs induces ZBP1-mediated necroptosis and colitis when FADDâ€“caspase-8 function is inhibited.[image: ]


Fig. 3: The ZÎ± domains of ZBP1 bind cellular dsRNA probably derived from EREs.[image: ]


Fig. 4: Inhibition of nuclear export triggers ZÎ±-dependent ZBP1-mediated cell death.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Generation of mutant Zbp1 knock-in mice.
aâ€“e, Schematic depicting the Zbp1 mutant mice generated using CRISPRâ€“Cas9-mediated gene targeting in C57BL/6N zygotes, as indicated. To generate Zbp1mZÎ±2 mice, amino acids N122 and Y126 in ZÎ±2 domain were substituted with D and A, respectively (a). For Zbp1mZÎ±1â€“2 mice, both ZÎ±1 (N46D and Y50A) and ZÎ±2 (N122D and Y126A) were mutated (b). For Zbp1mR1 mice, the residues of the core RHIM motif starting at amino acid position 192 (IQIG) were replaced by alanines (c). Sequencing traces of the desired mutations are shown in heterozygous mice. d, Zbp1Î”ZÎ± mice were generated by deleting exonÂ 2 and exonÂ 3, which contain both ZÎ± domains (d). A Zbp1âˆ’ knockout mouse was generated by targeting both exonÂ 2 and exonÂ 3. An allele containing a 373-bp deletion in exonÂ 2 and the following intron as well as an additional 4-bp deletion in exonÂ 3 was chosen as the Zbp1-knockout allele (e). f, Immunoblot analysis of total lysates from lung fibroblasts of the indicated genotypes, stimulated with IFNÎ³ (1,000Â U mlâˆ’1) for 24Â h. One representative out of two independent experiments shown (f). GAPDH was used as a loading control for immunoblot analysis. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 2 ZBP1 exhibits ZÎ±-dependent and -independent functions in antiviral defence.
a, Cell death analysed by measuring LDH release in supernatants of lung fibroblasts of the indicated genotypes infected with influenzaÂ A virus (at an MOI of 1 or 5) for 24Â h. Data show mean from technical triplicates (nÂ =Â 3). b, Immunoblot analysis of total lysates from lung fibroblasts of the indicated genotypes infected with influenzaÂ A virus (MOI of 5) for 8Â h, with the indicated antibodies. GAPDH was used as a loading control. câ€“e, Viral titres in spleen (c), liver (d) or salivary gland (e) from mice of the indicated genotypes at 5Â d (c, d) or 14Â d (e) after intraperitoneal inoculation with 1Â Ã—Â 106 MCMV-M45(mutRHIM). Graphs show values from individual mice, as well as meanÂ Â±Â s.e.m. PÂ values by two-sided nonparametric Mannâ€“Whitney test. The dotted horizontal red line depicts the detection limit of the assay. Data shown are representative of two independent experiments. For gel source data, see Supplementary Fig. 1.
Source Data


Extended Data Fig. 3 ZBP1 causes keratinocyte necroptosis and skin inflammation in RIPK1E-KO mice by ZÎ±-dependent and -independent mechanisms.
a, Representative images of skin sections from 6â€“7-week-old mice of the indicated genotypes, immunostained with the indicated antibodies and DAPI (DNA stain). RIPK1E-KO, nÂ â‰¥Â 5Â mice; RIPK1E-KOÂ Zbp1mZÎ±2/mZÎ±2, nÂ â‰¥Â 3Â mice; RIPK1E-KOÂ Zbp1Î”ZÎ±/Î”ZÎ±, nÂ â‰¥Â 3Â mice; RIPK1E-KOÂ Zbp1mR1/mR1, nÂ â‰¥Â 3Â mice. Scale bars, 50Â Î¼m. b, Quantitative reverse-transcription PCR analysis of the mRNA expression of the indicated cytokines and chemokines, in RNA isolated from total skin from 6â€“7-week-old mice of the indicated genotypes. Each dot represents an individual mouse. Data show meanÂ Â±Â s.e.m. PÂ value by two-sided nonparametric Mannâ€“Whitney test. Control mice include Ripk1fl/fl mice that do not express K14-Cre or Ripk1fl/WTK14-Cre mice, with WT or mutated Zbp1 alleles.Â câ€“e, Representative images of mice of the indicated genotypes at the indicated age. RIPK1E-KO, nÂ =Â 6Â mice and RIPK1E-KO Zbp1Î”ZÎ±/Î”ZÎ±, nÂ =Â 17Â mice (c); RIPK1E-KOÂ Zbp1mZÎ±2/mZÎ±2, nÂ =Â 16Â mice (d); RIPK1E-KO Zbp1mR1/mR1, nÂ =Â 20Â mice (e).
Source Data


Extended Data Fig. 4 ZBP1-mediated perinatal lethality in Ripk1mR/mR mice depends on ZÎ±-dependent sensing of Z-NAs and RHIM1-mediated signalling.
a, Representative images of skin sections from mice of the indicated genotypes stained with HÂ &Â E or immunostained with antibodies against keratinÂ 10 and keratinÂ 14 and counterstained with DAPI to visualize nuclear DNA. Skin sections from Ripk1mR/mR or Ripk1mR/WT embryos at embryonic day (E)18.5 are compared with skin from newborn (postnatal day (P)1 to P3) double-mutant mice. Scale bars, 100Â Î¼m. Ripk1mR/mR, nÂ =Â 3Â mice; Ripk1mR/WT, nÂ =Â 3Â mice; Ripk1mR/mRÂ Zbp1Î”ZÎ±/Î”ZÎ±, nÂ =Â 3Â mice; Ripk1mR/mRÂ Zbp1mZÎ±2/mZÎ±2, nÂ =Â 3Â mice; Ripk1mR/mRÂ Zbp1mR1/mR1, nÂ =Â 6Â mice; Ripk1mR/WTÂ Zbp1mR1/mR1, nÂ =Â 3Â mice. b, c, Immunoblot analysis of total lysates from primary lung fibroblasts (b) and keratinocytes (c) of the indicated genotypes stimulated with IFNÎ³ (1,000Â U mlâˆ’1) for 24Â h. d, Spleen-to-body weight ratio of mice of the indicated genotypes. Each dot represents an individual mouse. Data show meanÂ Â±Â s.e.m. PÂ value by two-sided unpaired t-test or nonparametric Mannâ€“Whitney test. e, Representative HÂ &Â E-stained sections from the spleen and liver of mice with the indicated genotypes. Ripk1WT/WT Zbp1âˆ’/WT, nÂ =Â 5Â mice; Ripk1mR/mRÂ Zbp1âˆ’/âˆ’, nÂ =Â 6Â mice; Ripk1mR/mRÂ Zbp1âˆ’/âˆ’Â Trif âˆ’/âˆ’, nÂ =Â 6Â mice; Ripk1mR/mR Zbp1Î”ZÎ±/Î”ZÎ±, nÂ =Â 13Â mice; Ripk1mR/WTÂ Zbp1Î”ZÎ±/Î”ZÎ±, nÂ =Â 10Â mice; Ripk1mR/mR Zbp1mZÎ±2/mZÎ±2, nÂ =Â 21Â mice; Ripk1mR/WTÂ Zbp1mZÎ±2/mZÎ±2, nÂ =Â 3Â mice; Ripk1mR/mR Zbp1mR1/mR1, nÂ =Â 4Â mice; Ripk1mR/WTÂ Zbp1mR1/mR1, nÂ =Â 6Â mice. Representative data of two experiments are shown in b, c. GAPDH was used as a loading control for immunoblot analysis. For gel source data, see Supplementary Fig. 1.
Source Data


Extended Data Fig. 5 IFNÎ± and IFNÎ³ induce the death of Ripk1mR/mR cells by inducing ZÎ±-dependent ZBP1 activation and RHIM1-mediated downstream signalling.
a, Cell death measured by YOYO-1 uptake in Ripk1WT/WT or Ripk1mR/mR MEFs treated with IFNÎ³ (1,000Â UÂ mlâˆ’1) for 48Â h and IncuCyte images of Ripk1WT/WT or Ripk1mR/mR MEFs before and 48Â h after IFNÎ³ (1,000Â U mlâˆ’1) treatment. YOYO-1 staining is shown in green. bâ€“f, h, Graphs depicting cell death assessment by YOYO-1 uptake in MEFs of the indicated genotypes treated with combinations of IFNÎ³ (1,000Â U mlâˆ’1), IFNÎ± (50Â ng mlâˆ’1), Z-VAD-FMK (20Â Î¼M) and GSK'872 (3Â Î¼M) for 48Â h. g, Immunoblot analysis of total lysates from MEFs of the indicated genotypes stimulated with IFNÎ³ (1,000Â U mlâˆ’1) for 24Â h. Representative data of two (g), three (c, d, f, h), five (b) or seven (a, e) experiments. Data in aâ€“f, h are mean values from technical triplicates (nÂ =Â 3). GAPDH was used as a loading control for immunoblot analysis. For gel source data, see Supplementary Fig. 1.
Source Data


Extended Data Fig. 6 Treatment with IFNÎ³ and emricasan in the presence of etanercept induces ZBP1-dependent cell death.
a, b, Graphs depicting cell death assessment by YOYO-1 uptake in wild-type and ZBP1-deficient MEFs treated with combinations of IFNÎ³ (1,000Â U mlâˆ’1, 24-h pretreatment), emricasanÂ (em) (5Â Î¼M) and etanercept (et)Â (50Â Î¼g mlâˆ’1). c, Graph depicting cell death assessment by YOYO-1 uptake in wild-type MEFs treated with combinations of TNF (20Â ng mlâˆ’1), birinapant (1Â Î¼M), Z-VAD-FMK (20Â Î¼M) and etanercept (50Â Î¼g mlâˆ’1). d, f, Graphs depicting cell death assessment by YOYO-1 uptake in MEFs (d) and lung fibroblasts (f) of the indicated genotypes treated with combinations of IFNÎ³ (1,000Â U mlâˆ’1) (24-h pretreatment), etanercept (50Â Î¼g mlâˆ’1) and emricasan (5Â Î¼M). e, Immunoblot analysis of total lysates from MEFs of the indicated genotypes stimulated with combinations of IFNÎ³ (1,000Â U mlâˆ’1) (24-h pretreatment), etanercept (50Â Î¼g mlâˆ’1) and emricasan (5Â Î¼M). Total lysate from wild-type MEFs treated with a combination of TNF (20Â ng mlâˆ’1), birinapant (1Â Î¼M) and Z-VAD-FMK (20Â Î¼M) (TSZ) for 4Â h was used as positive control for the detection of pMLKL and pRIPK3. g, Immunoblot analysis of total lysates from immortalized MEFs transduced with lentiviruses expressing Flag, Flag-tagged ZBP1 or Flag-tagged ZBP1(mZÎ±1â€“2) stimulated with doxycycline (1Â Î¼g mlâˆ’1) for 24Â h. Representative data of two (g), three (c, e), four (f), six (a, d) or nine (b) experiments. Data in aâ€“d, f are mean values from technical triplicates (nÂ =Â 3). Data shown in f serve as control for the data shown in Fig. 2d, and come from the same experiment. GAPDH was used as a loading control for immunoblot analysis. For gel source data, see Supplementary Fig. 1.
Source Data


Extended Data Fig. 7 RIPK1 deficiency in keratinocytes causes extensive transcriptional changes in the skin.
a, Differential expression (â‰¥2-fold, PÂ â‰¤Â 0.05) of 4,204Â genes in skin biopsies from 6-week-old wild-type (nÂ =Â 5) and RIPK1E-KO mice (nÂ =Â 5). b, Functional annotation by gene ontology (GO) of the top 1,000 upregulated genes and the top 1,000 downregulated genes between the samples in a, performed using g:Profiler. PÂ values were estimated by hypergeometric distribution tests and adjusted by multiple-testing correction using the g:SCS (set counts and sizes) algorithm, integral to the g:Profiler server.


Extended Data Fig. 8 Treatment with reverse transcriptase inhibitors ameliorates skin inflammation in RIPK1E-KO mice.
a, Kaplanâ€“Meier plot depicting lesion-free survival (top) and microscopy quantification of mean epidermal thickness and inflamed skin area (bottom) of mice of the indicated genotypes that were treated or not with reverse transcriptase inhibitors (RTi) from birth until the age of six weeks. Each dot represents an individual mouse. Data are meanÂ Â±Â s.e.m. PÂ value by two-sided nonparametric Mannâ€“Whitney test.Â The data from untreatedÂ control and RIPK1E-KO mice are included also in Figure 1b,Â c.Â  b, Hierarchical clustering of samples from control (nÂ =Â 5) and RIPK1E-KO mice according to the expression of genes that are differentially expressed (â‰¥1.75-fold, PÂ â‰¤Â 0.05, two-sided t-test, performed in Qlucore Omics Explorer 3.3) between untreated RIPK1E-KO mice (nÂ =Â 5) and RIPK1E-KO mice treated with reverse transcriptase inhibitors (nÂ =Â 5). Each column corresponds to one mouse. The mean epidermal thickness and inflammation score for each mouse are indicated.Â Control mice include Ripk1fl/fl mice that do not express K14-Cre or Ripk1fl/WTK14-cre mice.
Source Data


Extended Data Fig. 9 Inhibition of nuclear export triggers ZÎ±-dependent ZBP1-mediated cell death.
a, Immunoblot analysis of wild-type MEFs treated with TNF (20Â ng mlâˆ’1), IFNÎ± (50Â ng mlâˆ’1), IFNÎ² (50Â ng mlâˆ’1) or IFNÎ³ (1,000Â U mlâˆ’1) for 24Â h. b, Cell death measured by YOYO-1 uptake in wild-type MEFs treated with combinations of IFNÎ³ (1,000Â U mlâˆ’1) (24-h pretreatment) and LMB (1Â ng mlâˆ’1). IncuCyte images of wild-type MEFs before and after treatment with LMB for 24Â h. YOYO-1 staining is shown in green. câ€“e, Graphs depicting cell death assessment by YOYO-1 uptake in MEFs of the indicated genotypes treated with combinations of IFNÎ³ (1,000Â U mlâˆ’1) (24-h pretreatment), IFNÎ± (50Â ng mlâˆ’1) (24-h pretreatment) and LMB (1Â ng mlâˆ’1). f, g, i, Graphs depicting cell death assessment by YOYO-1 uptake in lung fibroblasts of the indicated genotypes treated with combinations of IFNÎ³ (1,000Â U mlâˆ’1) (24-h pretreatment), KPT-330 (1Â â€‰Î¼M or 10Â â€‰Î¼M) (f) and LMB (5Â ng mlâˆ’1) (g, i). h, Graphs depicting cell death assessment by YOYO-1 uptake in Mlklâˆ’/âˆ’ MEFs treated with combinations of IFNÎ³ (1,000Â U mlâˆ’1) (24-h pretreatment), LMB (1Â ng mlâˆ’1) and emricasan (5Â Î¼M). j, Immunoblot analysis of total lysates from immortalized MEFs transduced with lentiviruses expressing Flag, Flag-tagged ZBP1 or Flag-tagged ZBP1(mZÎ±1â€“2) stimulated with combinations of doxycycline (1Â Î¼g mlâˆ’1) (24-h pretreatment) and LMB (5Â ng mlâˆ’1). k, Graphs depicting cell death assessment by YOYO-1 uptake in immortalized MEFs transduced with lentiviruses expressing Flag, Flag-tagged ZBP1 or Flag-tagged ZBP1(mZÎ±1â€“2) stimulated with combinations of doxycycline (1Â Î¼g mlâˆ’1) (24-h pretreatment) and LMB (5Â ng mlâˆ’1). Dox, doxycycline.Â Representative data of 2 (a, j), 3 (k), 4 (fâ€“h), 5 (i) or 6 (bâ€“e) experiments. Data in bâ€“i, k are mean values from technical triplicates (nÂ =Â 3). Data shown in c, i serve as controls for the data shown in Fig. 4a, e, respectively, and come from the same experiments. GAPDH was used as a loading control for immunoblot analysis. For gel source data, see Supplementary Fig. 1.
Source Data


Extended Data Fig. 10 Schematic depicting the regulation of ZBP1-mediated activation of RIPK3â€“MLKL-dependent necroptosis by RIPK1 and caspase-8.
The sensing of endogenous cellular Z-RNA by its ZÎ± domains activates ZBP1, inducing its interaction with RIPK3; however, cell death is inhibited owing to negative regulation by RIPK1 and caspase-8. RIPK1 inhibits the ZBP1-induced activation of RIPK3 by FADD-mediated recruitment of caspase-8, which cleaves components of the complex such as RIPK1 and RIPK3. In cells that lack RIPK1 or express RIPK1 with a mutated RHIM, in FADD-deficient cells, and in cells treated with caspase inhibitors, the ZÎ±-dependent sensing of endogenous Z-RNA activates ZBP1, which strongly engages RIPK3 and then triggers MLKL-dependent necroptosis.
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