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Extended DataFig.7|(Related toFig. 4). Additional characterization of
IAV-induced host cell Z-RNAs and ZBP1-bound RNAs. a, Overlap between
HSV-1-and IAV-induced Z-RNAs enriched in Z22 or FLAG pulldowns from
FLAG-ZBP1MEFs (left) or FLAG-ZBP1HT-29 cells (right) infected with these
viruses. b, Correlation between downstream transcription levels of individual
mRNAs in FLAG-ZBP1MEFs (left) and FLAG-ZBP1HT-29 cells (right) infected
with HSV-1or IAV.Each mRNA is colour-coded based on the presence of virus-
inducible Z-RNA downstream of the transcript. Normalized density plots
oftranscription levels for each mRNA class are shown on the marginal axes.
Theshaded areabounded by dashed lines represents mRNAs with similar
downstreamtranscription levels (difference <10%) inboth HSV-1-and IAV-
infected cells. Only mRNAs meeting expression thresholdsin both conditions
areshown. Theregressionline for allmRNAs and its 95% confidence interval

areshowningrey; rdenotesthe Pearson Correlation Coefficient. c, Proportion
of proximal (within 10 kbp of TES) and distal (>10 kbp of TES) A - lintergenic
editingsitesidentified in total RNA-seq from mock- or IAV-infected FLAG-ZBP1
MEFs (left) and FLAG-ZBP1HT-29 cells (right). The total number of editing sites
(bothgenicand intergenic) detectedin each conditionisindicated above the
respective bars. Dataare mean +s.d. (n=6, 6,4, 8 biologicallyindependent
samplesinorder of conditions from left to right). d, Distribution of A > I editing
sitesintotal RNA sampled at different time points from IAV- (A/Wyoming/03/03)
infected human monocyte-derived macrophages. The total number of editing
sites (bothgenicandintergenic) detected at each time-pointisindicated
ontop.Sequencing datawere obtained from the Sequence Read Archive
(accession PRINA382632).
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Extended DataFig. 8| (Related toFig.4).IAVNSI1 mediates IAV-induced
host cell Z-RNA formation and ZBP1-driven cell death. a, Proportion of
aberranttranscriptionregions withsignificant changesin normalized
transcription levelsin FLAG-ZBP1MEFs and FLAG-ZBP1HT-29 cells infected
with IAV H1N1strain A/Puerto Rico/8/1934 (MOI =2, 8 h post-infection).

The totalnumber of tested regions associated with expressed mRNAs is
indicated on the right. Changes exceeding 10% were classified as strong.

b, Proportion of aberrant transcription regions with significant changesin
normalized transcriptionlevelsin the nucleus of A549 cellsinfected with either
wild-type IAV (WT,HIN1strain A/WSN/1933) or amatched NS1-null mutant
(ANS1) at16 h post-infection. The total number of tested regions associated
with expressed mRNAsisindicated ontheright. Changes exceeding10% were
classified as strong. Sequencing data were obtained from the European
Nucleotide Archive (accession PRJEB75711). ¢, RNA eluted from Z22- or control
IgG antibody pulldowns from cells transfected with an NS1 expression
construct were examined by qPCR for Z-RNAs formed within 3’ extended
transcripts downstream of 2310057M21Rik and Gm14419. Datawere normalized
toInput.d, RNA eluted from anti-FLAG antibody pulldowns of either FLAG-
ZBP1or FLAG-ZBP1AZa mutant MEFs transfected with an NS1 expression
construct were examined by qPCR for Z-RNAs formed within 3’ extended

transcripts downstream of 2310057M21Rik and Gm14419. Data were normalized
tolInput.e, Levels of IAVNS1and NP in MEFs infected with 1AV (MOI = 5) or IAV
ANS1(MOI =5) at 8 hafterinfection.f, g, RNA eluted from Z22- (f), anti-FLAG
antibody- (g) orIgG antibody pulldowns from FLAG-ZBP1MEFs infected with
IAV (MOI =5) and IAV ANS1(MOI = 5) were examined by qPCR for Z-RNAs formed
within 3’ extended transcripts downstream of 2310057M21Rik, Gtpbp4, Vbp1
and Gm14419loci. Datawere normalized to Input. h, i, RNA eluted from Z22- (h),
anti-ZBP1antibody- (i) or IgG antibody pulldowns from primary MEFs infected
withIAV (MOI =5) and IAV ANS1 (MOI = 5) were examined by qPCR for Z-RNAs
formedin3’extended transcripts downstream of 2310057M21Rik, Gtpbp4, Vbp1
and Gm14419loci. Datawere normalized to Input. j, Kinetics of cell death in
primary ZbpI** and Zbpl”~ MEFs infected with IAV (MOI = 5) and IAV ANS1
(MOI=5).Kk,Kinetics of cell deathin Vec or FLAG-ZBP1HT29 cells infected with
IAV (MOI =5) and IAV ANS1(MOI =5). Data are mean + s.d. (n = 3 biologically
independentsamples pergroupinc,d, f-i;n=4inj, k). Two-tailed unpaired
t-test with Welch’s correction (c). One-way ANOVA with Dunnett’s multiple
comparisonstest (d). Two-way ANOVA with Tukey’s multiple comparisons test
(f-i)*P<0.05,**P<0.005,***P<0.0005. Data arerepresentative of three
independent experiments (j, k).
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Extended DataFig. 9| (Related toFig.5.) Ectopic expression of ICP27 and
NSlinduce formation ofhostcellZ-RNAs. a, Schematic of experimental
setup for the experiments shownin Fig.5a-d, Extended Data Fig. 9b-x.
Expression vectors encoding either HSV-11CP27 or IAV NS1were transfected
into FLAG-ZBP1MEFs. Host cell Z-RNAs, as well as ZBP1-bound RNAs were
isolated from these cells (by Z22 or FLAG RIP), respectively. These RNAs were
eluted, purified, and subsequently re-transfected into fresh challenge cells for
immunofluorescence and cell death analyses. b, Immunofluorescence staining
of Z-RNA and FLAG-ZBP1in FLAG-ZBP1 MEFs transfected with the indicated
RNAs eluted from FLAG-ZBP1or IgG pulldowns from MEFs expressing ectopic
ICP27.FLAG-ZBP1MEFs were fixed with fresh 4% (w/v) paraformaldehyde in PBS
at9 hafter transfectionand exposed to RNase A for 45 min, before staining with
anti-Z-NA (clone Z22) and FLAG antibodies. Small white rectangles indicate
regions thatare magnified in bottom-leftinsets, showing colocalization of
Z-RNA and FLAG-ZBP1.c, Fluorescenceintensity in arbitrary units (a.u.) of
Z-RNAsignalinb.n=65cells (no treatment), n= 66 cells (IgGRIP), n=59 cells
(FLAGRIP), n=59 cells (FLAG RIP+RNase A treatment). d, Quantitation of
colocalized ZBP1and Z-RNAin c.n=30 cells (IgG), n =31 cells (FLAG RIP).

e, Immunofluorescence staining of Z-RNA and FLAG-ZBP1in FLAG-ZBP1MEFs
transfected with theindicated RNAs eluted from Z22 or IgG pulldowns from
MEFs expressing ectopic NS1. FLAG-ZBP1 MEFs were fixed with fresh 4% (w/v)
paraformaldehyde in PBS at 9 hafter transfection and exposed to RNase A for
45 min, before staining with anti-Z-NA (clone Z22) and FLAG antibodies. Small
whiterectanglesindicateregionsthat are magnified inbottom-rightinsets,
showing colocalization of Z-RNA and FLAG-ZBP1.f, Fluorescence intensity in
arbitrary units (a.u.) of Z-RNAsignaline.n=40 cells (no treatment), n =44 cells
(IgGRIP),n=45cells (Z22RIP), n=45cells (Z22 RIP + RNase A treatment).

g, Immunofluorescence staining of Z-RNA and FLAG-ZBP1in FLAG-ZBP1MEFs
transfected with the indicated RNAs eluted from FLAG-ZBP1or IgG pulldowns
from MEFs expressing ectopic NS1. FLAG-ZBP1MEFs were fixed with fresh 4%
(w/v) paraformaldehydein PBSat 9 h after transfection and exposed to RNase A
for 45 min, before staining with anti-Z-NA (clone Z22) and FLAG antibodies.
Smallwhiterectanglesindicate regions that are magnified in bottom-right
insets, showing colocalization of Z-RNA and FLAG-ZBP1. h, Fluorescence
intensity inarbitrary units (a.u.) of Z-RNAsignaling.n = 66 cells (no treatment),
n="71cells (IgGRIP), n =69 cells (FLAG RIP), n = 48 cells (FLAG RIP+ RNase A
treatment). i, Quantitation of colocalized ZBP1and Z-RNAineand g.n=32cells
(Z22RIP), n=32cells (FLAGRIP).j, Immunofluorescence staining of Z-RNAin
primary MEFs transfected with indicated RNAs eluted from Z22- or control IgG
antibody pulldowns from MEFs expressing ectopic ICP27. Primary MEFs were

fixed with fresh 4% (w/v) paraformaldehyde in PBS at 6 h after transfectionand
exposed to RNase A for 45 min, before staining with anti-Z-NA (clone Z22)
antibody. k, Fluorescence intensity in arbitrary units (a.u.) of Z-RNAsignalin
j-n=31cells (notreatment), n=31cells (IgGRIP), n =34 cells (Z22RIP),n = 47
cells (Z22 RIP+RNase A treatment). I, Immunofluorescence staining of Z-RNA
in primary MEFs transfected with indicated RNAs eluted from FLAG-ZBP1
pulldowns from FLAG-ZBP1MEFs expressing ectopic ICP27. Primary MEFs were
fixed with fresh 4% (w/v) paraformaldehyde in PBS at 9 h after transfectionand
exposed to RNase A for 45 min, before staining with anti-Z-NA (clone Z22)
antibody. m, Fluorescence intensity in arbitrary units (a.u.) of Z-RNA signal in
I.n=35cells (notreatment), n=35cells (IgGRIP), n =37 cells (FLAGRIP),n =40
cells (FLAG RIP+RNase A treatment). n, Immunofluorescence staining of Z-RNA
in primary MEFs transfected with indicated RNAs eluted fromZ22 or IgG
pulldowns from MEFs expressing ectopic NS1. Primary MEFs were fixed with
fresh 4% (w/v) paraformaldehyde in PBS at 6 h after transfection and exposed
toRNase A for 45 min, before staining with anti-Z-NA (clone Z22) antibody.

o, Fluorescenceintensity inarbitrary units (a.u.) of Z-RNAsignalinn.n =33
cells (no treatment), n =31 cells (IgG RIP), n =38 cells (Z22RIP), n =37 cells (Z22
RIP +RNase A treatment). p, Immunofluorescence staining of Z-RNAin primary
MEFs transfected withindicated RNAs eluted from FLAG-ZBP1orIgG
pulldowns from FLAG-ZBP1MEFs expressing ectopic NS1. Primary MEFs were
fixed with fresh 4% (w/v) paraformaldehyde in PBS at 6 h after transfectionand
exposed to RNase A for 45 min, before staining with anti-Z-NA (clone Z22)
antibody. q, Fluorescence intensity inarbitrary units (a.u.) of Z-RNA signal in
p.n=32cells (notreatment), n =34 cells (IgGRIP), n=38 cells (FLAGRIP),n=33
cells (FLAGRIP +RNase A treatment). r, Kinetics of cell death of Vec or FLAG-
ZBP1MEFs transfected with indicated RNAs eluted from FLAG or 1gG pulldowns
from MEFs expressing ectopic ICP27.s, t,Kinetics of cell death of Vec or FLAG-
ZBP1MEFs transfected withindicated RNAs eluted from Z22- (s), FLAG- (t) or
IgG pulldowns from MEFs expressing ectopic NS1. u, v,Kinetics of cell death of
IFNB pre-treated (100 ng/ml, 16 h) primary Zbpl”- or WT MEFs transfected
withindicated RNAs eluted from Z22 (u), FLAG (v) or IgG pulldowns from MEFs
expressing ectopic ICP27.w, x, Kinetics of cell death of IFN pre-treated

(100 ng/ml, 16 h) primary Zbpl”~ or WT MEFs transfected withindicated RNAs
eluted fromZ22 (w), FLAG (x) or IgG pulldowns from MEFs expressing ectopic
NS1.Dataare mean +s.d. (n=4inr-x).One-way ANOVA with Dunnett’s multiple
comparisonstest (c,f, h, k,m, o, q). Two-tailed unpaired t-test with Welch’s
correction (d).***P<0.0005(P<0.000linc,d,f, h,k,m,0,q). Dataare
representative of atleast twoindependentexperiments (b, e, g,j,1,n, p) or
threeindependent experiments (r-x).
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Extended DataFig.10 | (Related to Fig. 5). Synthetic host cell-derived
Z-RNAs and pharmacological CPSF3inhibition activate ZBP1. a, Schematic
of synthetic RNA hairpins generated from predicted virus-induced host
Z-RNAs. The coverage track displays the Z22 RIP signal from infected cells,
withredticksindicating REDIportal-annotated or newly identified A > I editing
sites. Synthetic hairpins were generated from predicted Z-RNA stems within
Z22 peaks (orange highlight) formed by pairs of inverted LINE (VbpI), LTR
(Hmgal), and SINE (PtbpI) elements. The minimum free energy structure of
each hairpinisshownatthe bottom, with theartificial outer UUUC loop
rendered semitransparent. 2’-0-methyl-8-methylguanosine (m®Gm) modified
basesarecircledinred. b, Immunofluorescence staining of Z-RNA and FAM in
primary MEFs transfected with RNA hairpins designed from putative Z-forming
sequences withingaberrant host cell transcripts. Small white rectangles
indicate regions magnified inbottom-right insets, showing colocalization of
Z-RNA and FAM-labelled hairpins. ¢, Quantitation of colocalized Z-RNA and
FAMinb.n=11fields (LINE, SINE), n =10 fields (LTR, A-RNA and Z-RNA).

d, Immunofluorescence staining of Z-RNA and FLAG in FLAG-ZBP1 MEFs
transfected with RNA designed from aberrant Z-forming transcripts. Small
whiterectanglesindicate regions that are magnified inbottom-rightinsets,
showing colocalization of Z-RNA and FLAG-ZBP1. e, Quantitation of colocalized
FLAG-ZBP1and Z-RNAinc.n=10fields (LINE,LTR,A-RNAand Z-RNA),n =8
fields (SINE).f, g, Kinetics of cell death in IFNf pretreated (100 ng/mL, 16 h)
primary ZbpI** MEFs (f) or primary Zbp1”- MEFs (g) transfected with the

indicated RNA hairpins. h, Levels of CPSF3 protein in MEFs transfected with
either control siRNA or CPSF3siRNA. i, Z-RNA accrual in MEFs transfected with
either control siRNA or CPSF3siRNA. Cells were exposed to RNase A post-
fixation, before staining with anti-Z-NA antibody. Nuclei are outlined with
dashed whitelines.j, Fluorescence intensity of Z-RNAsignalini.n =35 cells
(SiCtrl),n=34cells (Si Cpsf3and Si Cpsf3+RNase A). k, Kinetics of cell deathin
Vecand FLAG-ZBP1MEFstransfected with either control siRNA or CPSF3
siRNA.1, Alignment of JTE607-bound human CPSF3 crystal structure (bold) and
murine CPSF3 AlphaFold model (transluscent). JTE-607 is shown as ball and
stick (carbons; black, chlorine; green, oxygen; red, nitrogen; blue) with mesh
(grey) representation to highlight occupied chemical space. The metallo-
B-lactamase domain (green; residues1-208 and blue; residues 396-459) and
B-CASP domain (yellow; residues 209-395) display near identical folds, evenin
the absence of bound ligand. m, Active JTE-607 possesses the carboxylicacid
moiety necessary for the bifurcated interaction with G330 and F241backbone
amidesin CPSF3.Electrostaticinteractions between the piperazine functional
group of JTE-607 with E48 side chainand L47 backbone amide are also shown
(orange dashes). n, Kinetics of celldeathin IFN pretreated (100 ng/mL, 16 h)
primary Zbp1** and Zbp1”- MEFs treated with DMSO (vehicle) orJTE-607 (100
1M), inthe presence of zZVAD (50 uM). Dataare mean +s.d.(n=4inf, g, k, n).
One-way ANOVA with Dunnett’s multiple comparisonstest (c, e, j). ***P<0.0005
(P<0.0001inc,e,j). Dataarerepresentative of at least two independent
experiments (b, d, h, i) or threeindependent experiments (f, g, k, n).
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Data collection  Cell death data were acquired on an Incucyte 2024B instrument. RNA sequencing was carried out on the Illumina NovaSeq X+ platform.
Confocal microscopy images were collected on a Leica SP8 instrument.

Data analysis All code used to analyze sequencing data in this study is publicly available at https://github.com/alnfedorov/Z-DoTT. Key dependencies are
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* Human annotation was acquired from the GRCh38 to the CHM13v2 assembly using Liftoff (v1.6.3).

* RNA-seq and RIP-seq experiments were preprocessed using a custom fork of the nf-core “rnaseq” pipeline (https://github.com/alnfedorov/
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STAR (v2.7.10a), samtools (v1.2), picard (v3.1.1), and salmon (v1.10.1).

* Subsequent analysis involved using biobit (https://github.com/biomancy/biobit, v0.0.4), DESeq2 (v1.46.0), DEXSeq (v1.52.0), apegim
(v1.28.0), pyCirclize (v1.7.1), ViennaRNA (v2.7.0), and Z-Hunt[rs] (https://github.com/biomancy/zhuntrs, v0.0.4).

A complete Micromamba environment for conducting the customized data analysis is available in the repository under the setup/env
directory.
ImageJ, GraphPad Prism 10, Incucyte 2024B, Leica LAS X software package.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002, PMID: 11752295) and are accessible using GEO
Series accession number GSE308489 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE308489).
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences [ ] Behavioural & social sciences | | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. Sample size was determined based on our prior studies and on literature in
the field (e.g., PMID: 35614224).

Data exclusions  No data were excluded.

Replication In vitro and in cellulo experiments were performed with at least three independent biological replicates. All attempts at replication were
successful.

Randomization  Cell samples with similar numbers were randomly allocated into each group. For immunostaining experiments, images were acquired from
randomly selected regions of the sample chamber to avoid selection bias.

Blinding Image acquiring and quantifications were performed by researchers blind to experiment group except positive and negative control group.
Blinding was not technically applicable to other experiments.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|Z Antibodies |:| ChiIP-seq
Eukaryotic cell lines g |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|:| Animals and other organisms
|:| Human research participants
|:| Clinical data

|:| Dual use research of concern

XXNXXNX s

Antibodies

Antibodies used Z-RNA (clone 722, Ab00783-23.0, Absolute Antibody), A-RNA (clone 9D5, 3361, Millipore), phosphorylated murine MLKL (Cat. 37333,
Cell Signaling), FLAG (Cat.A00187, GenScript), FLAG (Cat.20543-1-AP, Proteintech), Emerin (ab40688, Abcam), phosphorylated
murine MLKL (Ab196436, Abcam), total murine MLKL (MABC60, EMD Millipore), RIPK3 (#2283, ProSci), GAPDH (#60004-1-1g,
Proeintech), Cleaved Caspase-3 (#9664, Cell Signaling Technology), Caspase-3 ((#9662, Cell Signaling Technology), HSV-1/2 gB
(ab6506, Abcam), HSV ICP5 (ab6508, Abcam), c-Myc (MA1-980, Invitrogen),FLAG (F1804, Sigma-Aldrich), ICP27 (SC-69806), ICPO
(sc-53070, Santa Cruz Biotechnology), ICP5 (sc-56989, Santa Cruz Biotechnology), NS1(sc-130568, Santa Cruz Biotechnology), NS1
(clone 1A7, gift from Adolfo Garcia-Sastre), NP (GTX125989, GeneTex), human MLKL (#14993, Cell Signaling Technology), human
RIPK3 (#13526, Cell Signaling Technology), murine ZBP1 (AG-20B-0010-C100, AdipoGen Life Sciences), human ZBP1 (PA5-20455,




Thermo Fisher Scientific), CPSF3 (ab72295, Abcam),V5 (R960-25, Thermo Fisher Scientific),FAM (A-889, Thermo Fisher Scientific), NP
(MCA400, Biorad).

Validation All antibodies have been previously validated by us (PMID: 32200799 and 35614224), and/or by the respective manufacturers.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) MEFs (produced in-house from timed matings), HS68 (ATCC, obtained from the Cell Culture Facility at Fox Chase), HT-29 cells
(ATCC, obtained from the Cell Culture Facility at Fox Chase),Vero (ATCC, obtained from the Cell Culture Facility at Fox Chase).

Authentication MEFs from genetically modified mice are routinely genotyped by gPCR (when mice are born) and by immunoblot analyses for
protein expression. ATCC cell lines are routinely authenticated by the Cell Culture Facility at Fox Chase. The FCCC Cell Culture
Facility genetically authenticates cell lines using short tandem repeat (STR) profiling.

Mycoplasma contamination All cell lines used in this study are routinely tested for mycoplasma contamination, and were all negative for mycoplasma.
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Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)






