
1 

ADAR1 prevents autoinflammation by suppressing spontaneous ZBP1 1 

activation 2 

Richard de Reuver1,2,9, Simon Verdonck1,2,9, Evelien Dierick1,2, Josephine Nemegeer1,2, Eline 3 

Hessmann1,2, Sadeem Ahmad3,4, Maude Jans1,2, Gillian Blancke1,8, Filip Van 4 

Nieuwerburgh5,6, Alexander Botzki7, Lars Vereecke1,8, Geert van Loo1,2, Wim Declercq1,2, 5 

Sun Hur3,4, Peter Vandenabeele1,2 and Jonathan Maelfait1,2,* 6 

7 

1VIB-UGent Center for Inflammation Research, 9052 Ghent, Belgium. 8 

2Department of Biomedical Molecular Biology, Ghent University, 9052 Ghent, Belgium. 9 

3Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, 10 

Howard Hughes Medical Institute, Boston, MA 02115, USA. 11 

4Program in Cellular and Molecular Medicine, Boston Children’s Hospital, Howard Hughes 12 

Medical Institute, Boston, MA 02115, USA. 13 

5NXTGNT, Faculty of Pharmaceutical Sciences, Ghent University, 9000 Ghent, Belgium. 14 

6Laboratory of Pharmaceutical Biotechnology, Faculty of Pharmaceutical Sciences, Ghent 15 

University, 9000 Ghent, Belgium. 16 

7VIB Bioinformatics Core, VIB, 9052 Ghent, Belgium. 17 

8Department of Internal Medicine and Pediatrics, Ghent University, Ghent, Belgium. 18 

9These authors contributed equally. 19 

*Corresponding author: jonathan.maelfait@irc.vib-ugent.be20 

21 

This is the author's accepted manuscript of the article published in Nature. The final authenticated version is 
available online at: https://doi.org/10.1038/s41586-022-04974-w

mailto:jonathan.maelfait@irc.vib-ugent.be
https://doi.org/10.1038/s41586-022-04974-w


2 

 

The RNA editing enzyme Adenosine Deaminase Acting on RNA 1 (ADAR1) limits 22 

accumulation of endogenous immunostimulatory double-stranded (ds)RNA1. In 23 

humans, reduced ADAR1 activity causes the severe inflammatory disease Aicardi-24 

Goutières Syndrome (AGS)2. In mice, complete loss of ADAR1 activity is embryonically 25 

lethal3-6 while mutations similar to those found in patients with AGS cause 26 

autoinflammation7-12. Mechanistically, adenosine-to-inosine (A-to-I) base modification of 27 

endogenous dsRNA by ADAR1 prevents chronic overactivation of the dsRNA sensors 28 

MDA5 and PKR3,7-10,13,14. Here we show that ADAR1 additionally inhibits spontaneous 29 

activation of the left-handed Z-nucleic acid sensor ZBP1. Activation of ZBP1 elicits 30 

caspase-8-dependent apoptosis and MLKL-mediated necroptosis of ADAR1 deficient 31 

cells. ZBP1 contributes to the embryonic lethality of Adar knockout mice and drives 32 

early mortality and intestinal cell death in Adar/Mavs doubly deficient animals. The Z-33 

nucleic acid binding Zα domain of ADAR1 is critically required to prevent ZBP1-34 

mediated intestinal cell death and skin inflammation. The Zα domain of ADAR1 35 

promotes A-to-I editing of endogenous Alu elements to prevent dsRNA formation 36 

through pairing of inverted Alu repeats, which can otherwise induce ZBP1 activation. 37 

This shows that recognition of Alu duplex RNA by ZBP1 may contribute to the 38 

pathological features of AGS resulting from loss of ADAR1 function. 39 

 40 

ADAR1 is a negative regulator of ZBP1 41 

ADAR1 deficient (Adar-/-) mice develop an MDA5-mediated type I interferon (IFN-I) 42 

response, which causes death between embryonic days (E)11.5 and E12.53,5,6,13-15. Genetic 43 

removal of MDA5 or the downstream signalling protein MAVS rescues the embryonic 44 

lethality of Adar-/- mice. However, ADAR1/MDA5 or ADAR1/MAVS doubly deficient 45 

animals still die during the first weeks after birth13,14,16 (Fig. 1a). This suggests that ADAR1 46 
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limits spontaneous activation of other immune sensors. In addition to binding to dsRNA 47 

through three consecutive dsRNA-binding motifs, ADAR1 can also interact with left-handed 48 

dsRNA or dsDNA in the Z-conformation via its N-terminal Zα domain17,18. We therefore 49 

hypothesised that ADAR1 may additionally suppress activation of the Z-nucleic acid sensor 50 

ZBP1. To test this hypothesis, we generated Adar-/- Mavs-/- animals expressing ZBP1 51 

containing two amino acid substitutions in the two amino-terminal Zα domains (N46A/Y50A 52 

in the first Zα1 domain and N122A/Y126A in the second Zα2 domain)19, which impair ZBP1 53 

binding to Z-nucleic acids (Extended Data Fig. 1a)20,21. Sanger sequencing on Htr2c, Mad2l1 54 

and Rpa1 mRNA, known substrates of ADAR13,6, confirmed complete lack of ADAR1 55 

activity in these mice (Extended Data Fig. 1b). Despite having a lower birth weight in 56 

comparison with ADAR1 proficient littermates, Adar-/- Mavs-/- Zbp1Zα1α2/Zα1α2 pups gained 57 

weight more rapidly than Adar-/- Mavs-/- Zbp1+/+ or +/Zα1α2 animals (Extended Data Fig. 1c). 58 

Around half of the Adar-/- Mavs-/- Zbp1Zα1α2/Zα1α2 mice survived until ~20 weeks of life, 59 

however, they remained smaller than their control littermates (Fig. 1a and Extended Data Fig. 60 

1d). Spontaneous ZBP1 activation causes necroptotic cell death of keratinocytes or intestinal 61 

epithelium, resulting in sterile autoinflammation22-26. Moreover, intestinal homeostasis is 62 

disrupted in Adar-/- Mavs-/- mice13,16. Since Adar-/- Mavs-/- mice did not develop skin lesions, 63 

we asked whether ZBP1-mediated cell death causes intestinal dysfunction in Adar/Mavs 64 

double knockouts. TdT-mediated dUTP nick end-labelling (TUNEL) revealed mild cell death 65 

in the ileum of 1 week old Adar/Mavs double knockouts mice that express wild type ZBP1, 66 

which was completely absent in ilea from Adar-/- Mavs-/- Zbp1Zα1α2/Zα1α2 animals (Extended 67 

Data Fig. 1e,f). At 5 weeks of age, however, the ileum of Adar-/- Mavs-/- Zbp1Zα1α2/Zα1α2 mice 68 

accumulated a substantial amount of dead cells. In contrast, colon tissues from 5 week old 69 

Adar-/- Mavs-/- Zbp1Zα1α2/Zα1α2 were completely devoid of TUNEL-positive cells, while colons 70 

of 1 week Adar-/- Mavs-/- Zbp1+/Zα1α2 animals displayed extensive cell death (Fig. 1b,c). The 71 
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differential phenotypic rescue across the intestine is consistent with the redundant role of 72 

ZBP1 in the ileum and its non-redundant role in the colon27. ADAR1 deficiency results in 73 

impaired neutrophil, T cell and B cell development, which occurs independently of 74 

MDA5/MAVS13,16,28. We confirmed that spleens of newborn Adar-/- Mavs-/- pups had reduced 75 

overall cellularity and contained less T and B cells albeit independently of the Zbp1 genotype 76 

(Extended Data Fig. 2a,d). However, Adar-/- Mavs-/- Zbp1+/+ or +/Zα1α2 mice had almost no 77 

neutrophils and this phenotype was restored in mice expressing Zα domain mutant ZBP1, 78 

even in animals that reached 20 weeks of age (Extended Data Fig. 2a-c and Extended Data 79 

Fig 3b,c). In agreement with previous results showing that disrupted erythroid development 80 

due to loss of ADAR1 function was driven by MDA5/MAVS signalling3,15,29, we observed 81 

normal red blood cell development in Adar-/- Mavs-/- Zbp1Zα1α2/Zα1α2 mice although white 82 

blood cell counts were severely lowered (Extended Data Fig. 3a-c). This decrease was caused 83 

by a specific loss of lymphoid cells including B cells, T cells and NK(T) cells, while absolute 84 

numbers of myeloid cells remained unaffected (Extended Data Fig. 3b,c). This shows that 85 

spontaneous ZBP1 activation in Adar/Mavs double knockout mice results in intestinal cell 86 

death and impaired neutrophil development, while progressive loss of lymphoid cells occurs 87 

independently of MDA5/MAVS and ZBP1 and is possibly driven by other dsRNA sensors 88 

such as PKR and/or OAS proteins30. 89 

To test whether ZBP1 contributed to the embryonic death of ADAR1 deficient embryos, we 90 

monitored the viability of Adar-/- Zbp1Zα1α2/Zα1α2 embryos at different stages during 91 

development (Extended Data Fig. 3e). In contrast to Adar-/- Zbp1+/+ embryos, which had all 92 

died at E12.5, most Adar-/- Zbp1Zα1α2/Zα1α2 appeared normal and ~80% of the embryos were 93 

still alive (Fig. 1d,e). Adar-/- embryos displayed a ZBP1-independent IFN-I response and 94 

increased expression of inflammatory genes (Extended Data Fig. 3d,f,g). We recovered only 95 

one Adar-/- Zbp1Zα1α2/Zα1α2 embryo at E13.5, which was not viable (Extended Data Fig. 3e), 96 
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showing that loss of ZBP1 function extended the lifespan of these embryos by a maximum of 97 

one gestational day.  98 

 99 

The Zα domain of ADAR1 limits ZBP1 activation 100 

The Zα domain-containing p150 isoform of ADAR1, but not the p110 isoform, inhibits 101 

MDA5/MAVS-mediated immune activation and lethality in mice13,31. To determine whether 102 

the Zα-domain of ADAR1-p150 is physiologically important to limit spontaneous ZBP1 103 

activation, we tested whether ZBP1 contributed to the pathogenesis of Adar knock-in mice 104 

that carry an Adar allele coding for an ADAR1 protein in which the Zα domain was mutated 105 

(N175A/Y179A, AdarZα) paired with a second Adar null allele. As shown previously10, all 106 

AdarZα/- Zbp1+/+ animals died within 2 days, while over half of the AdarZα/- Zbp1Zα1α2/Zα1α2 107 

mice reached at least 18 weeks of age (Fig. 2a and Extended Data Fig. 4a). The surviving 108 

mice remained smaller compared to their Adar wild type littermates (Extended Data Fig. 109 

4b,c). Caeca and colons of newborn AdarZα/- mice contained aggregates of necrotic tissue, 110 

which was absent in AdarZα/- Zbp1Zα1α2/Zα1α2 pups (Extended Data Fig. 4d). In accordance, we 111 

detected TUNEL positive cells in the intestines of AdarZα/- mice, which was reduced in a 112 

ZBP1 Zα domain mutant background (Fig. 2b,c). RT-qPCR analysis of ISGs and 113 

inflammatory genes in intestinal, brain and lung tissues showed that ZBP1 partially 114 

contributed to the elevated expression of a subset of ISGs and inflammatory genes (Fig. 2d 115 

and Extended Data Fig. 4e,f). As such, ZBP1 may directly regulate the expression of specific 116 

ISGs and inflammatory genes. Alternatively, ZBP1-mediated cell death may indirectly 117 

contribute to the elevated expression of these genes through the release of DAMPs from dying 118 

cells and subsequent activation of other immune sensors. In contrast to the partial rescue of 119 

AdarZα/- Zbp1Zα1α2/Zα1α2 mice, crossing AdarZα/- mice into a MAVS deficient background 120 

completely prevented intestinal cell death and the induction of ISG expression including 121 
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ZBP1 (Fig. 2b-d and Extended Data 4e), which is in line with the complete rescue of AdarZα/- 122 

Mavs-/- mice from lethality10. Moreover, the survival of AdarZα/- Zbp1Zα1α2/Zα1α2 mice was 123 

much more pronounced in a Mavs heterozygous state (Extended Data Fig. 4g). This indicates 124 

that MAVS signalling potentiates ZBP1-induced pathology in AdarZα/- mice, most likely by 125 

inducing expression of Zbp1 itself. 126 

To further validate whether Z-nucleic acid binding to ADAR1 is critical in restricting ZBP1 127 

activation we crossed ADAR1 Zα domain mutant mice to keratinocyte-specific RIPK1 128 

knockout animals (Ripk1EKO). Others and we showed that recognition of endogenous Z-129 

nucleic acids by ZBP1 causes RIPK3/MLKL-mediated necroptosis of RIPK1 deficient 130 

keratinocytes resulting in skin inflammation22,23. We did not retrieve any homozygous 131 

AdarZα/Zα Ripk1EKO animals suggesting that this gene combination was lethal in utero. The 132 

introduction of only one Zα domain mutant Adar allele in the Ripk1EKO background, however, 133 

accelerated development of macroscopically visible skin lesions, enhanced thickening of the 134 

epidermis and increased influx of in the inflammatory cells (Fig. 2e-g and Extended Data 135 

Figs. 5a,b and 6). Together, these data demonstrate that an intact Zα domain of ADAR1 is 136 

crucial for inhibiting spontaneous ZBP1 activation. 137 

 138 

ADAR1 inhibits ZBP1-induced cell death 139 

Virus-induced ZBP1 activation leads to the recruitment of RIPK3, which induces parallel 140 

pathways of RIPK1/FADD/Caspase-8-mediated apoptosis and MLKL-mediated 141 

necroptosis32,33. To determine which signalling pathways cause death of ADAR1 deficient 142 

cells we treated primary murine lung fibroblasts with IFN-α to induce ZBP1 expression. To 143 

exclude confounding effects of spontaneous MDA5/MAVS and/or TNF signalling on cell 144 

survival we cultured Adar/Mavs double knockout cells with TNF neutralising antibodies. 145 

Stimulation of ADAR1-deficient fibroblasts with IFN-α and the protein synthesis inhibitor 146 
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cycloheximide (CHX), which sensitises to TNF-induced cell death by preventing translation 147 

of cFLIPL
34,35, induced ZBP1-mediated cell death (Fig. 3a, Extended Data Fig. 7a). Western 148 

blotting revealed that ZBP1 induced both proteolytic activation of caspase-8 and 149 

phosphorylation of MLKL (Fig. 3b). This shows that CHX treatment sensitises ADAR1-150 

deficient fibroblasts to ZBP1-mediated apoptosis and necroptosis, which may be held in check 151 

by the anti-apoptotic and anti-necroptotic functions of cFLIPL
36,37. Caspase-8 inhibition 152 

sensitises cells to ZBP1-mediated necroptosis19,23. Accordingly, treatment of IFN-α pre-153 

stimulated fibroblasts with the pan-caspase inhibitor zVAD-fmk greatly accelerated ZBP1-154 

dependent necroptosis of Adar knockout cells (Extended Data Fig. 7b,c) and in lung 155 

fibroblasts isolated from AdarZα/- Mavs-/- mice, which hemizygously express Zα domain 156 

mutant ADAR1 (Extended Data Fig. 7g,h). In contrast, ZBP1 activation after infection with 157 

herpes simplex virus 1 (HSV1) expressing a RIP homotypic interaction motif (RHIM)-mutant 158 

ICP6 protein, which is unable to block ZBP1-driven necroptosis38, induced ZBP1-mediated 159 

necroptosis independently of ADAR1 (Extended Data Fig. 7d). As controls, apoptosis and 160 

necroptosis induced by TNF/CHX or TNF/zVAD-fmk proceeded independently from the 161 

Adar and/or Zbp1 genotypes (Extended Data Fig. 7e,f,i,j). Intestinal crypts of AdarZα/- mice, 162 

both not of those expressing Zα domain mutant ZBP1 stained positive for cleaved caspase-8, 163 

confirming that reduced ADAR1 activity causes ZBP1-induced caspase-8 activation in vivo 164 

(Fig. 3c and Extended Data Fig 9a). 165 

To explore these findings in human cells, we used siRNAs to deplete ADAR1 or only the Zα 166 

domain-containing ADAR1-p150 isoform (Extended Data Fig. 8a) in HT-29 colorectal 167 

adenocarcinoma lines transduced with either wild type human ZBP1 or Zα domain mutant 168 

ZBP1 (N46A/Y50A in the first Zα1 domain and N141A/Y145A in the second Zα2 domain). 169 

Consistent with the mouse data, ADAR1 depletion triggered death of cells expressing wild 170 

type ZBP1, but not of those expressing Zα-domain mutant ZBP1 (Extended Data Fig. 8b). As 171 
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controls, caspase-8-mediated apoptosis induced by TNF/CHX and necroptosis induced by 172 

combined treatment with TNF, the SMAC mimetic BV6 and zVAD-fmk proceeded with 173 

similar kinetics in both cell lines (Extended Data Fig. 8c,d). Specific depletion of ADAR1-174 

p150 caused ZBP1-mediated cell death with similar kinetics as combined ADAR1-p110/p150 175 

depletion, indicating that the p150 isoform is the main inhibitor of ZBP1 activation (Fig. 3d 176 

and Extended Data Fig. 8b,e). Treatment with zVAD-fmk inhibited cell death demonstrating 177 

that ADAR1(-p150) depletion in human cells elicited ZBP1-dependent apoptosis. This is 178 

further supported by the presence of cleaved caspase-8 (Fig. 3d,e and Extended Data Fig. 179 

8e,f). Prolonged zVAD-fmk treatment caused a switch from apoptosis to necroptosis after 180 

ADAR(-p150)-specific siRNA transfection as shown by MLKL phosphorylation and by 181 

inhibition by the RIPK3 kinase inhibitor GSK’840 (Fig 3d,e and Extended Data Fig. 8e,f). 182 

Sole inhibition of RIPK3 by GSK’840 treatment without zVAD-fmk had no effect on cell 183 

death following ADAR1(-p150) depletion, revealing that the primary mode of cell death 184 

downstream of human ZBP1 is apoptosis. The RHIM-containing proteins RIPK1, RIPK3 but 185 

not TRIF (TICAM1), contributed to caspase-8-mediated apoptosis caused by ADAR1-p150 186 

depletion in human ZBP1-expressing cells (Extended Data Fig. 8g,h). In sum, these data 187 

demonstrate that the Z-nucleic acid binding p150 isoform of ADAR1 limits ZBP1-mediated 188 

cell death in mouse and human cells. 189 

Given the central role of RIPK3 in the induction of ZBP1-mediated caspase-8-dependent 190 

apoptosis and MLKL-dependent necroptosis during virus infection32,33, we generated AdarZα/- 191 

mice in a RIPK3 deficient background. As opposed to the prolonged survival of AdarZα/- 192 

Zbp1Zα1α2/Zα1α2 animals (see Fig. 2a), we observed only a minor survival advantage by genetic 193 

removal of one or two Ripk3 alleles (Extended Data Fig 9b,c). In the absence of RIPK3, ZBP1 194 

may directly recruit RIPK1 to induce caspase-8-mediated apoptosis32,33. We therefore crossed 195 

AdarZα/- animals into a MLKL/caspase-8 doubly deficient background to abrogate both the 196 
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necroptotic and the extrinsic apoptotic pathways. Surprisingly, none of the resulting AdarZα/- 197 

Mlkl-/- Casp8-/- mice survived beyond 2 days of birth (Extended Data Fig 8d-h). While 198 

intestinal cell death was reduced in AdarZα/- Zbp1Zα1α2/Zα1α2 mice (see Fig. 2b), we still 199 

detected substantial TUNEL positive cells in the colons of AdarZα/- Mlkl-/- Casp8-/- pups (Fig. 200 

3f,g). Future studies will address how these mice are not rescued from lethality. It is possible 201 

that ZBP1 directly activates other cell death pathways or that caspase-8 and/or MLKL 202 

dampen(s) death signals that originate from or other immune sensors in AdarZα/- mice. 203 

 204 

Alu duplex RNA activates ZBP1 205 

To understand how loss of Zα domain-dependent ADAR1 functions cause spontaneous 206 

activation of ZBP1, we performed high-coverage mRNA sequencing to analyse the A-to-I 207 

editing profile of repeat elements within mRNA transcripts in ADAR1 Zα domain mutant 208 

mouse fibroblasts and human HEK293 cells10. We used primary lung fibroblasts from AdarZα/- 209 

Mavs-/- mice to minimise the effects of differential expression due to spontaneous 210 

MDA5/MAVS activation. Cells were stimulated with IFN-α to induce ADAR1-p150 211 

expression and editing by this isoform. As expected, IFN-α stimulation increased overall 212 

editing of repeats in mouse fibroblasts (Extended Data Fig. 10a). Mouse SINE/Alu, B2 and 213 

B4 elements and human Alu repeats made up the majority of edited repeat elements (Fig. 4b 214 

Extended and Data 10b). In contrast to previous studies reporting that a subset of editing sites 215 

may be specifically regulated by Zα domain of ADAR18-10 our high coverage approach, 216 

which allowed us to detect also sparsely edited adenosines across whole repeat sequences, did 217 

not reveal a substantial ADAR1 genotype-dependent bias in A-to-I editing (Fig. 4b and 218 

Extended Data Fig. 10c). Instead, loss of Zα domain-mediated interactions of ADAR1 with Z-219 

nucleic acids led to an overall reduction in the quality of repeat editing (Fig. 4a,c). Complete 220 

editing of an AluSp element that was most significantly affected by ADAR1 Zα domain 221 
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mutation and its nearest inverted AluSx1 repeat created 11 more bulges within the predicted 222 

AluSp:AluSx1 RNA duplex and substantially lowered its stability (Fig. 4c and Extended Data 223 

Fig. 10d-f). Alu:Alu hybrids are potent agonists of MDA5 when ADAR1 activity is lost39,40. 224 

To test whether these dsRNA structures could also stimulate ZBP1, we transfected in vitro 225 

transcribed Alu:Alu hybrids from the 3’UTRs of the NICN1 and BPNT1 mRNAs into HT-29 226 

cells expressing human ZBP1. Both Alu:Alu hybrids potently induced ZBP1-dependent cell 227 

death, which depended on intact ZBP1 Zα domains and which could be inhibited by zVAD-228 

fmk (Fig. 4d,e and Extended Data Fig. 10g). Similar to the siRNA-mediated ADAR1 229 

depletion experiments (see Fig. 3d and Extended Data Fig. 8e), prolonged ZBP1 stimulation 230 

and caspase blockade triggered a cell death that could be blocked by the RIPK3 kinase 231 

inhibitor GSK’840 (Fig. 4e and Extended Data Fig. 10g). 232 

 233 

Discussion 234 

Collectively, we demonstrate that ADAR1 is a negative regulator of ZBP1-mediated 235 

apoptosis and necroptosis, which is in line with a recent study showing that loss of ADAR1 236 

sensitises to ZBP1-induced cell death caused by nuclear export inhibition41. The P193A 237 

mutation within the Zα domain of ADAR1 causes AGS when paired with an ADAR null 238 

allele2. Our study in AdarZα/- mice, which mimic these compound heterozygous mutations, 239 

shows that ZBP1 may contribute to AGS pathology7. It is conceivable that bilateral striatal 240 

necrosis, a phenotype that uniquely manifests in patients with AGS caused by ADAR 241 

mutations and involves an acute loss of neurons42, is triggered by ZBP1-mediated cell death 242 

of neuronal cells. Finally, this study implicating ZBP1 as a sensor for endogenous Alu duplex 243 

RNA, along with recent studies showing that ZBP1 acts as a dsRNA sensor during virus 244 

infection43,44, further substantiates the concept that ZBP1 constitutes an integral part of the 245 

mammalian dsRNA response.  246 
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Figures 371 

 372 

Fig. 1. ZBP1 causes early postnatal lethality of Adar/Mavs double knockout mice and 373 

accelerates death of Adar-/- embryos. a, Kaplan-Meier survival curve of mice from the 374 

indicated genotypes. P values by log-rank test. The numbers of mice (n) that were analysed 375 

per genotype are indicated in the graph. b,c, TUNEL assay on colon sections from 1 or 5 376 

week old Adar-/- Mavs-/- mice expressing Zα domain mutant ZBP1 from one (Zbp1+/Zα1α2) or 377 

two (Zbp1Zα1α2/Zα1α2) alleles. Representative images of colon sections are shown in (b). Scale 378 

bar = 100 µm. Quantification (c) of TUNEL+ cells per crypt. Lines represent the mean; each 379 

data point represents an individual mouse; numbers of mice (n) that were analysed per 380 

genotype are indicated in the graph. d, Macroscopic pictures of E12.5 embryos of the 381 

indicated genotypes. e, Viability of E12.5 embryos based on the presence/absence of a 382 

heartbeat. Numbers in the bar chart represent the number of embryos that were analysed per 383 

genotype.  384 
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 385 

Figure 2. The Zα domain of ADAR1-p150 is critical in preventing spontaneous ZBP1 386 

activation. a, Kaplan-Meier survival curve of mice from the indicated genotypes. P values by 387 

log-rank test. The numbers of mice (n) that were analysed per genotype are indicated in the 388 

graph. b,c, TUNEL assay on intestinal tissue sections from the jejunum, ileum and colon of 1 389 

day old pups from the indicated genotypes. Representative images of jejunum, ileum and 390 

colon sections are shown in (b). Scale bar = 100 µm. Quantification (c) of TUNEL+ cells per 391 

crypt. d, RT-qPCR analysis of the indicated ISGs, analysed in whole intestine samples of 1 392 

day old pups of the indicated genotypes. e-g, Skin analysis of epidermis-specific RIPK1 393 

knockout mice (Ripk1EKO) carrying heterozygous ADAR1 Zα domain mutant alleles 394 

(Adar+/Zα) or expressing wild type ADAR1. Littermate offspring containing one or two 395 

functional Ripk1 alleles (Ripk1+/+, fl/+) or heterozygously expressing a functional Ripk1 allele 396 

in the epidermis (Ripk1EHZ) did not develop lesions and are shown as controls. Skin sections 397 

of 21 day old mice were stained with H&E or Keratin 5 and DAPI (e). Scale bar = 100 µm. 398 
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Quantification of epidermal thickness (f) on H&E-stained sections shown in (e). Flow 399 

cytometry analysis (g) of leukocyte (CD45+) composition of the epidermis of 21 day old mice 400 

of the indicated genotypes. Gating strategy is outlined in Extended Data Fig. 6. Lines in 401 

(c,d,f,g) represent the mean; each data point in (c,d,f,g) represents an individual mouse; 402 

numbers of mice (n) that were analysed per genotype are indicated in the graph; P values by 403 

Mann-Whitney test. 404 

 405 

406 
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 407 

Fig. 3. Loss of ADAR1 function induces ZBP1-mediated caspase-8-dependent apoptosis 408 

and MLKL-dependent necroptosis. a,b Primary mouse lung fibroblasts of the indicated 409 

genotypes were stimulated with 200 U/mL IFN-α for 16 hours or left untreated (ctrl). Next, 410 

cells were treated with 2 µg/mL or 5 µg/mL CHX and 1 µg/mL anti-mouse TNF. Cell death 411 

was quantified by measuring relative (rel.) SYTOX Green uptake every 2 hours. b, 412 

Immunoblot related to (a) and Extended Data Fig. 7a. Samples were harvested 16 hours post 413 

treatment. c, Representative images of cleaved caspase-8 (D387) staining of colon sections of 414 

mice of the indicated genotypes. Scale bars = 100 µm. 3 mice per genotype were analysed. 415 

d,e, Human HT-29 cells stably expressing wild type human ZBP1 (ZBP1WT) were transfected 416 

with control siRNAs (si-CTRL) or siRNAs targeting the p150 isoform of ADAR (si-ADAR-417 

p150) and ZBP1 (si-ZBP1). 5 hours later, cells were treated with 20 µM zVAD-fmk and/or 3 418 

µM GSK’840. Cell death was analysed as in (a) and protein expression (e) was analysed at 30 419 
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hours post transfection. Controls samples were treated with 30 ng/mL human TNF, 5 µM 420 

BV6 and 20 µM zVAD-fmk for 3 hours or 30 ng/mL TNF and 20 µg/mL CHX for 6 hours. 421 

f,g, TUNEL assay on colon sections from 1 day old mice of the indicated genotypes. 422 

Representative images of colon sections are shown in (f) Scale bar = 100 µm. Quantification 423 

(g) of TUNEL+ cells per crypt. Lines represent the mean; each data point represents an 424 

individual mouse; P values by Mann-Whitney test. Data in (a,d) are representative of 3 425 

independent experiments; Fitted lines represent a logistic growth fit and data points show the 426 

mean + SEM. For gel source data, see Supplementary Figure 1. 427 

428 
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 429 

Fig. 4. Alu duplex RNA stimulates ZBP1-dependent cell death. a, Primary lung fibroblasts 430 

from Adar+/- Mavs-/- and AdarZα/- Mavs-/- mice were stimulated for 16 hours with 200 U/mL 431 

IFN-α or left untreated. The repeat editing index was calculated using all identified A-to-I 432 

editing sites within a single repeat element. b, Wild type (HEK293 parental cells and 2 wild 433 

type clones; ADARpar./WT) and ADARZαmut HEK293 clones were stimulated for 16 hours with 434 

1,000 U/mL IFN-α. Repeat families that underwent A-to-I editing in 3 independent HEK293 435 

clones are visualised in the boxplot. The Venn diagram illustrates the number of repeat 436 

elements that displayed genotype specific A-to-I editing or those that were detected in both 437 

groups. c, Volcano plot demonstrating the differential A-to-I editing activity on Alu elements 438 

comparing wild type and ADARZαmut HEK293 cells. The Alu editing index represents the 439 
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combined A-to-I editing efficiency calculated from detected editing sites belonging to the 440 

same Alu element. d, HT-29 cells stably expressing wild type ZBP1 (ZBP1WT) or Zα domain 441 

mutant ZBP1 (ZBP1Zα1Zα2mut) were transfected with 50 ng NICN1 and BPNT1 3’ UTR Alu 442 

duplex RNA. e, Transfection of HT-29 ZBP1WT with 50 ng of NICN1 UTR duplex RNA in 443 

combination with 3 µM GSK’840 and/or 20 µM zVAD-fmk. Cell death in (d,e) was analysed 444 

as in Fig. 3d. Data in are representative of three independent experiments. Fitted lines 445 

represent a logistic growth fit and data points show the mean + SEM. 446 
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Methods 447 

Mice 448 

Adar+/- and AdarZα/Zα mice10 and Zbp1Zα1α2/Zα1α2 mice21 and were generated in C57Bl/6 ES 449 

cells and were previously described. Mavs-/- mice were obtained from J. Tschopp45. Ripk3-/- 450 

mice were obtained from V. Dixit46. Mlkl-/- Casp8-/- mice were generated by crossing an 451 

Mlklfl/fl  Casp8fl/fl male to a female Sox2-Cre deleter mouse47 to generate Mlkl+/- Casp8+/- 452 

offspring. Mlklfl/fl mice were obtained from J. Murphy48 and Casp8fl/fl mice were obtained 453 

from S. Hedrick49. All alleles were maintained on a C57BL/6 genetic background. Mice were 454 

housed in individually ventilated cages at the VIB-UGent Center for Inflammation Research 455 

in a specific pathogen-free facility, according to national and institutional guidelines for 456 

animal care. Sequences of primers used for genotyping are listed in Supplementary Table 1. 457 

All experiments were conducted following approval by the local Ethics Committee of Ghent 458 

University. 459 

 460 

Antibodies and reagents 461 

Antibodies against the following proteins were used for Western blot analysis: ADAR1 462 

(14175, Cell Signaling Technology), ADAR1-p150 (293003, Synaptic Systems GmbH; 463 

A303-883A, Bethyl), RIPK1 (3493, Cell Signaling Technology), RIPK3 (2283, ProSci 464 

Incorporated; 10188, Cell Signaling Technology), MLKL (MABC604, Millipore; 465 

GTX107538, GeneTex), p-MLKL (ab187091, Abcam; 37333, Cell Signaling Technology), 466 

ZBP1 (AG-20B-0010, Adipogen; 60968, Cell Signaling Technology), Caspase-8 (8592, Cell 467 

Signaling Technology), TRIF (4596; Cell Signaling Technology), MAVS (4983, Cell 468 

Signaling Technology) and β-Tubulin (ab21058, Abcam). Mouse anti-human Caspase-8 469 

antibody was kindly provided by P.H. Krammer. The following secondary antibodies were 470 
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used for detection: donkey anti-rabbit IgG-HRP (NA934, GE Healthcare), sheep anti-mouse 471 

IgG-HRP (NA931, GE Healthcare) and goat anti-rat IgG (NA935, GE Healthcare). 472 

The following fluorochrome-conjugated antibodies and dyes were used for flow cytometry 473 

analysis: PE-Cyanine5 CD19 (15-0193-82, Thermo Fisher Scientific), AlexaFluor700 CD19 474 

(56-0193-80, Thermo Fisher Scientific), BUV395 CD3e (563565, BD Biosciences), PE-Cy7 475 

CD11c (25-0114-82, Thermo Fisher Scientific), FITC MHC Class II (I-A/I-E) (11-5321-82, 476 

eBioscience), BV605 mouse anti-mouse CD161 (NK-1.1; 563220, BD Biosciences), PerCP-477 

Cy5.5 rat anti-mouse CD11b (550993, BD Biosciences), APC-eFluor780 CD11b (47-0112-478 

80, Thermo Fisher Scientific), BUV735 CD4 (564298, BD Biosciences), eFluor450 CD8a 479 

(48-0081-82, eBioscience), FITC CD8a (100705, BioLegend), PE XCR1 (148203, 480 

BioLegend), PerCP-eFluor710 CD172a (SIRP-α; 46-1721-82, eBioscience), BV785 Ly-6G 481 

(127645, BioLegend), APC-Cy7 Ly-6C (560596, BD Biosciences), BV711 CD64 (139311, 482 

BioLegend), AlexaFluor700 CD45 (56-0451-80, Thermo Fisher Scientific), BV421 Siglec-F 483 

(565934, BD Biosciences), PE CD200R3 (142205, BioLegend), APC-Cy7 TCR β chain 484 

(109220, BioLegend), APC F4/80 (17-4801, Thermo Fisher Scientific), PE-CF594 γδ TCR 485 

(563532, BD Biosciences), CD16/CD32 (Fc block; 553142, BD Biosciences), eFluor506 486 

FVD (65-0866-14, Thermo Fisher Scientific). 487 

Mouse and human TNF, mouse IFN-γ and mouse anti-TNF neutralising antibody (clone 488 

1F3F3D4) were produced by the VIB protein Service Facility. Hybrid IFNα-B/D (CGP35269, 489 

Novartis), human IFN-α2 (592704, BioLegend),  human IFN-γ (300-02, PeproTech), zVAD-490 

fmk (BACEN-1510.0005, Bachem), CHX (C7698, Sigma-Aldrich), BV6 (S7597, 491 

Selleckchem). HSV1-ICP6mutRHIM was a kind gift from J. Han50. 492 

 493 

Cell culture 494 
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HT-29 cells (ATCC HTB-38) were cultured at 37°C and 5% CO2 in McCoy’s 5a Medium 495 

(16600082, GIBCO) supplemented with 10% FCS (TICO Europe), 2 mM Glutamine (BE17-496 

605F, Lonza) and 1mM sodium pyruvate (S8636, Sigma-Aldrich). HEK293T (ATCC CRL-497 

3216) were cultured in high-glucose (4500 mg/liter) DMEM (41965–039, GIBCO) 498 

supplemented with 10% FCS (TICO Europe) and 2 mM glutamine (BE17-605F, Lonza). 499 

For lentivirus production, HEK293T cells were transfected with C-terminally EGFP and V5-500 

tagged wild-type human ZBP1 or Zα1α2-mutant human ZBP1 transducing vectors in the 501 

pDG2i backbone51 together with the pCMV delta R8.91 gag-pol-expressing packaging 502 

plasmids and pMD2.G VSV-G-expressing envelope plasmid. 24 hours after transfection, 503 

medium was refreshed. 48 hours after transfection, the viral supernatant was harvested and 504 

used for transduction of 500,000 HT-29 cells seeded in 6-well plates in presence of 8 µg/mL 505 

polybrene (H9268, Sigma-Aldrich). The next day, medium was refreshed and two days later 506 

cells were seeded in a T75 flask in selection medium containing 2 µg/mL puromycin (P7255, 507 

Sigma-Aldrich). Transduced cells were sorted for EGFP expression on a FACSMelody Cell 508 

Sorter (BD Biosciences) and clones originating from single cells were established. 509 

Primary lung fibroblasts were isolated from lungs of mice of the indicated genotypes. Lungs 510 

were sterilized with 70% ethanol before cutting the tissue in pieces of ~25mm. Digestion was 511 

performed with a 0.1% collagenase D (11088866001, Roche) and 0.2% trypsin solution 512 

(15090-046, GIBCO) for 30 min at 37°C. The collagenase D / trypsin solution was refreshed 513 

and digestion continued another 30 minutes at 37°C. After neutralization with αMEM-20 514 

[αMEM (22571-020, GIBCO) supplemented with 20% FCS, 2mM glutamine (BE17-605F, 515 

Lonza), 1mM sodium pyruvate (S8636, Sigma-Aldrich), 100 U/ml penicillin and 100 µg/ml 516 

streptomycin (P4333, Sigma-Aldrich), cells were pelleted at 400 g for 5 min and resuspended 517 

in αMEM-20 culture medium. The purity of primary lung fibroblasts was assured by 518 

passaging each fibroblast line for at least 3 times in αMEM-20, which selectively supports 519 
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growth of fibroblasts, whereas other cell types die or stop proliferating. Primary murine lung 520 

fibroblasts were maintained under hypoxic conditions (3% O2 at 37°C and 5% CO2 in 521 

αMEM-20). 522 

 523 

Western blotting 524 

For Western blotting, cells were washed twice with ice-cold PBS and lysed in protein lysis 525 

buffer (50 mM Tris-HCl pH 7.5 (15567027, GIBCO), 1% Igepal CA-630 (I8896, Sigma-526 

Aldrich), 150 mM NaCl and 10% glycerol (7122301, Biosolve) supplemented with complete 527 

protease inhibitor cocktail (11697498001, Roche) and PhosSTOP (4906845001, Roche). HT-528 

29 cell lysates were cleared by centrifugation at 20,000 g for 10 minutes. Embryonic tissue 529 

and pPrimary mouse lung fibroblast lysates were cleared at 12,000 g for 20 minutes. 5x 530 

Laemmli loading buffer (250 mM Tris HCl, pH 6.8, 10% SDS, 0.5% Bromophenol blue, 50% 531 

glycerol, and 20% β-mercaptoethanol) was added to the supernatant. Finally, samples were 532 

incubated at 95°C for 5 min and analysed using Tris-Glycine SDS-PAGE and semi-dry 533 

immunoblotting. 534 

 535 

RT-qPCR 536 

For RT-qPCR, (embryonic) tissue was homogenised in Trizol reagent (15596-018, GIBCO) 537 

followed by phase separation with chloroform. Next, the aqueous layer was loaded onto 538 

Nucleospin RNA Plus columns (740984.250, Macherey-Nagel). cDNA synthesis was 539 

performed with the SensiFast cDNA synthesis kit (BIO-65054, Bioline). PrimeTime qPCR 540 

Master Mix (1055771, IDT) was used for cDNA amplification using a Lightcycler 480 system 541 

(Roche). Primers and probes (Taqman) used for quantitative reverse-transcription PCR in this 542 

study are listed in Supplementary Table 1. 543 

 544 
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Histology 545 

Fixation of intestinal tissues occurred overnight at 4°C in 10% formalin. Next, samples were 546 

embedded in paraffin and sectioned at 5 µm thickness. H&E staining was performed using a 547 

Varistain Slide Stainer. H&E stained sections were imaged with a Zeiss Axio Scan slide 548 

scanner and further analysed with the Zeiss blue software. TdT-mediated dUTP nick end-549 

labelling (TUNEL) staining was performed using the TMR red in situ cell death detection kit 550 

(12156792910, Sigma-Aldrich). All sections were counterstained with DAPI (D21490, 551 

Thermo Fisher Scientific). For immunohistochemistry, sections were deparaffinized and 552 

rehydrated using a Varistain Slide Stainer. Antigen retrieval was performed by boiling 553 

sections at 95°C for 10 min in antigen retrieval solution (H-3300-250, Vector). For 554 

immunofluorescence Keratin 5 (K5) staining, slides were treated with 3% H2O2 in PBS for 10 555 

min and 0.1 M NaBH4 in PBS for 2 h at room temperature to reduce background. After 556 

washing in 1X PBS, tissues were blocked in 1% BSA and 1% goat serum in PBS for 30 min 557 

at room temperature. Incubation with the primary antibody anti-K5 (1:1000, PRB-160P, 558 

Covance) was done overnight at 4°C. The next day, slides were washed in 1X PBS and 559 

incubated with goat anti-rabbit Dylight488 (1:1000; 35552, Thermo Fisher Scientific) and 560 

DAPI (1:1000; D1306, Life Technologies) for 30 min at room temperature. Images were 561 

acquired on a Zeiss LSM880 Fast AiryScan confocal microscope using ZEN Software (Zeiss) 562 

and processed using Fiji (ImageJ). For cleaved caspase-8 staining, slides were treated with 3% 563 

H2O2 in methanol for 10 minutes following the antigen retrieval step. Next, slides were 564 

washed in 1X PBS and blocking was performed using 10% goat serum in 1x PBS for 30 min. 565 

Primary antibody incubation using anti-cleaved caspase-8 (1:500; 8592S, Cell Signaling 566 

Technology) was done overnight at 4°C. Biotin goat anti-rabbit IgG (1:300; BA-1000-1.5, 567 

Vector) was used as secondary antibody. Finally, slides were incubated for 30 minutes in 568 

reagent A and B as described for the Vectastain ELITE ABC kit (PK-6100, Vector) followed 569 
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by detection with ImmPACT DAB Peroxidase (HRP) substrate kit (SK-4105, Vector). 570 

Haematoxylin counterstaining was performed using a Varistain Slide Stainer and mounted in 571 

xylene-based mounting medium. Images were acquired on a Zeiss Axio Scan slide scanner 572 

using ZEN software (Zeiss). 573 

 574 

Cell death assays  575 

Primary murine lung fibroblasts were seeded in 48-well plates (35,000 cells per well) or 6-576 

well plates (330,000 cells per well) one day before treatment. HT-29 cells were seeded at 577 

30,000 cells per well in 96-well plates. On the day of the experiment, the cell-impermeable 578 

dye SYTOX Green (1 µM, Thermo Fisher Scientific; S7020) was added to the culture 579 

medium together with the indicated stimuli. SYTOX Green uptake was imaged with an 580 

IncuCyte ZOOM Live-Cell Analysis system (Sartorius) at 37°C and 5% CO2. The relative 581 

percentage of SYTOX Green cells was determined by dividing the number of SYTOX Green-582 

positive cells per image by the percentage of confluency (using phase contrast images) at 583 

every time point. 584 

 585 

Alu duplex RNA transfection 586 

HT-29 cells were seeded in 24-well plates (130,000 cells per well) one day before 587 

transfection. The next day, medium was replaced with fresh medium containing SYTOX 588 

Green and inhibitors. Cells were transfected with 50 ng Alu duplex RNA using Lipofectamine 589 

2000 Transfection Reagent (11668027, InvitroGen). Cell death was analysed as described 590 

before. NICN1 and BPNT1 3’ UTR Alu duplex RNA was kindly provided by S. Hur39. Alu 591 

duplex RNAs were prepared by T7 in vitro transcription and PAGE purification as previously 592 

described39,52. Alu sequences are listed in Supplementary Table 1. 593 

 594 
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Knockdown experiments 595 

RNA silencing experiments in HT-29 cells were performed by reverse transfection using 596 

DharmaFECT 1 Transfection Reagent (T-2001, Horizon Discovery). For live-cell imaging 597 

analysis, 90,000 cells were reverse transfected at 20 nM final siRNA concentration per well of 598 

24-well plate in medium containing the indicated stimuli or inhibitors and SYTOX Green. 599 

Cell death was analysed as described before. The following siRNAs were used in this study: 600 

ON-TARGETplus SMARTpool siRNAs (Horizon Discovery) directed against human ADAR 601 

(L-008630-00-0005), ZBP1 (L-014650-00-0005), RIPK1 (L-004445-00-0005), RIPK3 (E-602 

003534-00), CASP8 (L-003466-00-0005), TICAM1 (L-012833-00-0005), and non-targeting 603 

control (D-001810-01-05). siRNA directed against ADAR1-p15053 was custom made via 604 

Thermo Fisher Scientific (Silencer Select siRNA). Sense strand: 5’-605 

GCCUCGCGGGCGCAAUGAATT-3’; guide strand: 5’-606 

UUCAUUGCGCCCGCGAGGCAT-3’. 607 

 608 

Spleen, peripheral blood and skin processing for flow cytometry 609 

Spleens of 5 day old Adar-/- Mavs-/- Zbp1+/+, +/ Zα1Zα2 or Zbp1Zα1Zα2/Zα1Zα2 and control littermates 610 

were collected in ice-cold PBS. Spleens were digested for 30 min at 37°C in digestion buffer 611 

[(RPMI-1640 supplemented 0.5 mg/ml collagenase D (11088866001, Roche) and 10 mg/ml 612 

DNase I (1010459001, Roche)] with regular mixing. After neutralization with RPMI-1640 613 

medium containing 2% FCS, erythrocytes were lysed with ACK Lysing Buffer (10-548E, 614 

Lonza) and filtered through a 70 mm cell strainer to obtain single cell solutions. Peripheral 615 

blood was collected in EDTA-coated tubes (20.1288, Sarstedt) by tail vein bleeding. 1 mL 616 

ACK Lysing Buffer (Lonza; 10-548E) was mixed with 100 ml blood and incubated for 10 617 

min at RT. Cells were washed 2 times with ice-cold PBS and were stained for flow cytometry 618 

analysis. Pieces of shaved mouse skin (± 12 cm2) were isolated from 21 day old Adar+/+ 619 
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Ripk1EKO and Adar+/Zα Ripk1EKO mice or control littermates. Subcutaneous fat and muscles 620 

were removed by mechanical scraping with a scalpel. Subsequently, the skin was carefully 621 

placed on 0.4 mg/mL Dispase II (4492078001, Roche) with the dermal side facing downward 622 

for 2h at 37°C. Epidermis was separated from the dermis with a forceps, cut into fine pieces, 623 

and incubated in 2 mL enzymatic solution containing 1.5 mg/mL collagenase type IV 624 

(LS004188, Worthington) and 0.5 mg/mL Dnase I (10104159001, Roche) for 20 min at 37°C 625 

with shaking. After neutralization with 2% FCS RPMI medium, the cell suspension was 626 

filtered through a 70 µm cell strainer to obtain a single cell suspension. 627 

 628 

Flow cytometry 629 

Single cell suspensions were first stained with anti-mouse CD16/CD32 (Fc block; 553142, 630 

BD Biosciences) and dead cells were excluded with the Fixable Viability Dye eFluor506 (65-631 

0866-14, Thermo Fisher Scientific) for 30 min at 4°C in PBS. Next, cell surface markers were 632 

stained for 30 min at 4°C in FACS buffer (PBS, 5% FCS, 1mM EDTA and 0.05% sodium 633 

azide). Cells were acquired on an LSR Fortessa or a FACSymphony (BD Biosciences). Data 634 

were analysed with FlowJo software (Tree Star). The total number of cells was counted on a 635 

FACSVerse (BD Biosciences). 636 

 637 

Blood analysis  638 

Peripheral blood was collected in EDTA-coated tubes by decapitation of 5-day old pups. 639 

Total number of leukocytes, erythrocytes and whole-blood parameters were determined using 640 

a HEMAVET®950LV (Drew Scientific). 641 

 642 

Sanger sequencing 643 
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cDNA from brain and spleen tissue derived from mice of the indicated genotypes was PCR 644 

amplified using primers targeting the mRNA of Htr2c (fwd: 5’-645 

GGCCAGCACTTTCAATAGTCGTG-3’, rvs: 5’-CAATCTTCATGATGGCCTTAGTCC-646 

3’), Mad2l1 (fwd: 5’-AATTTTCCGGTGAAGAAAGC-3’, rvs: 5’-647 

AGCTTTGATCCCTTCTGCTG-3’) and Rpa1 (fwd: 5’-CTCAGAGGGCTGTGTGTGAA-3’, 648 

rvs: 5’-AGACAAAAAGGTGCCACCAC-3’). The obtained PCR product was purified with 649 

NucleoSpin® Gel and PCR Clean-up kit (740609250, Macherey-Nagel) and send for Sanger 650 

sequencing with the forward primers or in the case of Htr2c: 5’-651 

GGCGAATTCCATTGCTGATATGCTGGTG-3’. 652 

 653 

RNA-seq library preparation 654 

Total RNA of IFNα2 treated HEK293 cells or untreated and hybrid IFNα-B/D treated primary 655 

mouse lung fibroblasts was purified using RNeasy columns (QIAGEN) with on-column 656 

DNase I digestion. RNA integrity was tested with the Agilent RNA 6000 Pico Kit (Agilent; 657 

50671513). Sequencing libraries were prepared using the Stranded mRNA ligation kit 658 

(Illumina) with the Ribo-Zero Gold kit (Illumina) for ribosomal depletion. Deep sequencing 659 

of the libraries was performed on an Illumina Novaseq6000 generating 150 bp paired-end 660 

sequencing reads. 661 

 662 

A-to-I editing data analysis 663 

In order to enable a reproducible analysis from raw RNAseq data to the prediction of A-to-I 664 

editing sites by RDDpred54, a Nextflow55 pipeline has been developed based on the RNAseq 665 

pipeline from the nf-core community56. To align with our previous A-to-I data analysis10, the 666 

original nf-core trimming module was replaced by Trimmomatic57, the editing site prediction 667 

tool RDDpred has been inserted and a docker image has been created 668 
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(https://github.com/vibbits/RDDpred). For the mapping of the mouse and human samples 669 

using STAR 2.7.3a, the reference genomes mm10 and hg19 have been used, respectively. 670 

Positive machine learning training sets for RDDpred consisted of annotated A-to-I editing 671 

sites derived from the DARNED58, RADAR59 and REDIportal60 databases. The negative 672 

training set consisted of Mapping Error-prone Sites observed upon mapping to the hg19 and 673 

mm10 genome (http://epigenomics.snu.ac.kr/RDDpred/prior.php). The whole pipeline with 674 

references to the genome and STAR indices is available on github 675 

https://github.com/vibbits/rnaseq-editing. This pre-processing pipeline has been executed on 676 

the human and mice samples using the Azure Kubernetes Services. The raw output of 677 

RDDpred was further analysed by assigning strand topology to each identified RNA-DNA 678 

difference (RDD). To this end, BAM files were split in half-samples containing reads that 679 

were either mapped to the sense or antisense strand. Next, quantification of total read 680 

coverage and variant read frequency was performed for all detected A>G and T>C RDDs in 681 

each half-sample using Bam-readcount (https://github.com/genome/bam-readcount). 682 

Ambiguous RDDs (e.g., multiple variant calls per site, RDDs detected on both strands), 683 

RDDs (murine dataset) overlapping with annotated C57BL/6-specific SNPs (Sanger Institute 684 

Mouse Genomes project v3; dbSNPv137) or (human dataset) HEK293-specific SNPs 685 

(http://hek293genome.org/v2/data.php; data trackCG293, converted to hg19 assembly using 686 

LiftOver) and RDDs that were also detected in ADAR1-deficient cells were removed from the 687 

datasets. Finally, identified editing sites with a read coverage below 10 or that were observed 688 

in less than 3 different samples (independent of genotype) were excluded from the final 689 

datasets. Next, repeat element status of each editing site was determined based on the 690 

RepeatMasker annotation (www.repeatmasker.org; Repeat Library 20140131) and repeat/Alu 691 

editing index was calculated by dividing the combined number of detected variants (A>G or 692 

T>C) by the combined total number of reads covering the A-to-I editing sites identified in a 693 
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single repeat element. Repeat/Alu elements of which editing activity was restricted to a single 694 

genotype were reported when editing was observed in all samples of that genotype. For 695 

differential editing analysis, only repeat/Alu elements that displayed editing in all three wild 696 

type and all three mutant samples were included. Differentially edited repeats/Alu elements (p 697 

value < 0.05) were determined by Welch Two Sample t test on the log10 values of the 698 

calculated editing index. See Supplementary Table 2 for a list of differentially edited 699 

repeat/Alu elements. In silico RNA folding analysis was performed using the RNAfold 700 

webtool from the Vienna RNA Websuite61 using the default parameters and the algorithm 701 

‘minimum free energy (MFE) and partition function’. The change in folding characteristics 702 

due to A-to-I editing was calculated by introducing constraints that mimic complete lack of 703 

base pairing on the identified A-to-I editing sites.  704 

  705 

Statistical analysis 706 

Statistical analyses were performed in Prism 8.3.0 (GraphPad Software). Statistical methods 707 

are described in the figure legends. 708 

 709 

Data availability 710 

Raw RNA sequencing data used in this study is available on the European Nucleotide Archive 711 

(https://www.ebi.ac.uk/ena/browser/home), accession codes PRJEB52610 (mouse primary 712 

lung fibroblasts) and PRJEB52618 (HEK293 cells). Source data belonging to Figures 1-4 and 713 

Extended Data Figures 1-10 are provided with the paper. 714 

 715 

Code availability 716 

The complete pipeline used for the A-to-I editing analysis from raw RNAseq data to the 717 

original output of the editing site prediction tool RDDpred with references to the genome and 718 
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STAR indices is made available on github (https://github.com/vibbits/rnaseq-editing). Any 719 

additional information required to reanalyse the data reported in this paper is available from 720 

the lead contact upon request. 721 

722 
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Extended Data Figures 800 

 801 

Extended Data Fig. 1. Characterisation of Adar-/- Mavs-/- Zbp1Zα1α2/ Zα1α2 mice. a, Numbers 802 

and percentages of pups obtained from Adar+/- Mavs-/- Zbp1+/+, +/  Zα1α2 or Zα1α2/Zα1α2 breeding 803 

pairs. Lower panels show representative images of 3 or 4 day old pups. Arrows indicate 804 

Adar/Mavs double knockout mice with the indicated Zbp1 genotypes. b, Sanger sequencing 805 

chromatograms of A-to-I editing sites in brain (Htr2c) or spleen (Mad2l1 and Rpa1) tissues 806 

derived from mice of the indicated genotypes. ADAR1-, ADAR2- and ADAR1/ADAR2-807 

specific sites indicated by blue, red and purple triangles, respectively. c, Weight in grams (g) 808 

of 5 (P5) or 12 (P12) day old mice of the indicated genotypes. d, Weight in grams (g) of male 809 
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mice of the indicated genotypes measured weekly from birth till 30 weeks of age. Right panel 810 

shows a representative picture of a 10 week old Adar-/- Mavs-/- Zbp1Zα1α2/Zα1α2 mouse and an 811 

Adar+/+ Mavs-/- Zbp1Zα1α2/Zα1α2 littermate. e, TUNEL assay on ileum sections from 1 week or 5 812 

week old Adar-/- Mavs-/- mice expressing Zα domain mutant ZBP1 from one (Zbp1+/Zα1α2) or 813 

two (Zbp1Zα1α2/Zα1α2) alleles. Scale bar = 100 µm. f, quantification of TUNEL+ cells per crypt. 814 

Each data point in (c,d,f) represents an individual mouse. The numbers of mice (n) that were 815 

analysed per genotype in (c,d,f) are indicated in the graph. Lines in (c,f) represent the mean; P 816 

values by Mann-Whitney test. Lines in (d) represent a sigmoidal, 4PL fit; P values by two-817 

way ANOVA.  818 

 819 

820 
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 821 

Extended Data Fig. 2. Immune phenotyping of Adar-/- Mavs-/- Zbp1Zα1α2/ Zα1α2 mice. a, 822 

Flow cytometric quantification of numbers of immune cell populations in spleens of 4 to 5 823 

day old Adar-/- Mavs-/- mice expressing wild-type (Zbp1+/+, +/Zα1Zα2) or Zα domain mutant 824 

ZBP1 (Zbp1Zα1α2/Zα1α2). b, Representative flow plots showing the presence of neutrophils in 825 

live cell populations in spleens of mice of the indicated genotypes. c, Percentage of 826 

neutrophils in the population of live cells in spleens. d, Flow cytometry gating strategy of 827 

immune cell populations in spleens shown in (a,b). Lines in (a,c) represent the mean; each 828 

data point represents an individual mouse; the numbers of mice (n) that were analysed per 829 

genotype are indicated in the graph; P values by Mann-Whitney test.  830 

831 
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 832 

Extended Data Fig. 3. Immune phenotyping of surviving Adar-/- Mavs-/- Zbp1Zα1α2/Zα1α2 833 

mice and analysis of Adar-/- Zbp1Zα1α2/Zα1α2 embryos. a, Peripheral blood of 20 week old 834 

Adar-/- Mavs-/- Zbp1Zα1α2/Zα1α2 pups and their littermates was analysed for total red blood cell 835 

(RBC), white blood cell (WBC) and platelet (PLT) numbers, together with haemoglobin (Hb) 836 

and haematocrit (HCT) levels. b, Flow cytometric quantification of numbers of circulating 837 

lymphocytes (B cells, CD4 and CD8 T cells, and NK and NKT cells) or myeloid cells 838 

(neutrophils, basophils, eosinophils and Ly-6C- and Ly-6C+ monocytes) per µL of blood. c, 839 
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Gating strategy for flow cytometry analysis in (b). d, Immunoblot analysis of embryonic (E) 840 

day 12.5 whole embryo lysates of the indicated genotypes. e, Numbers of embryos resulting 841 

from interbreeding of Adar+/- Zbp1+/+ or Zα1α2/Zα1α2 breeding pairs and dissected on the indicated 842 

embryonic (E) days. f,g, RT-qPCR analysis of the indicated ISGs and Ifnb (f) or inflammatory 843 

genes (g) analysed in E12.5 embryos of the indicated genotypes. Lines in (a,b,f,g) represent 844 

the mean; each data point represents an individual mouse; each data point represents an 845 

individual mouse; the numbers of mice (n) that were analysed per genotype are indicated in 846 

the graph; P values by Mann-Whitney test. For gel source data, see Supplementary Figure 1. 847 

 848 

849 
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 850 

Extended Data Fig. 4. Characterisation of AdarZα/- Zbp1Zα1α2/Zα1α2 and AdarZα/- Mavs+/- 851 

Zbp1Zα1α2/Zα1α2 mice. a, Percentages of offspring (n=195) with the indicated genotypes 852 

obtained from Adar+/- Zbp1Zα1α2/Zα1α2 X Adar+/Zα Zbp1+/Zα1α2 breeding pairs. b, Representative 853 

image of a 14 week old AdarZα/- Zbp1Zα1α2/Zα1α2 mouse and its Adar+/- Zbp1Zα1α2/Zα1α2 littermate. 854 

c, Weight in grams (g) of male mice of the indicated genotypes measured weekly from birth 855 
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till 20 weeks of age. Each data point represents an individual mouse; lines represent a 856 

sigmoidal, 4PL fit; P value by two-way ANOVA. d, H&E staining of longitudinal sections of 857 

whole intestines from 1 day old mice from the indicated genotypes. Jejunum and ileum are 858 

indicated by arrows. Caecum and colon are indicated by a pink and purple line, respectively. 859 

Scale bar = 0.2 cm. Red triangles indicate necrotic tissue in caecum and colon. e, RT-qPCR 860 

analysis of the indicated ISGs, analysed in whole tissue lysates of lungs and brains of 1 day 861 

old pups of the indicated genotypes. f, RT-qPCR analysis of the indicated inflammatory 862 

genes, analysed in whole tissue lysates of intestines, lungs and brains of 1 day old pups of the 863 

indicated genotypes. Lines in (e, f) represent the mean; each data point represents an 864 

individual mouse; P values by Mann-Whitney test. g, Kaplan-Meier survival curve of mice 865 

from the indicated genotypes. P value by log-rank test. Numbers of mice (n) that were 866 

analysed per genotype in (c,e,f,g) are indicated in the graph. 867 

 868 

869 
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 870 

Extended Data Fig. 5. Adar+/Zα Ripk1EKO mice develop severe skin inflammation. a, 871 

Macroscopic images of 21 day old Adar+/+ Ripk1EKO mice, Adar+/Zα Ripk1EKO mice and control 872 

littermates from 3 experiments. b, Kaplan-Meier plot of macroscopically visible lesion 873 

appearance of epidermis-specific RIPK1 knockout mice (Ripk1EKO) carrying heterozygous 874 

ADAR1 Zα domain mutant alleles (Adar+/Zα) or expressing wild type ADAR1. Littermate 875 

offspring containing two or one wild type Ripk1 alleles (Ripk1+/+, fl/+) or heterozygously 876 

expressing a functional Ripk1 allele in the epidermis (Ripk1EHZ) did not develop lesions and 877 

are shown as controls. Numbers of mice (n) that were analysed per genotype are indicated in 878 

the graph. P value by log-rank test. 879 

 880 

881 
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 882 

Extended Data Fig. 6. Flow cytometry gating strategy of CD45+ immune cell subsets in 883 

the skin. Representative flow plots of the immune cell subsets of the indicated genotypes are 884 

shown. The data are shown quantified in Fig. 2g. 885 

 886 

887 
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 888 

Extended Data Fig. 7. ADAR1 deletion or Zα domain mutation induces ZBP1-mediated 889 

cell death of mouse fibroblasts. a-j, Primary mouse lung fibroblasts isolated from mice of 890 

the indicated genotypes were stimulated with 200 U/mL IFN-α (a-c, e-j) or 200 U/mL IFN-γ 891 

(d) for 16 hours or left untreated (ctrl). Next, cells were treated with 5 µg/mL CHX and 1 892 

µg/mL anti-mouse TNF (a), 50 µM zVAD-fmk and 1 µg/mL anti-mouse TNF (b,c,g,h), 30 893 
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ng/mL mouse TNF and 10 µg/mL CHX or 50 µM zVAD-fmk (e,f,i,j) or infected with HSV1 894 

ICP6mutRHIM at a multiplicity of infection of 5 (d). Cell death in (a,b,d,e,g,i) was quantified by 895 

measuring relative (rel.) SYTOX Green uptake every 2 hours. c, Immunoblot related to (b). 896 

Samples were harvested 4 hours post treatment. f,j Immunoblot related to (e,i). Samples were 897 

harvested 7 (TNF + CHX) and 3 (TNF + zVAD) hours, respectively. h, Immunoblot related to 898 

(g). Samples were harvested 8 hours post treatment. Data points in (a,b,d,e,g,i) show the 899 

mean of 2-6 technical replicates (see Source Data) + SD and are representative of 3 900 

independent experiments. Fitted lines represent a logistic growth fit. For gel source data, see 901 

Supplementary Figure 1. 902 

 903 

904 
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 905 

Extended Data Figure 8. ADAR1 depletion causes ZBP1-dependent cell death of human 906 

HT-29 cells. a, Immunoblot of HT-29 cells 48 hours post transfection with non-targeting 907 

control siRNAs (si-CTRL), siRNAs targeting ADAR (si-ADAR) or the p150 isoform of ADAR 908 

(si-ADAR-p150). As controls, cells were treated with 1,000 U/mL IFN-α or 100 ng/mL IFN-γ. 909 

b, HT-29 cells stably expressing wild type ZBP1 (ZBP1WT) or Zα domain mutant ZBP1 910 

(ZBP1Zα1Zα2mut) were transfected with non-targeting control siRNAs (si-CTRL) or siRNAs 911 

targeting ADAR (si-ADAR). Cell death was quantified by measuring relative (rel.) SYTOX 912 
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Green uptake every 2 hours. c, HT-29 ZBP1WT and ZBP1Zα1Zα2mut cells were treated with 30 913 

ng/mL human TNF, 5 µM BV6 and 20 µM zVAD-fmk (TNF + BV6/ZVAD) or 30 ng/mL 914 

TNF and 20 µg/mL CHX (TNF + CHX). Cell death was quantified as in (b). d, Immunoblot 915 

related to (c). Cells were harvested 3 (TNF + BV6/ZVAD) or 6 (TNF+CHX) hours post 916 

treatment. e, HT-29 ZBP1WT cells were transfected with si-ADAR only or si-ADAR and si-917 

ZBP1. After five hours, cells were treated with 20 µM zVAD-fmk and/or 3 µM GSK’840 or 918 

left untreated. Cell death was analysed as in (b). f, Immunoblot related to (e). Samples were 919 

harvested 30 hours post transfection. TNF + CHX and TNF + BV6/ZVAD control samples 920 

were treated and harvested as in (d). g, HT-29 ZBP1WT cells were transfected with si-CTRL or 921 

si-ADAR-p150. si-ADAR-p150 was combined with si-ZBP1, or siRNAs targeting RIPK1 (si-922 

RIPK1), RIPK3 (si-RIPK3), TICAM1 (TRIF; si-TICAM1) or CASP8 (si-CASP8). Cell death 923 

was quantified as in (b). h, HT-29 ZBP1WT cells transfected with the indicated siRNAs were 924 

harvested at 48 hours post transfection for protein expression analysis. Fitted lines in (b,c,e) 925 

represent a logistic growth fit; Data points show mean of 3 (b,c,e) or 4 (g) technical replicates 926 

+ SD and are representative of 3 independent experiments. For gel source data, see 927 

Supplementary Figure 1. 928 

 929 

930 
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 931 

Extended Data Fig. 9. Characterisation of AdarZα/- Ripk3-/- and AdarZα/- Mlkl-/- Casp8-/- 932 

mice. a, Sections from ileum or jejunum of Adar+/Zα Zbp1+/+ and AdarZα/- Zbp1+/+ or 933 

Zbp1Zα1Zα2/Zα1Zα2 mice stained for cleaved caspase-8 (D387) and counterstained with 934 

haematoxylin. Scale bars = 100 µm. At least 3 mice per genotype were analysed. b, Numbers 935 

(n) and percentages of pups obtained from interbreeding of Adar+/- Ripk3+/- X Adar+/Zα 936 

Ripk3+/- mice. c, Number of AdarZα/- Ripk3+/+, AdarZα/- Ripk3+/- or AdarZα/- Ripk3-/- that 937 

survived beyond day 2 after birth (> P2). d, Numbers and percentages of pups obtained from 938 

interbreeding of Adar+/- Mlkl-/- X Adar+/Zα Mlkl-/- mice. e, Numbers and percentages of pups 939 

obtained from interbreeding of Adar+/- Mlkl-/- X Adar Zα/Zα Mlkl-/- mice. f, Numbers and 940 

percentages of pups obtained from interbreeding of Adar+/- Mlkl-/- Casp8+/- X Adar+/Zα Mlkl-/- 941 
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Casp8+/- mice. g, Numbers and percentages of pups obtained from interbreeding of Adar+/- 942 

Mlkl-/- Casp8+/- X Adar Zα/Zα Mlkl-/- Casp8+/- mice. h, Number of AdarZα/- Mlkl-/- Casp8+/+, 943 

AdarZα/- Mlkl-/- Casp8+/- or AdarZα/- Mlkl-/- Casp8-/- mice that survived beyond day 2 after birth 944 

(> P2). 945 

946 
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 947 

Extended Data Fig. 10. A-to-I editing analysis of mRNA in mouse and human ADAR1 948 

Zα domain mutant cells. a, Primary lung fibroblasts derived from mice of the indicated 949 

genotypes were stimulated for 16 hours with 200 U/mL IFN-α or left untreated. The total 950 

number of murine repeat elements that underwent A-to-I editing was determined for 3 951 

independent cell lines per genotype. Lines represent the mean. b, Boxplot illustrating the 952 

distribution of repeat elements in which editing activity was observed in 3 individual cell lines 953 

per genotype treated or not with IFN-α as indicated in (a). c, Venn diagrams displaying the 954 

number of repeat elements of which A-to-I editing activity was restricted to a single genotype 955 

(Adar+/- Mavs-/- or AdarZα/- Mavs-/-) or those that were detected in both groups without 956 
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stimulation or following IFN-α treatment as indicated in (a). d, Graphical representation of 957 

the differential A-to-I editing profile of ADARPar/WT and ADARZαmut HEK293 cells detected on 958 

the indicated AluSp element in Fig. 4c and its nearest inverted repeat element (AluSx1). Data 959 

points show mean + SD; P values by Welch’s t-test. e,f, The RNAfold webtool was used to 960 

predict the folding structure and minimum free energy (MFE) of dsRNA formed by the 961 

AluSp:AluSx1 hybrid in complete absence of A-to-I editing (e) and when fully edited (f) at 962 

the A-to-I sites identified in (d). The A-to-I editing sites are indicated with black arrows. g, 963 

Transfection of HT-29 ZBP1WT with 50 ng of BPNT1 3’UTR duplex RNA in combination 964 

with 3 µM GSK’840 and/or 20 µM zVAD-fmk. Cell death was analysed as in Fig. 3d. Fitted 965 

lines represent a logistic growth fit. Data points show the mean of 2 technical replicates + SD 966 

and are representative of 3 independent experiments. 967 

 968 




