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Herpes simplex virus 1(HSV-1) and influenza A viruses (IAV) induce Z-form-nucleic-
acid-binding protein1(ZBP1)-initiated cell death' 8. ZBP1is activated by Z-RNA”?, and
the Z-RNAs that trigger ZBP1during HSV-1and 1AV infections were assumed to be of
viral origin'. Here, however, we show that host cell-encoded Z-RNAs are major and
sufficient ZBP1-activating ligands after infection by these two human pathogens.

The majority of cellular Z-RNAs mapped to intergenic endogenous retroelements
embedded within abnormally long 3’ extensions of host cellmMRNAs. These aberrant
host cell transcripts arose as a consequence of disruption of transcription termination
(DoTT)—avirus-driven phenomenon that disables cleavage and polyadenylation
specificity factor (CPSF)-mediated 3’ processing of nascent pre-mRNAs!° ™, Mutant
viruses lacking ICP27 or NS1—the virus-encoded proteins responsible for inhibiting
CPSF and triggering DoTT®"—did notinduce host cell Z-RNA accrual and were
attenuated in their ability to stimulate ZBP1. Ectopic expression of HSV-11CP27 or IAV
NS1 or pharmacological blockade of CPSF activity induced accumulation of host cell
Z-RNAs and activated ZBP1. These results demonstrate that DoTT-generated cellular

Z-RNAs are bona fide ZBP1ligands, and position ZBP1-activated cell death as a host
response to counter viral disruption of the cellular transcriptional machinery.

ZBPlactivates cell death after infection by HSV-1and IAV' 8. ZBP1senses
left-handed (Z-form) double-helical nucleic acids (Z-DNA and Z-RNA,
hereafter Z-NA)'2° and associates with receptor-interacting protein
kinase 3 (RIPK3), initiating apoptosis and necroptosis"? 23, How HSV-1
andIAVinfections activate ZBP1is currently unclear. Although the HSV-1
genome is enriched in Z-DNA-forming sequences®, and de novo RNA
transcription was found to be necessary for ZBP1activation during lytic
HSV-linfections*, HSV-1-generated ligands for ZBP1 are unknown. We
previously implicated IAV-produced defective viral genomic (DVG) RNAs
inthe activation of ZBP1 (refs. 6,7). However, low-DVG preparations of
IAV still triggered ZBP1in cells”, suggesting the existence of additional,
possibly non-viral, sources of Z-RNA capable of instigating ZBP1. Here
we reportthat host cell-derived Z-RNAs arising from viral disruption of
host transcription termination are abundant and bona fide ZBP1ligands.

HSV-1linfections generate both viral- and host
cell-derived Z-RNAs

Toidentify HSV-1-generated Z-NA ligands for ZBP1, we stably reconsti-
tuted immortalized Zbp1”~ mouse embryonic fibroblasts (MEFs) with
wild-type (WT) Flag-tagged ZBP1 (Flag-ZBP1MEFs) and infected them
with WT HSV-1. We fixed and stained these cells with a monoclonal anti-
body (clone Z22) that recognizes both Z-RNA and Z-DNA"?. We readily
detected aZ-NAsignalin theinfected cells, which firstappearedin the
nucleus, and becameincreasingly evidentin the cytoplasm (Fig. 1a,b).
DNaseland RNase A each partially diminished, and together abolished,
the Z-NA signal (Fig. 1c,d). The HSV-1Z-NA signal in primary MEFs and
human cells displayed similar susceptibility to DNase | and RNase A
treatment (Extended Data Fig.1a-f). Flag-ZBP1, but not aZBP1 mutant
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Fig.1|HSV-linfectionsgenerate Z-RNA. a,c,e, Z-NA accrual in HSV-l-infected
(F strain; multiplicity of infection (MOI) = 5) (gB*) Flag-ZBP1MEFs. a, Time
course of Z-NA formation. c,e, MEFs were exposed to the indicated nucleases
after fixation (c) or were treated with ActD 1 h post-infection (h.p.i.) (e), before
fixationat9 h.p.i.b,d,f, The fluorescenceintensity (arbitrary units, a.u.) of the
Z-NAsignalina,cand e, respectively. g, Cell death kinetics of empty vector
(Vec) or Flag-ZBP1 MEFs (Flag-ZBP1) infected with HSV-11CP6 RHIM™" virus
(MOI =5)inthe presence or absence of ActD. h, The genomic distribution of
viral RNAs enriched in anti-Flag RIP-seq from HSV-linfected Flag-ZBP1 MEFs.
Theouterandinner sectors represent genomic annotation and scaled fold-
change values on the forward and reverse strands, respectively. The black caps
denotethe 5 ends.i, The estimated proportion of canonical and uncharacterized
viral RNA (vVRNA) in anti-Flag RIP-seq data. j,k, Exemplar Z-RNA forming viral
transcripts for canonical vRNA (j) and uncharacterized vRNA (k). qPCR analysis

lacking its Zae domains (Flag-ZBP1(AZa)), co-localized with Z-NA pri-
marily in the nucleus of HSV-1-infected cells (Extended Data Fig. 1g-i).
Wealso detected an A-form dsRNA (A-RNA) signalin the infected cells
(Extended DataFig. 1j,k).

To determine the relative importance of Z-RNA versus Z-DNA to
ZBP1lactivation, we infected Flag-ZBP1 MEFs with HSV-1and exposed
cellsto phosphonoformic acid (PFA), which inhibits viral DNA synthe-
sis (Extended Data Fig. 11) and therefore restricts viral gene expres-
sion primarily to the immediate-early (IE) genes*?*. RNase A, but not
DNase I, almost completely abolished the Z-NA signal in PFA-treated
cells (Extended Data Fig. 1m,n). The RNA polymerase Il (RNA Pol II)
inhibitor actinomycin D (ActD), which prevents both viraland cellular
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oftheindicated viral transcripts after Z22 RIP analysis of WT HSV-1-infected
Flag-ZBP1MEFs (left). Putative Z-RNA-forming regions within exemplar
transcripts (right). Each arc denotes abase-pairing eventand red arcs show
Z-prone stems (enumerated above the MFE Circos plots). Exemplar Z-RNAs
(blackarrowheads) and potential Za-binding sites (pink boxes) are detailed at
thebottom. 1, qPCR analysis of viral RNAs after Flag RIP from either Flag-ZBP1
or Flag-ZBP1(AZa) mutant MEFs infected with HSV-1. Dataare mean +s.d.
n=30cellspergroup (b,dandf),andn=4(gandi)and n=3 (j-1) biologically
independent samples. Statistical analysis was performed using one-way
analysis of variance (ANOVA) with Dunnett’s multiple-comparisontest (d, fandl),
two-way ANOVA (g) and two-tailed unpaired t-tests with Welch’s correction
(jandk).***P<0.0005 (except forind, f,gand|l, for which P<0.0001). Dataare
representative of atleast two (a, cand e) or three (g) independent experiments.
Scalebars, 10 pm (a, cand e (right)) and 20 um (e (left and middle)).

mRNA synthesis, greatly diminished the nuclear Z-NA signal and com-
pletely suppressed cytoplasmic Z-RNA accrual (Fig. 1e,f). ActD, but not
PFA, prevented ZBP1-dependent cell death (Fig.1g and Extended Data
Fig.10), indicatingthat Z-RNAs generated as a consequence of RNA Pol
Ilactivity are essential ZBP1-activating ligands, whereasincoming viral
genomic DNA, tegument proteins and the majority (thatis, non-IE) of
viraltranscripts are not required for ZBP1activation during HSV-1infec-
tions. We used the RHIM™virus because this virus has mutations (VQCG
to AAAA) in the receptor-interacting protein homology interaction
motif (RHIM) of the viral protein ICP6, which otherwise interferes with
cell death signalling downstream of ZBP1 (refs. 3-5,27,28) (Extended
DataFig.1p). Mutating the RHIM in ICP6 permits ZBP1-dependent cell



deathinboth mouse and human cells®*®. HSV-1-induced death of Flag-
ZBP1MEFs was accompanied by MLKL phosphorylation and cleavage
of procaspase-3,and was blocked combined inhibition of caspases and
RIPK3 kinase activity (Extended Data Fig.1q,r). Notably, the N-terminal
Flag tag did not affect ZBP1-initiated cell death (Extended DataFig. 1s).
Activated MLKL was first seen in the nucleus, rupturing the nuclear
envelope in a notable fraction of necroptotic cells (Extended Data
Fig.1t-y).

We next sequenced ZBP1-bound RNAs from HSV-1-infected MEFs.
ViralRNAreadsin the Flag-ZBP1pull-downs mapped across the entire
HSV-1transcriptome (Fig. 1h). Although canonical HSV-1 transcripts
constituted the majority (around 75%) of these viral Z-RNAs, a sub-
stantial proportion (around 25%) originated from RNAs expressed
antisense to canonical viral mMRNAs, or aligned with viral RNAs of
uncharacterized biological function® (Fig. 1i). Minimum free-energy
(MFE) analyses of the predicted secondary structures of two canonical
(RS1and UL19/20) and two non-canonical (UL54.5, whichis antisense to
UL54,and UL46.5/UL47.5, whichis antisense to UL48) exemplar RNAs
indicated that each could form multiple Z-prone RNA stems (Fig. 1j,k
and Supplementary Fig.1a,b (red arcs)) in cis through ‘fold-back’ mech-
anisms (Fig. 1j,k and Supplementary Fig. 1a,b (bottom, pink boxes)).
We confirmed the enrichment of these VRNAs in the Z22 pull-downs
(Z22RNAimmunoprecipitation (RIP)) by quantitative PCR with reverse
transcription (RT-qPCR), demonstrating that both types of viral RNA
contribute to Z-RNA formation (Fig 1j,k and Supplementary Fig.1a,b).
When assessed using RT-qPCR, the same transcripts were readily
pulled down by Flag-ZBP1, but less so by Flag-ZBP1(AZ«) (Fig. 11).
We also noted broad and highly equal enrichment in the Flag-ZBP1
pull-downs of both sense and antisense transcripts arising from several
regions across the HSV-1genome (Fig. 1h and Supplementary Fig. 1c).
Afractionof viralZ-RNAs bound by ZBP1 therefore presumably arose
by hybridization of canonical transcripts and their overlapping anti-
sense counterparts.

Notably, Flag-ZBP1and Z22 pull-downs from HSV-1-infected mouse
and human cellsalso recovered a substantial number of RNA fragments
mapping to the host cell genome (Supplementary Fig. 1d). Indeed,
host cell-derived fragments comprised amajority of all reads, indicating
that these signals are neither rare nor incidental. These results raised
the possibility that acute HSV-1infections generate host cell-derived
Z-RNAs capable of engaging and activating ZBP1.

Host cell Z-RNAs arise from aberrant RNA transcription

Totrace theorigins of host-derived Z-RNAs, we first catalogued all puta-
tive dsRNAs and recurrent, but unresolved, RNA sequences detected
in Z22 or Flag-ZBP1 pull-downs (Extended Data Fig. 2a). We then
applied afiltering pipeline (Extended Data Fig. 2b) to this reference
set (Methods). A total of 1,646 host cell RNA species was signifi-
cantly enriched by the Z22 antibody from HSV-1-infected mouse cells
(Fig. 2a), on the basis of our criteria. These virus-induced host cell
Z-RNAs demonstrated widespread evidence of A to I editing (68.3%),
indicative of dsRNA formation in cellulo, and mostly mapped to host
transcripts with extensively elongated 3’ ends (around 78%) or to RNAs
transcribed de novo from cryptic intergenic transcription initiation
sites frequently found in close proximity to cellular genes (around
12%, as confirmed by stranded sequencing) (Fig. 2a,b). Most (around
88%) of the 1,646 cellular Z-RNAs harboured inverted intergenic
endogenous retroelements (EREs) capable of forming dsRNA, with
inverted long interspersed nuclear element-1 (LINE1) and inverted
B1/B2shortinterspersed nuclear element (SINE) repeats being the most
numerous (Fig. 2c,d). Z-RNAs enriched in the Flag-ZBP1 pull-downs
almost completely overlapped with those seen in the Z22 pull-downs
(approximately 87% overlap) and mapped primarily to host transcripts
withextensively elongated 3’ ends (Extended DataFig.2c,d), and were
predominantly formed by inverted EREs, with a higher proportion

of inverted LINE1 elements compared with in the Z22 pull-downs
(Extended Data Fig. 2e,f).

For example, the aberrant Nabpl transcript enriched in both the
722 and Flag-ZBP1 pull-downs contained an elongated 3’ sequence,
45 kbinlength, whichissignificantly longer (around 16-fold) than the
canonical protein-codingisoform encoded by thislocus (Fig. 2e). This
3’extensionincluded two pairs of widely separated (around 1.8 kb and
8.8 kbapart) inverted LINE1 elements, which formed fold-back Z-RNAs
enriched in both pull-downs. Similarly, the aberrant 3’ extension of
the Gtpbp4 transcript, which was also enriched in both Z22 and Flag-
ZBP1pull-down datasets, had aninverted pair of long terminal repeats
(LTRs) flanking fold-back sequences capable of forming a complex
Z-RNA (Fig. 2f). As examples of host cell Z-RNAs arising from de novo
intergenic transcription, the H2ac18/19locus generated Z-RNAs after
bidirectional transcription from crypticintergenic start sites between
the H2ac18 and H2ac19 genes (Fig. 2g), and the Ul locus gave rise to a
single de novo transcript that probably forms Z-RNA by folding back
onitself (Fig. 2h).

Other examples of host cell Z-RNAs enriched in the Z22 RIP followed
by sequencing (RIP-seq) analysis included aberrantly elongated
transcripts studded with inverted pairs of mouse SINEs (Ptbpl, Pcna,
Haus2, Tlcdl), LINEs (Btbd3) and LTRs (Gnpdal, Rockl) (Extended Data
Fig. 3a-g). Notably, aberrant 3’ transcription downstream of Pcna
resultedin‘read-in’ transcription of the Tmem230 gene and consequent
generation of aZ-RNA-forming pair of inverted SINEs withinanintronin
Tmem230. Other examples of de novo intergenic transcriptioninclude
transcripts upstream of Hmgal and Anapc4 promoters extending into
inverted LTRrepeatregionsinthe opposite direction fromthese genes
(Extended Data Fig. 3h,i). Notably, although these exemplar Z-RNAs
were enriched only in the Z22 pull-down datasets, they were nonethe-
less robustly pulled-down by Flag-ZBP1, but not by aZa mutant of ZBP1,
when assessed using RT-qPCR (Extended Data Fig. 3j,k).

In human (HT-29) cells, the landscape of HSV-1-induced host cell
Z-RNAs largely mirrored that found in MEFs. A total of 1,818 host cell
Z-RNAs was induced by HSV-1 and significantly enriched in the Z22
RIP-seq dataset (Extended Data Fig. 4a), with 396 (around 49%) of these
also enriched in the Flag-ZBP1 pull-downs (Extended Data Fig. 4b).
Most endogenous Z-RNAs in human cells mapped to extended 3’ ends
ofknown genes, and asubset to introns (Extended Data Fig. 4c). These
Z-RNAs were formed by inverted repeat EREs, particularly Alu SINEs
(Extended Data Fig. 4d,e). Other examples of Z-RNA-forming EREs
within abnormally elongated 3’ extensions included inverted LINEs
located within introns of a downstream gene (RABGGTB), « satellite
repeats in pericentromeric regions (ROCK1) or, notably, even pairs
of inverted gene paralogues (CGB2 and CGB3, downstream of RUVBL)
(Extended Data Fig. 4f-h). Paralogous genes in opposite orienta-
tions to each other also produced Z-RNA after de novo transcription
from a normally silent transcription start site (TSS) upstream of the
ZNF132/ZNF584 genes (Extended Data Fig. 4i). Using RIP followed by
qPCR (RIP-gPCR), we confirmed that each of these host cell Z-RNAs
was selectively bound by Z22 (Extended Data Fig. 4j) and by Flag-ZBP1
(Extended Data Fig. 4k).

In agreement with these findings, ADAR1-mediated A to I editing of
host cellRNAs was increased inintergenic regions (both proximaland
distal to genic loci) after HSV-1infection of both mouse and human
cells (Extended Data Fig. 41). Using 4-thiouridine labelling (4sU-seq)"
to follow the kinetics of nascent viral and host transcript production
ininfected human cells, ADAR1-mediated A to | editing of host cell
transcripts also switched from intragenic to intergenic sequences
downstream of annotated genes, reflecting the increasing accrual
of intergenic dsRNA-forming species as the infection progressed
(Extended DataFig.4m). Thus, inverted EREs and other repeats embed-
ded withinaberrantly long 3’ extensions of host RNAs, or RNA species
generated de novo from crypticintergenic loci, are unanticipated and
abundant sources of Z-RNA in HSV-1-infected mammalian cells.

Nature | www.nature.com | 3



Article

a 60, Elongated 3’ end b - ted 3 end
De novo intergenic RNA = Elongated 3" end
Intronic RNA = De novo intergenic RNA
501 ® Other @ Intronic RNA
O Ato | edited: 68.3% . m Other
_ 40 o, «TNabp1
&O N Hmga1 U1 locus
g %07%, {.
£ 8; Haus2 R?Ck7
20 {5 | Gtpbp4 . «Btbd3
' H2ac Tied1 MEFs
2118/19 Anapc4 2221 Fé':; 0.8%
10’0_:1 Gnpdat =1
na FDR<0.01
0 += T !
0 1 2 3 4 5 6 7
log,[RIP enrichment]
©  Nabp? (elongated 3’ end) 55 kb
Nabp1 L ] I Atol
H_‘_H_- @ B
~ Inverted LINEs [0-70] |Z22 RIP
[$]
g |
= [0-10] | Total RNA
" [0-70] |Z22 RIP
> 0-10] |Flag RIP
] TV sl b, % |
[0-10] | Total RNA

zrva o  TOL . TIOD

19kb ~ 7 2.0kb

9 H2ac18/19 (de novo intergenic RNA)
H2ac19
=X =

-

7 kb
H2ac18
—_—

— ZBm
i,

— __[o-10] |
[0-10] |

722 RIP

Mock

Total RNA

HSV-1-induced de novo transcripts

722 RIP
[0-10] |

Flag RIP

HSV-1

_[0-10] |

Total RNA

5 . [0-10] |
zrNA 5 DT Ty
4.7 kb

Fig.2|Host cellZ-RNAs generated during HSV-linfection arise from
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with WTHSV-1(MOI=2,8h.p.i.). Z-ZRNAs with evidence of Atol editingare
circledinblack. Statistical significance was assessed using a one-sided Wald
testin DESeq2. Only RNAs significantly induced by infection (adjusted P< 0.1,
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tests comparing the RIP/RIP orinput/input between infected and matched
mock cells (Methods). Pvalues were adjusted for multiple testing using the
Benjamini-Hochberg procedure. FDR, false-discovery rate. b, The genomic
distribution of HSV-1-induced host cell Z-RNAs enriched in Z22 RIP-seq data.

Notably, several VRNAs were significantly enriched in Flag pull-downs
frominfected MEFs, accounting for about one-third of all enriched hits
in these pull-downs, but were not enriched to the same extent in Flag
pull-downs from human cells, orin Z22 pull-downs from cells of either
species (Discussion and Supplementary Fig. 2a-c).

HSV-1ICP27 induces host cell Z-RNAs and activates
ZBP1

We next compared the extent of aberrant transcription (that is, down-
streamand upstream of the gene, occurringin the opposite orientation
of the canonical gene product, or resulting in intron accumulation) to
thelevels of canonical (that s, exonic) transcription of each host mRNA
in HSV-1-infected cells (Extended Data Fig. 5a). In both human and
mouse cells, HSV-1infection caused a marked induction of aberrant
transcription, with the most notableincrease intranscription occurring
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downstream of genes (Extended DataFig. 5b). In MEFs, downstream tran-
scriptionwasincreased in over 80% of all expressed mRNAs, alarge subset
(around 30%) of which displayed grossly altered downstream transcrip-
tionlevels of 10% or higher (Fig. 3a and Extended Data Fig. 5b).In human
cells, these abnormalities first manifested around 2 h after infection
(Extended DataFig. 5c), aligning well with the first observed accumula-
tion of Z-RNAsin mouse cells (Fig. 1b), and with our earlier studies*, dem-
onstrating that blocking Pol-lI-driven transcription within the first2-3 h
of infection completely rescues HSV-1-triggered cell death. Together,
these findings show that HSV-1-induced aberrant host cell mRNA tran-
scription, particularly downstream of canonical protein-coding genes, is
widespread, occurs early duringinfection, accounts for most host RNAs
enriched in Z22 and Flag pull-downs and may therefore be responsible
for the accrual of the earliest host cell Z-RNA ligands for ZBP1.

We next examined what causes these aberrancies in host cellmRNA
transcription. HSV-1is known to induce the phenomenon of DoTT,
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Fig.3| The HSV-1protein ICP27 triggers DoTT, Z-RNA formation and ZBP1-
dependentcelldeath. a, Downstream transcription levelsin mock- or HSV-
l-infected Flag-ZBP1MEFs. Each datapoint represents asingle mRNA, with
transcription downstream of allannotated termination sites normalized
totranscription levels of exons. Significant changes are colour coded by
directionality, with changes exceeding10% marked as strong. b, HSV-11CP27
bindsto andinterferes with the function of the CPSF complex, preventing
proper termination of host cell pre-mRNAs, resultingin DoTT. ¢, Time course
of Z-RNA formationinimmortalized ZbpI”~ MEFs transfected with either empty
vector (Vec) or Flag-ICP27-expressing plasmid. Scale bar, 10 pm.d, The
fluorescenceintensity of the Z-RNA signalin c.n=30 cells per group (empty
vector; ICP27-transfected, 6 h; and ICP27-transfected, 18 h, +RNase A) and
n=32cells (ICP27 transfected, 18 h). e, Immunoblot analysis of phosphorylated

aprocess in which pre-mRNAs fail to undergo proper 3’ cleavage and
processing!®** Mechanistically, the HSV-1protein ICP27 drives DoTT
by associating with the CPSF complex and preventing this complex from
properly processing the 3’ ends of pre-mRNAs" (Fig. 3b). As aresult, Pol
IItranscription fails to terminate, producing very lengthy read-through
RNAs thatare not typically observed in uninfected cells. An /CP27-null
HSV-1mutant virus (4/CP27) induces substantially less aberrant host cell
mRNA transcription® (Extended DataFig. 5d), prompting us to hypoth-
esize that ICP27-driven DoTT may beresponsible for the generation of
abnormal host cell mRNAs and, therefore, for the accrual of Z-RNAsin
these abnormal transcripts.

Ectopically expressed ICP27 robustly induced Z-RNA formation
within 6 h of transfection in MEFs (Fig. 3c,d). Although the Z-RNA sig-
nal was also seen in the cytoplasm (Fig. 3¢c), the Z-RNAs are probably
nuclear in origin because the nuclear export inhibitor leptomycin B
was able totrap these Z-RNAsin the nucleus (Extended Data Fig. e, f).
ICP27 also generated A-RNA in the transfected cells (Extended Data
Fig. 5g,h). AnICP27 mutant (n504), which is unable to interfere with
3’ pre-mRNA cleavage®, was significantly compromised in its ability
toinduce Z-RNA (Extended Data Fig. 5i-k). The same Z-RNA ligands
for ZBP1generated by HSV-1infection were also enriched in Z22 and
Flag-ZBP1 pull-downs from ICP27-transfected cells (Extended Data
Fig.5l,m).ICP27 triggered ZBP1-dependent phosphorylation of MLKL
and cell death, both of which were reduced in cells transfected with the
ICP27 n504 mutant (Fig. 3e,f).

We generated an/CP27-null virus on the RHIM™* background (HSV-1
RHIM™AICP27, Fig.3g). This double mutant induced substantially less

MLKL (pMLKL) inimmortalized ZbpI”~ MEFs stably reconstituted with either
empty vector or withMYC-tagged ZBP1(MYC-ZBP1), transfected with Flag—
ICP27,inthe presence of zZVAD with or without RIPK3 kinase inhibitor (RIPK3i).
f,h,Kinetics of celldeathin MYC-ZBP1or MYC-ZBP1(AZx) mutant MEFs
transfected with control vector (ctrl vector), Flag-ICP27 or Flag-ICP27 n504
mutant constructsinthe presence of zVAD (f) orin Vec and Flag-ZBP1 MEFs
infected with HSV-1RHIM™* (MOI =5) or HSV-1RHIM™ AICP27 (MOl =15) (h).
g, Thelevels of viral proteins in MEFs infected with HSV-1RHIM™* (MOl = 5) or
HSV-1RHIM™*AICP27 (MOl =15), at 8 h after infection. Dataare mean +s.d.
n=4(fand h). Statistical analysis was performed using one-way ANOVA with
Dunnett’s multiple-comparisontest (d). Dataare representative of at least
two (c,eand g) or three (fand h) independent experiments.

ZBP1-dependent cell death than the ICP27-containing RHIM™* virus
in Flag-ZBP1-expressing MEFs (Fig. 3h), as well as in IFNf-pretreated
primary MEFs expressing endogenous ZBP1, in human HT-29 Flag-
ZBP1 cells and in IFNB-pretreated HS68 cells expressing endogenous
ZBP1 (Extended Data Fig. 5n-r). Notably, IFN3 pretreatment was not
required for HSV-1RHIM™"induction of endogenous ZBP1or activation
of ZBP1-dependent cell death; it simply hastened the kinetics of such cell
death without affecting its eventual magnitude (Extended Data Fig. 5s,t).

The RHIM™*AICP27 virus also induced significantly less (and, in many
cases, completely failed to trigger) DoTT-driven host cell Z-RNA forma-
tionand consequent sensing of these Z-RNAs by ZBP1 (Supplementary
Figs.3a-d and 4a,b). We next used another pair of HSV-1 mutants, d103
and d106 (refs.30,31), which both have deletions of the key viral transac-
tivator ICP4 and are therefore compromisedin Fand L viral gene expres-
sion (Supplementary Fig. 5a). They also lack two of the remaining four
IE genes, ICP22and ICP47. However, whereas d103 still expresses /ICP27,
thisgeneis deleted ind106. Importantly, we previously demonstrated
that d103 still induces substantial DoTT, whereas d106 does not™. We
found that d103, but not d106, induced ZBP1-dependent death in the
majority ofinfected cells (Supplementary Fig. 5b,c). Critically, d106 did
notinduce detectable levels of Z-forming DoTT transcriptsininfected
cells (Supplementary Fig. 5d-g).

IAVinfections generate host cell Z-RNAs

AsIAV hasbeenreported toinduce DoTT0*15323 we examined whether
IAV infections generated cellular Z-RNA, and whether these cellular
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Fig.4|IAVinfections generate hostcellZ-RNA, which activates ZBP1.

a, The enrichment (RIP/input) of virus-induced host cell Z-RNAs in Z22 RIP-seq
dataof Flag-ZBP1MEFs infected withIAV (PR8, MOI =2, 8 h.p.i.). Statistical
methods, significance thresholds, symbols and legend are as described in
Fig.2a.b, The genomicdistribution of IAV-induced host cell Z-RNAs enriched
inZ22RIP-seqdata.c, Thesource of inverted reverse-complement sequences
withinIAV-induced host cell Z-RNAs enriched in Z22 RIP-seq. The ‘unresolved’
categoryincludes Z-forming RNAs of which the secondary structures could
notbereadily solved. d, Detailed distribution ofinverted EREs in IAV-induced
host cell Z-RNAs enriched in underlying Z22 RIP-seq data. e-g, Coverage tracks
forexemplar Z-RNAs (Gtpbp4 (e), 2310057M21Rik (f) and Vbpl1 (g)), showing
Z22RIP (green), Flag RIP (purple), input total RNA (orange), Atol editing sites
(redticks), qPCR primer location (red arrows) and putative Z-RNA structures
(bottom). Thick black capsindicate coverage exceeding the indicated limits.

Z-RNAs are also ZBP1 ligands. We infected MEFs with the IAV HIN1
strain A/PuertoRico/8/1934 (PR8), isolated Z-RNAs and ZBP1-bound
RNAs from these cells, and mapped the recovered sequences. As in
HSV-1-infected cells, the majority of RNA fragmentsin both pull-downs

6 | Nature | www.nature.com

Time (h)

h,IAV NSl associates with CPSF4, preventing proper termination of host cell
pre-mRNAsand triggering DoTT.i,Z-RNA accrualin Flag-ZBP1MEFs transfected
with either anempty vector (Vec) or with a plasmid expressing V5-tagged NS1
derived fromIAV strain PR8, at 6 hafter transfection. MEFs were subjected
tolimited proteinase K digestion and treated with RNase A after fixation.
Scalebar,10 pm. j, Fluorescence intensity of Z-RNA signalini.n =32 (Vec),
n=47 (NSl-transfected) and n = 39 (NS1-transfected + RNase A) cells. k, Kinetics
of celldeathin VecorFlag-ZBP1MEFs transfected with control vector (ctrlvector)
or V5-NS1(NS1) constructsinthe presence of zZVAD (50 pM). 1, The kinetics of
celldeathinempty vector or Flag-ZBP1MEFs infected with 1AV (MOI = 5) and
IAVANSI (MOI =5). Dataare mean +s.d.n=4 (kandl). Statistical analysis was
performed using one-way ANOVA with Dunnett’s multiple-comparison test (j).
Dataarerepresentative of atleast two (i) and three (kandl) independent
experiments.

aligned to the host genome (Supplementary Fig. 6a). Processing these
reads through our analysis pipeline (Extended Data Fig. 2a,b) identified
1,445 distinct host RNAs induced by IAV and selectively enriched in
722 pull-downs frominfected cells (Fig. 4a). The vast majority of RNAs



foundin the Flag-ZBP1pull-downs were also seenin the Z22 pull-downs
(around 90% overlap; Supplementary Fig. 6b). As we observed in HSV-1
infections, the bulk of host cell Z-RNAsinduced by IAV infection mapped
to aberrantly elongated 3’ ends of host mRNA transcripts (Fig. 4b and
Supplementary Fig. 6¢), with the remainder arising from de novo inter-
genic transcription and intronic sources.

The majority of IAV-induced host cell Z-RNAs were formed by inverted
repeat sequences (Fig. 4c,d and Supplementary Fig. 6d). Forexample,
the abnormal 3’ extensions of the Gtpbp4 and 2310057M21Rik mRNA
transcripts, enriched in both the Z22 RIP-seq and Flag-ZBP1RIP-seq
datasets from IAV-infected cells, generated Z-RNA through inverted
LTRs and fold-back sequences (Fig. 4e), or through inverted gene para-
logues (Fam24a and Fam24b; Fig. 4f), respectively. The Z22-enriched 3’
extensions of Vbpl carried inverted intergenic LINE1 elements, which
formed Z-RNA (Fig.4g). We also found casesin which Z-RNA was formed
by complex composite mouse repeats, such as satellite-like sequences
in the 3’ extension of Gm14419 transcript (Supplementary Fig. 6e).
Notably, Z-RNAs downstream of Gtpbp4 seen in HSV-1infected cells
(Fig. 2f) were alsoidentified in IAV-infected cells (Fig. 4e). Each of these
RNAs were readily pulled-down by the Z22 antibody and by Flag-ZBP1,
but not by aZa mutant of ZBP1 (Supplementary Fig. 6f,g).

In IAV-infected human (HT-29 Flag-ZBP1) cells, a total of 2,771
IAV-induced Z-RNAs was enriched by the Z22 antibody, with around
69% of these also bound by Flag-ZBP1 (Supplementary Fig. 6h,i). Most
IAV-induced human Z-RNAs mapped to elongated 3’ ends of host RNAs
and were formed by inverted ERE repeats, predominantly arising from
Alu-family SINEs (Supplementary Fig. 6j-1). Exemplar Z-RNAs formed
inlAV-infected human cells include inverted satellite repeats embed-
ded in the elongated ROCK1 transcript (also seen in HSV-1-infected
cells),inverted LTR repeats in the 3’ extended KBTBD2 transcript, and
inverted SINE or SINE-LINE pairs embedded in the elongated 3’ ends
of the NCL and Cé6orf62 precursor mRNAs (Extended Data Fig. 6a-d).
These human Z-RNAs were readily pulled-down by the Z22 antibody
and by Flag-ZBP1 (Extended Data Fig. 6e,f).

Afewviral RNA species were enriched inboth Flagand Z22 RIPs from
mouse and human cells (Extended Data Fig. 6g). These viralRNAs resulted
exclusively from positive-sense viral transcripts, with many mappingto
DVGRNAs derived from the three longest viral RNA segments, PB1, PB2
and PA, consistent with our previous findings that IAV-generated DVG
RNAs are the primary source of viral ligands for ZBP1 (refs. 6,7).

The overall repertoires of virus-induced host cell Z-RNAs gener-
ated in HSV-1- or IAV-infected cells were largely similar to each other
(around 49% overlap in MEFs, around 76% in HT-29 cells; Extended Data
Fig.7a).Indeed, a comparison of virus-induced transcription events
downstream of host genes showed that more than 80% of all expressed
host cellmRNAs in MEFs and over 70% in HT-29 cells were equivalently
disrupted after infection with HSV-1or IAV (that is, differences within
10%, shaded areas), indicative of largely similar overall levels of DoTT
induction by these viruses (Extended Data Fig. 7b). Notably, in cases
in which the same mRNAs were subject to DoTT by both viruses, the
propensity of many of these aberrant mRNAs to actually form Z-RNA
varied between the twoinfection settings (red and green dots; Extended
Data Fig. 7b). We attribute this variability in Z-RNA formation to the
stochastic nature of the A to Z flip, the stability of the ensuing Z-RNA
species® and the activity of virus- or host-encoded dsRNA-binding
proteins specific to each infection.

IAV infections triggered a significant repositioning of A to I editing
eventstowardsintergenicregionsin MEFsand HT-29 cells (Extended Data
Fig.7c), aneffect that was accurately reflected inan independent dataset
fromIAV-infected human monocyte-derived macrophages® (Extended
Data Fig. 7d). We found that IAV infections led to a significant global
increase in aberrant transcription events, with the strongest aberran-
ciesoccurringinregions downstream of genes (Extended DataFig. 8a).

The IAV protein NS1induces DoTT by associating with CSPF4 (also
called CPSF30)"* (Fig.4h), and our analysis of anindependent dataset*

showed that DoTT is significantly diminished in cellsinfected with an
NS1-nullvirus (Extended Data Fig. 8b). These results suggested that NS1,
byactivating DoTT, was responsible for IAV-induced host cell Z-RNA for-
mation, analogous to what we have shown with HSV-11CP27. We found
that NS1on its own was indeed able to induce an RNase-A-sensitive
signalin transfected cells, after limited proteinase K digestion of these
cells post-fixation (Fig. 4i,j) aswe had previously observed in the setting
of IAV infection itself”. Ectopic expression of NS1generated the same
Z-RNAs also induced by IAV infection (Extended Data Fig. 8c). These
Z-RNAs were bound by Flag-ZBP1 in NS1-transfected cells (Extended
Data Fig. 8d), resulting in ZBP1-dependent cell death (Fig. 4k).
An IAV mutant lacking NS1 did not provoke the generation of host
cell Z-RNA ligands for ZBP1in either mouse (Extended Data Fig. 8e-i)
or human (Extended Data Fig. 6e,f) cells, and induced significantly
less ZBP1-dependentdeathin primary and immortalized MEFs, as well
as in human cells, compared with the WT virus (Fig. 41 and Extended
DataFig. 8j,k).

Host cell Z-RNAs are sufficient to activate ZBP1

Todirectly demonstrate that HSV-1- and IAV-induced host cell Z-RNAs
are sufficient ligands for ZBP1, we transfected Flag-ZBP1 MEFs with
expression plasmids encoding either ICP27 or NS1, and isolated the
resulting Z-RNAs and ZBP1-bound RNAs from these cells. We then trans-
fected these RNAs into Flag-ZBP1-expressing MEFs, as well as into
primary Zbp1"* and Zbpl”~ MEFs (Extended Data Fig. 9a). We found that
bothZ22-and Flag-ZBP1-bound RNAs formed Z-RNA that co-localized
with Flag-ZBP1in the challenged cells (Fig. 5a-c and Extended Data
Fig. 9b-q). Both Z22- and Flag-ZBP1-bound RNAs triggered robust
ZBP1-dependent cell death in these cells (Fig. 5d and Extended Data
Fig.9r-x). Next, we identified Z-prone structures from our representa-
tive exemplar host cell Z-RNAs, including inverted LINE repeats down-
stream of Vbpl, inverted LTRs upstream of Hmgal and inverted SINEs
downstream of Ptbpl (Extended Data Fig. 10a (top)). We generated
fluorescently (FAM) tagged hairpin RNAs from each sequence and modi-
fied the hairpins with 2’-0-methyl-8-methylguanosine (m%Gm) to sta-
bilize them in the Z conformation® (Extended Data Fig.10a (bottom)).
miGm-modified or unmodified GC-repeat hairpins served as positive
(Z-RNA) and negative (A-RNA) controls’. We transfected these syn-
thetic FAM-labelled RNA hairpinsinto cells, and found that each of the
predicted host cell Z-forming RNA sequences did indeed form Z-RNA
within cells (Fig. Se,f and Extended Data Fig. 10b,c), co-localize with
ZBP1(Extended DataFig.10d,e) and potently trigger ZBP1-dependent
cell death (Fig. 5g and Extended Data Fig. 10f,g).

After determining that ablating expression of CPSF3 by RNA
interference (RNAi) was sufficient to generate Z-RNA and activate
ZBP1-dependent cell death (Extended Data Fig.10h-k), we took a phar-
macological approach to disabling CPSF and examined whether this
intervention was also sufficient to drive DoTT and generate host cell
Z-RNA ligands for ZBP1. The compound JTE-607 is a CPSF3 inhibitor
pro-drug that undergoes ester cleavage in cells, exposing a critical
carboxylic acid to form the active inhibitor (Fig. 5h). CPSF3 is highly
conserved (>98%identity) between mice and humans, with differences
occurring outside of theJTE-607-binding site. Aligning the structure of
humanJTE-607-bound CPSF3 (Protein Data Bank (PDB): 6MQ8) to the
mouse CPSF3 orthologue (modelled using AlphaFold*®) shows that JTE-
607 willengage and inhibit mouse CPSF3 as well (Fig. 5h and Extended
DataFig.101,m).Indeed,JTE-607 induced Z-RNA and triggered highly
selective and rapid ZBP1-dependent necroptosis in both primary and
Flag-ZBP1MEFs (Fig. 5i-k and Extended Data Fig. 10n).

Discussion

This study positions ZBP1-induced cell death as akey host cell response
to limit viral pathogens thatinduce DoTT and target the termination of
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Fig.5|Host cellsZ-RNAs are sufficient ligandsfor ZBP1. a, Inmunofluorescence
staining of Z-RNA and Flag-ZBP1in Flag-ZBP1MEFs transfected with the
indicated RNAs. These RNAs were eluted from Z22 RNAimmunoprecipitates
from MEFs ectopically expressing ICP27 at 9 hafter transfection. b, Fluorescence
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n=64(Z22RIP)and n=54 (Z22RIP + RNase A treatment) cells. ¢, Quantification
of co-localizedZBP1and Z-RNAina.n=30 (IgG) and n =32 (Z22RIP) cells.

d,g k, Thekinetics of cell death of Flag-ZBP1 MEFs transfected with the RNAs
eluted fromZ22 RNAimmunoprecipitatesasindicatedina (d), transfected
with theindicated hairpin RNAs (g) or treated with vehicle or JTE-607,inthe
presence of zZVAD. Fork, vehicle, DMSO +zVAD. e, Immunofluorescence staining
of Z-RNA and FAM in Flag-ZBP1 MEFs transfected with the indicated hairpin
RNAs. f, Quantification of co-localized Z-RNAand FAMine. h, The structure of
activeJTE-607 (top). Bottom, magnified view of the interactionbetween active
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Host cell Z-RNA

Cell death

JTE-607 and human (solid) or mouse (translucent) CPSF3 (bottom). i, Z-NA
accrualin primary MEFs treated with vehicle or JTE-607.j, The fluorescence
intensity of the Z-RNAsignalini.l, The proposed model for the generation of
cellular Z-RNAs during HSV-1and IAV infection. Both viruses trigger DoTT,
which generates 3”-extended transcripts containing otherwise-intergenic
inverted-repeat EREs, which form Z-RNA and activate ZBP1-induced cell death.
Dataaremean ts.d.n=4(d,gandk)andn=10 (f) fields pergroup,andn=30
cells per group (j). Statistical analysis was performed using one-way ANOVA
with Dunnett’s multiple-comparison test (b and f) and two-tailed unpaired
t-testswith Welch’s correction (c). Foraand e, the small white rectangles
indicate theregions magnified in the insets. Data are representative of at least
two (a,eandi) orthree (d, gand k) independent experiments. Fora, eandi,
scalebars,10 um.



host cell transcription (Fig.51). DoTT disables mRNA 3’ processing and
theexportandtranslation of host mRNAs!? 21415323 [t therefore repre-
sents amechanism by which virusesinduce host shut-off, free up ribo-
somes for translation of viral RNAs and evade transcription-dependent
innate-immune responses®*°. As a cellular countermeasure to DoTT,
aberrant cellular RNAs generated by DoTT (or by de novo intergenic
transcription) are potent cell-death-activating ZBP1ligands. These
RNAs contain numerous dsRNA-forminginverted-repeat EREs, as well
as other repeats capable of forming Z-RNAs by folding back on them-
selves. Such ERE-derived Z-RNAs, which we call flipons, are probably
under positive selection to defend against existing and emerging viral
threats, which, by licensing DoTT, have compromised cellular mRNA
transcription. While inverted repeat SINEs were previously shown to
formZ-RNA", this study provides examples of inverted LINEs, inverted
LTRs and more complex sequences (such as exons frominverted gene
pairs) as Z-RNA-forming species.

HSV-1transcripts escape DoTT as ICP27 binds to GC-rich sequences
immediately upstream of the polyadenylation signal of these tran-
scriptsand recruits the CPSF complex to facilitate efficient 3’-end pro-
cessing and subsequent export of viralmRNAs". The notably higher GC
content of HSV-1 mRNAs therefore safeguards these transcripts from
ICP27-mediated DoTT. This high GC content also represents aliability,
asitincreases the propensity of HSV-1-encoded vRNAs to adopt the
Z-conformation. Our observationthat vRNAs are significantly enriched
in ZBP1 pull-downs from mouse but not human cells (Supplementary
Fig. 2) suggests that HSV-1 may have evolved ways to mask its Z-prone
VRNAs from being sensed by human ZBP1. The human cell therefore
cannot rely on viral Z-RNAs to drive ZBP1 activation, making host cell
Z-RNAs substantially more critical for activation of human ZBP1. We
also observed that the VRNAs bound by mouse ZBP1 were not enriched
inparallel Z22 pull-downs from the same cells (Supplementary Fig. 2a),
suggesting that these are Z-prone vRNAs that are stabilized in the
Z-conformation after association with the Za. domain.

IAV mRNAs are not transcribed by host RNA polymerase Il but by the
virus-encoded RNA-dependent RNA polymerase. Their 3’ processing
and polyadenylation are therefore not dependent on the activity of
the CPSF complex but result from reiterative copying of a stretch of
5-7 uracil bases present at the 5" ends of each IAV gene segment***, As
NS1fromall of the tested IAV strains associates with CPSF4 and induces
DoTT, and as differences between 1AV strains in the affinity of their NS1
isoforms for CPSF4 correlate well with the ability of these strains to
dampen IFN-and NF-kB-drivenimmune responses®, NSl-induced DoTT
appears to be an effective means of blunting intrinsic innate immune
responses without affecting viral RNA transcription.

DoTTis a very rapid phenomenon, activated within around 2 h of
infection (Extended Data Fig. 5c). Host-derived Z-RNAs produced asa
consequence of DoTT therefore enable the host to activate ZBP1and kill
theinfected cell before virus host shut-off, and before the cell becomes
avirus factory. More broadly, cellular Z-RNAs may activate ZBP1in
other settings of nuclear stress, such as after exposure to salt, heat
and oxygen free radicals, which also result in extensive transcription
downstream of genes'***, Small-molecule approaches to engaging
DoTT and activating ZBP1 may also serve asimmunogenic adjuvants
for cancerimmunotherapies*.
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Methods

Cellsand viruses

Primary MEFs were generated from E14.5 C57BL/6) embryos, and
immortalized using a 3T3 protocol. Primary and immortalized MEFs
were maintained in DMEM supplemented with 15% FBS, 1 mM sodium
pyruvate, 1x GlutaMax and 1% penicillin-streptomycin. HT-29 cells
(American Type Culture Collection (ATCC), HTB-38) were maintained
in DMEM supplemented with 10% FBS, 1x GlutaMax and 1% penicil-
lin-streptomycin. HS68 cells (ATCC, CRL-1635), were maintained in
DMEM supplemented with 10% FBS, 1x GlutaMax and 1% penicillin-
streptomycin. All cells were cultured at 37 °C under 5% CO,, and were
routinely tested for mycoplasma. Flag-ZBP1and Flag-ZBP1(AZ«) MEFs
were generated by stable retroviral transduction (pRetroX, Clontech)
ofimmortalized Zbp1”~ MEFs with expression vectors encoding either
Flag-tagged full-length mouse ZBP1 or ZBP1 lacking both Zae domains
(AZa). HT-29 cells were stably reconstituted with Flag-tagged human
ZBP1expression constructs using the Retro-X retroviral transduction
system. WT HSV-1 (F strain) was obtained from the ATCC (VR-733).
HSV-1 RHIM™* has been described previously®. HSV-1 RHIM™ AICP27
was generated using a bacterial artificial chromosome (BAC) clone of
HSV-1RHIM™ (ref.3). Inbrief, Escherichia coli DH10B cells containing
the HSV-1BAC clone were cultured to an optical density at 600 nm
of 0.4-0.6, thenincubated at 42 °C to induce recombination activity
and made electrocompetent by multiple washesinice-cold water. The
DH10B cells were then electroporated with plasmid pSC101-ccdA-gbaA*
(Vector Builder) for expression of the ccdA gene. The ccdB-ampicillin
(amp) cassette was amplified from the plasmid p15A-amp-ccdB*®
(Vector Builder) with 50-nucleotide overhangs corresponding to
sequences adjacent tothe ICP27 gene of HSV-1The primers used were
as follows: forward: GGGGATGCGCCCGGGCGGGAAGCTCCTAAGGG
CACTATGACACCGGCCTTGCTAGCGCTTTGTTTATTTTTCTA; reverse:
CCGTGGTGGCCGGGGTGGTGCTCGTGGCGCTTCACTACGAGCAGGAG
ATCTCTAGATTTCAGTGCAATTTATCTCT.

The ccdB-amp cassette containing the 50-nucleotide overhangs was
subsequently electroporated into the HSV-1 BAC-containing DH10B
cells, after whichICP27 inthe BAC clone wasreplaced with the ccdB-amp
cassette by lambda-RED homologous recombination. Recombinant
BACs lacking ICP27 were obtained by selection of the DH10B cells in
ampicillin-containing (100 pg ml™) agar at 30 °C. The ccdB-amp cas-
sette was subsequently deleted by Red/ET homologous recombination,
and pSC101-ccdA-gbaA was eliminated by culturing the DH10B cells at
37 °C. After confirmation by sequencing that /CP27 was successfully
deleted and no further mutations were introduced in the BAC clone dur-
ingrecombination, 1 pgeachof purified BAC DNA was transfected into
Vero cells at 90% confluency using polyethylenimine (Polysciences).
At 72 hafter transfection, when visible fluorescent plaques appeared,
aclone of the HSV-1 RHIM™ AICP27 virus from an isolated plaque was
selected for propagation.

HSV-1d103 and d106 mutants*® were propagated in Vero-derived
complementing (ICP4°ICP27") E11 cells at an MOI of 0.005 and 0.01,
respectively, and collected after 3 days. Viruses were purified by Ficoll
gradient ultracentrifugation and titrated by plaque assay in E11 cells™.

IAV HIN1 strain A/Puerto Rico/8/1934 (PR8) was propagated by
allantoic cavity inoculation of 10-day embryonated chicken eggs, or
in MDCK cells (ATCC, CCL-34). The PR8 ANSI virus was propagated
in NS1-expressing MDCK cells. IAV titres were determined by plaque
assay or by indirectimmunofluorescence microscopy with an anti-NP
polyclonal antibody on MDCK cells.

Assessing cell death

MEFs and HS68 cells were seeded in 48-well plates (10,000-15,000
cells per well), in 24-well plates (30,000 cells per well) or 6-well plates
(150,000 cells per well) 1 day before treatment. HT-29 cells were seeded
at 30,000 cells per well in 96-well plates or 60,000 cells per well in

48-well plates. On the day of treatment, the medium was replaced with
fresh medium including Cytotox Green Dye (250 nM, Sartorius) and
the indicated treatment. Dead cells were stained with Cytotox Green
Dye and Cytotox Green* cells were quantified at each timepoint using
custom processing definitions on the Incucyte Live-Cell Analysis Sys-
tem (Sartorius) at 37 °C and 5% CO.. In parallel, separate cells seeded
inidentical numbers were stained with Cytolight Rapid Dye (3.3 uM,
Sartorius) for live-cell labelling. The percentage of cell death was calcu-
lated as Cytotox Green'/Cytolight” at each timepoint. In some cases, cell
viability was determined by Trypan Blue exclusion. The percentage of
cell death was calculated as follows: (total cell count - live cell count)/
total cell count. zVAD (50 pM), RIPK3 kinase inhibitor GSK843 (5 uM)
andJTE-607 (100 uM) were added at the indicated final concentrations
immediately before Incucyte scanning. PFA (300 pg mI™?) and ActD
(200 nM) were added at final concentrations1 h after virus inoculation.
For assessment of endogenous ZBP1-driven dell death, primary MEFs
and HS68 cells were pretreated with recombinant IFN( to ensure that
enough endogenous ZBP1 was available for synchronous activation
by virus (HSV-1) or Z-RNA.

Producing and testing synthetic Z-RNAs

Synthetic hairpins of putative Z-prone sequences from host cell-derived
inverted-repeat EREs with or without m®Gm modifications were
produced by Lumi D&NA. The hairpins were transfected into cells
using Lipofectamine 3000 (Invitrogen) and cells were either imme-
diately assessed for viability or were fixed for immunofluorescence
microscopy.

RNAinterference

For Cpsf3ablation,immortalized MEFs were transiently transfected with
smallinterfering RNA (siRNA) against mouse Cpsf3 (GCATGACATACCC
ATTTACTA) (Thermo Fisher Scientific) or with anegative control siRNA
(Thermo Fisher Scientific) using the Lipofectamine RNAIMAX transfec-
tionreagent (Thermo Fisher Scientific). After 48 h, cells were collected
and examined for CPSF3 (CPSF73) protein expression by immunoblot-
ting, immunofluorescence microscopy and cell death assay.

RIP-seq

Cells were infected with or without HSV-1or IAV (MOI = 2) for 8 h, col-
lected and RIP was conducted using the EZ-Magna RIP (Cross-Linked)
RNA-binding protein immunoprecipitation kit (Millipore) according
to the manufacturer’s instructions. In brief, cross-linked cell pellets
were lysed in RIP lysis buffer, followed by incubation with RIP buffer
containing magnetic beads conjugated with anti-Z-NA antibody (222,
Absolute Antibody, 1:50), anti-Flag antibody (F1804, Sigma-Aldrich,
1:50) or their respective isotype control antibodies, at 4 °C overnight.
The samples were then incubated with proteinase K and immunopre-
cipitated RNAs wererecovered by phenol:chloroform:isoamyl alcohol
purification. RNA was quantified using the Quant-iT RiboGreen RNA
assay (Thermo Fisher Scientific) and assessed for quality with the 2100
Bioanalyzer RNA 6000 Nano assay (Agilent) or 4200 TapeStation High
Sensitivity RNA ScreenTape assay (Agilent) before library generation.
Libraries were prepared from total RNA with the TruSeq Stranded Total
RNA Library PrepKit according to the manufacturer’sinstructions (Illu-
mina). Libraries were analysed for insert size distribution using the 2100
BioAnalyzer High Sensitivity kit (Agilent), 4200 TapeStation D1000
ScreenTape assay (Agilent) or 5300 Fragment Analyzer NGS fragment
kit (Agilent). Libraries were quantified using the Quant-iT PicoGreends
DNA assay (Thermo Fisher Scientific) or by low-pass sequencing using
the a MiSeq nano kit (Illumina). Paired-end 150 cycle sequencing was
performed on the NovaSeq X+ (Illumina) system.

gqPCR analysis
RNA from RIP samples was quantified by Qubit and equal amounts of
RNAwasreverse-transcribed into cDNA using the SuperScript IV VILO
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Master Mix (Thermo Fisher Scientific). Equal amounts of cDNA were
used as template and qPCR was performed using SYBR Green (Thermo
Fisher Scientific). RT-qPCR was performed for the target fragments
in the RIP samples and the input samples, and the C, values for each
target in the RIP samples were normalized to the input samples by
subtracting the C, value of the Input from the C, value of the RIP:
AC, = Cwipy — Cinpury- The AAC, value was then calculated by subtracting
the AC, value of the IgG sample from the AC, value of the Flag/Z22 RIP
sample: AAC, = AC iag/z22v1p) - AC (1) - Finally, the fold enrichment of
the target Flag/Z22-binding locus sequence over IgG-binding locus
sequence was calculated as fold enrichment =2-AAC,. Primers used
were as follows: RS1-fwd: TGATCACGCGGCTGCTGTACAC; RS1-rev:
GGTGATGAAGGAGCTGCTGTTG; UL54-AS-fwd: CCAGGCCGAGGTC
AATTAG; UL54-AS-rev: ACCAGAGGCCATATCCGAC; UL19/20-fwd: TCC
TTAGCACGATCGAGGTG; UL19/20-rev: GACAGGGTGTTGCAATACGAC;
UL48-AS-fwd: GTACAGGGCCGAGCAGAAGTTG; UL48-AS-rev: CGAAG
CGCTCTCTCGTTTCTT; Gtpbp4-fwd: TGTAGTTCAGTAGTGATGTGTG;
Gtpbp4-rev: CTTTAGTTTGTGTCAAGTTGAC; Btbd3-fwd: ATACTG
ATTTCCAGAGTGGTTG; Btbd3-rev: AGCAGATGCTAGTGAGGATG;
H2ac18/19-fwd: CCAAGTTAAGCAATTTCTGACC; H2ac18/19-rev:
AGGAAAGCATTAGGCAGTCC; Ptbpl-fwd: AGGCAGGAGGATCAGG
AGTTC; Ptbpl-rev: TGTGCTTTGAACCGCTGAGC; Nabpl-fwd:
TGAAATTCCTAGGCAAATGG; Nabpl-rev: CCTCAGTTTCTGGGCTAAT
ATC; Hmgal-fwd: TCTCTGCTAGGTTGTTGCTATC; Hmgal-rev: TTTGCAT
CAACTCCTGTCTG; Ul-fwd: CTGTGTAAATCTCCCACTTG; Ul-rev:
TTTCTCTTGAGTCCTATCCC; Gnpdal-fwd: TGCCTTCAGATCAAGAT
GTAG; Gnpdal-rev: TTATCATCATGGCAGGAAAC; Rockl-fwd: TTGG
TCGTCTGTTCGTGATTC; Rockl-rev: GCCTCCAAATGAAAGAACCTAG;
Anapc4-fwd: ACATACCTACTCCAACAAGG; Anapc4-rev: ACAGTAAGTG
AAGTTGTGGG; Pcna-fwd: CTCAGCAGTTAAGAGCACTCAC; Pcna-rev:
TAGAGAGGGTTGTGAGCCAC; Haus2-fwd: GGGTCAGATCTCATTACAG
ATG; Haus2-rev: ACTGACTGCTCTTCCAGAGG; Tlcdl-fwd: AACCAGG
CTGACCTCAAACTC; Tlcdl-rev: ATTCATGCTGGGCAGTGGTG; 231
0057M21Rik-fwd: CCTCTCTGGAAAGAGTTCATC; 2310057M21Rik-rev:
GAATGAGGTGTCCCTCCTAC; Gm14419-fwd: CACACGTGAAATTG
TTCTCG; Gm14419-rev: TCCATAACGAGGAGAACACC; Vbpl-fwd: GAAG
GGTGTTCCTCTTTGTC; Vbpl-rev: AGATTTCACCTCACACCAGTC;
RABGGTB-fwd: GAACTAGCCTTCCATCCCAG; RABGGTB-rev: AATACT
GGCAAACCGAATCC; RUVBL2-fwd: GGTGAGCTCGACACTAACCC;
RUVBL2-rev: TGGACCAGTGAGAGGAGAGG; ZNFs-fwd: CTGGTGTAG
AACAAGTGCGTC; ZNFs-rev: CACCAGAAGGTTCACACAGG;
KBTBD2-fwd: ATCACCCTTACCCTGCTCAAC; KBTBD2-rev: CCATACTG
TAGCAGGCGAGTG; Cé6orf62-fwd: GGCAATTCCTCAAGGATCTAC;
Cé60rf62-rev: GCATGATTTATAATCCTTTGGG; NCL-fwd: TGGTGTC
ACGCTCTTATAGTCC; NCL-rev: CAATCACAGCTCACTGCAGC;
ROCK1-rev: TCACAGAGTTGAACATTCCC; ROCK1-fwd: TTTCACCAAAG
TCGTCAAAG.

Fold enrichment values of the immunoprecipitation product were
normalized to theinput samples. Data presented show the average of
three independent biological repeats.

Immunoblotting

Cells were lysed in RIPA lysis buffer (Thermo Fisher Scientific) sup-
plemented with protease and phosphatase inhibitors (Thermo Fisher
Scientific). Cell lysates were incubated on ice for 10 min, and briefly
sonicated to shear chromatin, then cleared by high-speed centrifu-
gation (20,000g,10 min) at 4 °C. The supernatants were subjected to
immunoblot analysis as described previously* (Fig. 3e,g, Extended
DataFigs.1g,q,50,q,t, 8e and 10h and Supplementary Fig. 5a). Sources
and dilutions of primary antibodies were as follows: phosphorylated
mouse MLKL (Ab196436, Abcam,1:2,000), total mouse MLKL (MABC60,
EMD Millipore, 1:2,000), RIPK3 (2283, ProSci, 1:2,000), Flag (A00187,
GenScript, 1:2,000), cleaved caspase-3 (9664, Cell Signaling Technol-
ogy, 1:2,000), caspase-3 (9662, Cell Signaling Technology, 1:2,000),
GAPDH (60004-1-Ig, Proteintech, 1:4,000), ICP27 (sc-69806, Santa

Cruz Biotechnology, 1:2,000), MYC (9E10) (MA1-980, Invitrogen,
1:2,000), ICPO (sc-53070, Santa Cruz Biotechnology, 1:2,000), ICP5
(sc-56989, Santa Cruz Biotechnology, 1:2,000), NS1 (sc-130568, Santa
CruzBiotechnology,1:2,000), NS1 (1A7, gift from A. Garcia-Sastre), NP
(GTX125989, GeneTex, 1:5,000), human MLKL (14993, Cell Signaling
Technology, 1:2,000), human RIPK3 (13526, Cell Signaling Technology,
1:2,000), mouse ZBP1 (AG-20B-0010-C100, AdipoGen Life Sciences,
1:2,000), human ZBP1 (PA5-20455, Thermo Fisher Scientific), CPSF3
(ab72295 Abcam, 1:2,000). Gel source data are provided in Supple-
mentary Fig. 7.

Immunofluorescence microscopy

Cells were plated onto eight-well glass slides (EMD Millipore). After
infection or treatment, cells were fixed for 10 min with fresh 4% (w/v)
paraformaldehyde in PBS, permeabilized in 0.5% (v/v) Triton X-100 in
PBS for 10 min, blocked with MAXblock blocking medium (Active Motif)
for1handincubated overnight with primary antibodies at 4 °C. After
three washesin PBS, cells were incubated with fluorophore-conjugated
secondary antibodies for1hatroom temperature. After an additional
three washesin PBS, the slides were mountedin ProLong Gold antifade
reagent (Thermo Fisher Scientific) and imaged by confocal microscopy
onaleicaSP8instrument. Forimmunofluorescence staining of tissue
fixed with 4% (w/v) paraformaldehyde in PBS and dehydrated with
30%sucrosein PBS, frozen tissue sections were cut at 10 pm thickness
in a cryostat microtome. The sections were permeabilized with 0.5%
(v/v) Triton X-100 in PBS for 10 min, blocked with MAXblock Blocking
Medium (Active Motif) for 1 h and incubated overnight with primary
antibodies at 4 °C. After three washes in PBS, the sections were incu-
bated with fluorophore-conjugated secondary antibodies for 1 h at
roomtemperature. After an additional three washes in PBS, the sections
were mounted in ProLong Gold antifade reagent (Thermo Fisher Scien-
tific) and imaged by confocal microscopy onthe LeicaSP8 instrument.
Random sampling was carried out near the centre of the wellsin an
eight-well chamber slide, excluding the peripheral regions, to avoid any
potential edge effects on fluorescence intensity. Images were acquired
of serial sections from each stained cell (around 10 sections per cell,
each of 0.3-pm thickness). These serial sections were then z-stacked
and the signal fluorescence intensity was quantitatively analysed
using the Leica LAS X software package. When required, proteinase
K (0.008 U mI™) was used for 20 min at 37 °C; RNase A (1 mg ml™) and
DNase 1 (25U ml™) were used for 1 h at 37 °C before primary antibody
incubation. Primary antibodies were used for immunofluorescence
studies: Z-DNA and Z-RNA (Z22, Absolute Antibody, 1:200), A-RNA (9D5,
Millipore, 1:500), phosphorylated mouse MLKL (37333, Cell Signaling,
1:500), Flag (A00187, GenScript, 1:500), emerin (ab40688, Abcam,
1:500), HSV-1/2gB (ab6506, Abcam, 1:500), HSV-11CP5 (ab6508, Abcam,
1:500), anti-NS1 antibody (1A7, gift from A. Garcia-Sastre, 1:500), V5
(R960-25, Thermo Fisher Scientific, 1:500), FAM (A-889, Thermo Fisher
Scientific,1:500) and NP (MCA400, Bio-Rad, 1:500).

RNA-seq dataprocessing
Public RNA-seq datasets were retrieved from the SRA/ENA databases,
and their accession numbers are provided in Supplementary Table 1.
The mouse GRCm39 genome assembly and annotation were obtained
from GENCODE (M36)*°; the human CHM13v2 assembly was sourced
from the T2T consortium®-°2. The GENCODE annotation (v47) for
CHM13v2 waslifted from the GRCh38 assembly using Liftoff (v.1.6.3)%>.
Viralassemblies and supplementary host annotations were downloaded
from RefSeq*. The HSV-1 genome annotation was adopted from our
previous work® and extended with several RefSeq-annotated genes
(such as LAT RNA) and miRNAs from the VIRmiRNA database®.
Toensure comparability, both publicand newly generated dataunder-
went processing through an optimized fork of the community-curated
Nextflow rnaseq pipeline (v.3.15.1)°"8, which was executed in the fol-
lowing order:



Read preprocessing. Adapters, low-quality base pairs, and poly(A) and
poly(G) tails were trimmed using the fastp® program (v.0.23.4). Poly(G)
clipping was necessary to eliminate the known technical artifacts of
Illumina’s two-colour chemistry, whereby a weak or no signal at the
end of aread is detected as a high-quality G base.

Alignment. Trimmed libraries were initially mapped with relaxed
parameters to a chimeric reference comprising the host genome ass-
embly, all viral assemblies and a curated collection of eukaryotic rRNA
sequences using the STAR aligner (v.2.7.10a)%. Reads uniquely mapped
to rRNA species were excluded to reduce technical noise arising from
variable rRNA depletion efficiency (for example, some 4sU HFF samples
lacked rRNA removal). These in silico rRNA-depleted reads were then
remapped to the main reference, sorted with SAMtools (v.1.2)* and
passed to Picard (https://broadinstitute.github.io/picard/, v.3.1.1) to
mark duplicates.

Quality control. Quality control was conducted using FastQC (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/), DESeq2
(ref. 62) and RSeQC*®, with the results visualized using MultiQC®*.
All of the libraries exhibited acceptable sequencing and mapping
quality metrics, and the samples clustered as expected based on
condition and protocol on the principal component analysis plot.

Quantification of transcript expression. RNA abundance was esti-
mated using Salmon (v1.10.1)® running in pseudo-alignment mode.

If not specified otherwise, the genomic annotation used for down-
stream analyses is based on all GENCODE basic RNAs, excluding auto-
matically annotated loci not verified manually (annotation level 3),
pseudogenes, to be experimentally confirmed (TEC) transcripts and
aberrant RNA models (for example, arising due to intron retention).
GENCODE-specific ncRNAs not supported by the RefSeq annotation
(NR models) were also excluded. This decision is based on the obser-
vation that the vast majority of these RNAs are undetectable in mock
samples and, ininfected cells, are transcribed only as part of much
longer aberrant RNAs, typically driven by virus-induced DoTT events
occurring in upstream mRNAs.

RIP-seq analysis

Al RIP experiments were subjected to pre-processing and alignment
according to the same protocol as for the RNA-seq samples. Subse-
quent analysis of RIP data was conducted using a custom procedure
outlined below.

Peak calling. First, a relaxed set of RNA sequences enriched by 722
or Flag antibodies was identified using a peak-calling approach. Each
RIP sample and its corresponding RIP input control were normalized
using the median-of-ratios method®, calculated across all intergenic,
exonic and intronic regions of annotated genes. To account for techni-
cal variability, the control signal for each annotated mature RNA, intron
orintergenicregion (collectively termed RNA models) was smoothed
using arunning average. The final control signal for each genomiclocus
was defined as the maximum value across all overlapping RNA models.

Fold-change values for each genomic position were calculated by
comparing the normalized signal to the normalized and smoothed
control coverage. Adjacent positions meeting enrichment criteria
(fold change > 2) were merged (Extended Data Fig. 2a (peak calling))
and then refined to include bases proximal to putative binding sum-
mits. The refinement was accomplished by comparing the signal of
each peak to its surrounding neighbourhood (Extended Data Fig. 2a
(non-maximum suppression)), defined as + the peak length (mini-
mum, 1kb; maximum, 10 kb), and bounded by RNA model limits. Loci
exhibiting at least twofold enrichment relative to the adjacent sig-
nal across all overlapping RNA models were retained for subsequent
analysis.

DsRNA reconstruction and clustering. All detected peaks were further
filtered to eliminate overlaps with a manually curated list of technically
challenging regions, such as homopolymers (Extended Data Fig. 2a
(globalfiltering)). Peaks smaller than the empirical RIP resolution limit
(36 bp, around one-quarter of the read length) or detected inonly one
experiment were excluded unless they overlapped with newly identi-
fied or REDIportal-annotated A to | editing sites, markers of dSRNA
formation.

Filtered peaks served as seeds for reconstructing dsRNA structures
(Extended Data Fig. 2a (dsRNA reconstruction)) using the following
steps.

Sequence extraction. Peaks within 15 kb were grouped, and RNA
sequences spanning each group and its 15 kb flanking regions were
retrieved. Grouping across splicing sites of Ensembl Canonical or GEN-
CODE primary mRNAs was disabled to limit groups length.
Alignment analysis. Sequences were aligned against their reverse
complements, allowing both canonical (A-U, G-C) and non-canonical
(G-U) base pairing. All locally optimal alignments representing putative
dsRNAs longer than 36 bp and with at least 12 bp overlap with peaks
were extracted.

Scoring and optimization. Candidate dsRNA structures were scored
based on RIP signalintensity. A greedy algorithm was used to identify
the optimal combination of dsRNAs that explained at least 90% of the
observed RIP signal. This scoring and optimization process was con-
ducted independently for each sample. dsRNAs supported by at least
two experiments were retained.

Clustering. Selected dsRNAs and peaks that either overlapped them
or were strongly reproducible (that is, supported by all experiments
in at least one condition) were clustered on the basis of genomic or
transcriptomic proximity, as measured by overlapping RNA models,
to reduce redundancy and minimize correlations between adjacent
hits (Extended Data Fig. 2a (clustering)).

Statistical analysis and dsRNA annotation. The total number of
reads overlapping each dsRNA cluster was calculated and normalized
using the median-of-ratios method described above (Extended Data
Fig.2b (read counting)). These values were then subjected to a classical
DESeq2-based analysis®**® (Extended Data Fig. 2b (statistical analy-
sis)). Clusters were classified as virusinduced if they displayed higher
concentrationsin either Z22 RIP or RIP input from infected cells com-
pared with the matched mock cells (fold change > 1.5, adjusted P< 0.1,
two-sided test). In parallel, dsSRNAs groups were defined asRIP enriched
if they were overrepresented in RIP from infected cells relative to the
matched input control (fold change > 1.5, adjusted P < 0.01, one-sided
test). Virus-inducible Z-RNAs passing both criteria were subjected to
downstream analyses (Extended Data Fig. 2b (downstream analyses)).

The sequence composition of identified endogenous Z-RNAs was
analysed by matching them against the RepeatMasker annotation
retrieved from the UCSC Table Browser®”. For each Z-RNA cluster, the
repeat type (or lack thereof) with the highest RIP signal was selected.
Inverted repeats were naturally incorporated into this scheme by jointly
annotating arms underlying inferred Z-RNA stems. Annotation was
conductedindependently for each RIP replicate, and the most frequent
category acrossreplicates was selected asrepresentative. Similarly, the
genomic distribution of Z-clusters was determined by mapping them
against the GENCODE annotation and a curated set of regions, such as
virus-induced de novo intergenic RNAs, using a RIP-weighted approach.

Thesstatistical significance of overlaps between different pull-downs
was assessed using a hypergeometric test, with the set of allidentified
dsRNA clusters serving as the background population.

A global comparison of RIP enrichment levels between host dSRNA
clusters and viral RNAs was conducted (Supplementary Fig. 2 and
Extended Data Fig. 6) by merging generated endogenous dsRNA
and viral annotations. IAV genome segments were included either as
full-length units or, for PA, PB1, and PB2, as intact central regions and
separate 5’ and 3’ fragments to specifically capture defective viral RNAs.
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Overlapping HSV-1transcripts were segmented into canonical (for
example, UL18/19/20) or uncharacterized (for example, UL46.5/47.5)
regions. The combined annotation was then reanalysed using meth-
odology described in the ‘Statistical analysis and annotation’ section.

HSV-1viral RNA enrichment profile

The pyCirclize package (github.com/moshi4/pyCirclize, v.1.7.1)
was used to visualize the global enrichment profile of viral tran-
scripts. Fold-change values were calculated based on the median-of-
ratios normalization strategy, incorporating pseudocounts of
one. Sites meeting the fold-change criterion (fold change > 2) were
scaled by RIP coverage to account for uneven read distribution (scale =
coverage/mean viral coverage) so that comparisons between loci
were valid and not dependent on the region-specific sequencing effi-
ciency. The HSV-1terminal repeats, which are prone to mapping and
sequencing errors, were excluded from the visualization. Canonical
viral transcripts (RL, RS, US, UL and LAT) were classified as immedi-
ateearly, early, late and latency-associated based on published litera-
ture®®7, Novel HSV-1 transcripts® were labelled as uncharacterized
and partially omitted from the plot (for example, NAGNAG splicing
isoforms with alternative acceptor sites 3 bp apart) for clarity of
visualization.

Viral RNA secondary structure prediction

MFE structures for selected vVRNAs were predicted using the Vien-
naRNA software package (v.2.7.0)™. To evaluate the thermodynamic
propensity of predicted RNA stems to transition from A-RNAto Z-RNA,
we used the Z-Hunt[rs] (ZH) program (v.0.0.4, https://github.com/
biomancy/zhuntrs), a Rust-based reimplementation of the original
Z-Hunt algorithm (v.3)”. Although Z-Hunt was originally developed
for Z-DNA analysis, its usefulness extends to Z-RNA prediction as the
ranking of the energetic cost for individual RNA and DNA sequences
toadoptthe Z conformation will be similar, even though the absolute
energetic cost may be different in RNA due to the 2" hydroxyl group
and the variability of A-Z junction energy costs. We considered an
RNA stem longer than 6-nucleotides to be Z-prone if its predicted
ZH score ranked within the top 5% of all possible ZH-scores for RNA
stems of the same length. For stems exceeding 12 nucleotides, Z-prone
stems were defined as those containing a12-nucleotide subsequence
meeting this threshold.

Atolediting

Thegenomicdistribution of Atolediting sitesin each RNA-sequencing
experiment, including RIP-seq, was analysed using a custom pipe-
line. In brief, candidate sites were initially selected based on the fol-
lowing criteria: coverage of >8 reads, low technical noise (the sum
of frequencies of other mismatches < editing frequency) and strong
experimental support (editing frequency > 5%). Subsequently, sites
near annotated splicing sites, which are prone to alignment noise’,
and putative genomic SNPs with editing frequencies above 45% were
excluded. Finally, only sites reproducibly identified in >3 experiments
orpresentinour dataand recorded in the REDIportal database” were
retained for subsequent annotation and analysis.

Analysis of aberrant host cell transcription

To investigate the global effects of viral infection on abnormal host
transcription, wefirst defined transcription boundaries based onanno-
tated splicing sites and transcription start/end sites (TSS, TES) recorded
in the filtered GENCODE annotation or high-quality RefSeq models
(NM and NR transcripts). For each protein-coding gene, we selected
the primary mRNA (marked as Ensembl Canonical), croppedits 5’ and
3’ exons to the shortest exon variant among all annotated secondary
isoforms of the same gene (Extended Data Fig. 5a) and called this the
reference mRNA. Next, each reference mRNA was matched to several
aberrant transcription regions, defined as follows:

» Downstream region: located downstream of the gene, extending
beyond all recorded transcription end sites.

« Upstream region: spanning from the 5’-most TSS of the gene to the
upstreamtranscriptionboundary, typically the TES of the upstreamgene.

« Divergent transcription region: runningin the divergent orientation
fromthe 5’-most TSS of the gene to the next transcription boundary.

« Intronicregions: defined asregions from the donor site to the nearest
downstream transcriptionboundary and from the acceptor site tothe
nearest upstream transcription boundary. This definition excludes
exons of secondary isoforms encoded within the intron, ensuring a
focus on unambiguously intronic regions.

Downstream, upstream and divergent regions were trimmed to
amaximum length of 2.5 kb and were excluded if they were shorter
thanthis threshold. All constitutive exons of the primary mRNA served
as a‘normal’ transcription reference for downstream, upstream and
divergent regions, while individual constitutive 5’ exons served as the
reference for intronic regions.

The relative level of aberrant transcription (Extended Data Fig. 5a)
ininfected cells was statistically compared to control cells using the
DEXSeq statistical framework’, Libraries were normalized using previ-
ously described median-of-ratios procedure and for each comparison,
only references witha coverage of >1 fragment per kilobase per million
were included. Relative changes in aberrant transcription with a fold
change > 1.5 (adjusted P< 0.01, two-sided test) were considered signifi-
cant. These changes were further classified as strong if the difference
inaberrant transcription levels between conditions exceeded 10%.

AlphaFold modelling of murine CPSF3

The structure of human JTE-607 bound CPSF3 (PDB: 6MQ8) was
aligned with the mouse CPSF3 orthologue AlphaFold database model
(AF-Q9QXK?7-F1-v4) in PyMOL.

Statistics

Statistical significance was determined using unpaired Student’s t-tests
with Welch’s correction for comparisons between two groups, one-way
ANOVA with Dunnett’s multiple-comparison test or two-way ANOVA
with Tukey’s multiple-comparison test between multiple (>2) groups.
Pvalues of 0.05 or lower were considered to be significant.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Thedatadiscussedin this publication have been depositedinthe NCBI
Gene Expression Omnibus (GEO) under GEO Series accession number
GSE308489.

Code availability

Allcode used to analyse sequencing datain this study is publicly avail-
able at GitHub (https://github.com/alnfedorov/Z-DoTT).
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Extended DataFig.1|See next page for caption.



Extended DataFig.1|(Related toFig.1). HSV-1produces Z-RNAsinboth
murineand humancellsand activates ZBP1-dependent nuclear necroptosis.
a, Primary MEFs infected with HSV-1(MOI =5) at 12 h after infection were fixed
with fresh 4% (w/v) paraformaldehyde in PBS and exposed to the indicated
nucleases for 45 min, before staining with anti-Z-NA (clone Z22) and anti-HSV-
1gBantibodies. b, Fluorescence intensity of Z-NA signalina. n=41cells (mock),
n=38cells (HSV-1),n =40 cells (HSV-1+DNasel), n=35cells (HSV-1+RNase A),
n=3l1cells(HSV-1+DNasel+RNaseA).c,Z-NAaccrualin HS68 human fibroblasts
infected with WT HSV-1(MOI =10, 18 h post-infection). Viral protein ICP5 staining
marks infected cells. Cells were exposed to the indicated nucleases for 45 min,
before staining with anti-Z-NA and anti- ICP5 antibodies. Nuclei are outlined
with dashed whitelines. d, Fluorescence intensity of Z-NAsignalinc. e, Z-NA
accrualinHT29 cellsinfected with HSV-1(MOI =10) at 9 h after infection. Viral
protein ICP5 (green) staining marksinfected cells. Cells were exposed to the
indicated nucleases for 45 min, before staining with anti-Z-NA and anti-ICP5
antibodies. Nucleiare outlined with dashed white lines.f, Fluorescence
intensity of Z-NAsignaline. n =35 cells (mock), n =37 cells (HSV-1), n =38 cells
(HSV-1+DNasel), n=39cells (HSV-1+RNase A), n =49 cells (HSV-1+ DNase I +
RNase A). g, Expression levels of FLAG-ZBP1constructsinretrovirally-
reconstituted Zbpl”~ MEFs, and of endogenous ZBP1in primary WT MEFs,
were assessed by immunoblotting for the FLAG tag and for murine ZBP1,
following exposure of cells to mIFN (100 ng/ml, 24 h). h, Heat map of Z-NA

and FLAGimmunofluorescence signalsin FLAG-ZBP1or FLAG-ZBP1AZ«
mutant MEFsinfected with HSV-1. Nuclei are outlined with dashed white lines.
i, Co-localization of FLAG and Z-NAsignalsin h, as assessed by evaluation of the
Pearson Correlation Coefficient between the two signals.j, A-RNA accumulation
in HSV-1-infected FLAG-ZBP1MEFs (MOI = 5; 9 h post-infection). Nuclei are
outlined with dashed white lines. k, Fluorescence intensity of A-RNA signal in
j-n=33cells (mock), n=37 cells (HSV-linfection), n = 36 cells (HSV-linfection +
RNase A treatment). I, HSV-1viral DNA levelsininfected FLAG-ZBP1 MEFs with
orwithout PFA (300 pg/ml) treatment was detected by qPCR using primers
targeting US1and RL1genomicsequences. MEFs were infected with HSV-1
(MOI=5,9 hpost-infection), exposed to PFA (300 pg/ml) 1 h post-infection, and
examined by qPCRat theindicated times. m, Z-NA accrual in HSV-l-infected

FLAG-ZBP1MEFsinthe presence or absence of PFA (300 pg/ml). FLAG-ZBP1
MEFs infected with HSV-1were fixed and exposed to the indicated nucleases for
45 min, before staining with anti-Z-NA and anti-ICP5 antibodies. Viral protein
ICPS5 staining marks infected cells. Nuclei are outlined with dashed white lines.
n, Fluorescenceintensity of Z-NA signal inm. o, Kinetics of HSV-11CP6 RHIM
mutantvirus-induced cell death in Vecand FLAG-ZBP1 MEFs with or without
PFA (300 pg/ml) treatment 1 h post-infection. p,Kinetics of HSV-11CP6 RHIM
mutant virus-induced cell death in Vec and FLAG-ZBP1 MEFs. q, Immunoblots
of phosphorylated MLKL (pMLKL) and cleaved caspase 3 (CC3) after infection
of Vecand FLAG-ZBP1MEFs with HSV-11CP6 RHIM mutant virus (MOI = 5).

r, Viability of Vec or FLAG-ZBP1MEFs infected with HSV-11CP6 RHIM mutant
virus (MOI =5) for12 hinthe presence or absence of the pan-caspase inhibitor
zVAD (50 pM) and/or the RIPK3 kinase inhibitor (RIPK3 inh) GSK'843 (5 pM).

s, Kinetics of cell deathinimmortalized Zbp1”- MEFs reconstituted with either
empty vector (Vec), FLAG-ZBP1, or (WT) ZBP1, following infection with HSV-1
RHIM mut (MOI = 5). t, Immunofluorescence staining for pMLKL and HSV-1gB
in primary ZbpI*”* and ZbpI”~ MEFs infected with HSV-11CP6 RHIM mutant virus
(MOI =5).u,Kinetics of pMLKL positivity in cellsinfected with HSV-11CP6 RHIM
mutantvirus (MOI =5) asint.v,Immunofluorescence staining for pMLKL and
HSV-1gBin FLAG-ZBP1MEFs infected with HSV-11CP6 RHIM mutant virus

(MOI =5).w,Kinetics of pMLKL positivity (blackline) and localization of pMLKL
signal (bars) of cellsinfected asinv. x, 3D reconstruction of HSV-11CP6 RHIM
mutant virus-infected nucleistained for theinner envelope protein Emerin
(red) and HSV-1gB (green). Arrows show areas of nuclear envelope rupture.

y, Kinetics of nuclear envelope breakdown in HSV-11CP6 RHIM mutant virus
-infected MEFs. Dataare mean +s.d. (n =30 cells per groupind, n;n=15cells
pergroupini,n=3biologicallyindependentsamplesinl;n=4ino,p,r,s;
n=5fieldspergroupinu, w;n=6pergroupiny). Two-tailed unpaired t-test
with Welch’s correction (I). Two-way ANOVA test (p, u, y), One-way ANOVA with
Dunnett’s multiple comparisonstest (b, d, f,i,k,n,r).*P<0.05,**P< 0.005,
***P<0.0005(P<0.0001inb,d,f ik, p,r u,y).Dataarerepresentative of at
leasttwo independent experiments (a-k, m, n, q, t-y) or three independent
experiments (o, p, . S).
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Statistical analysis
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Extended DataFig.2|(Related to Fig. 2). Analysis of host cellZ-RNAs and
ZBP1-bound RNAs. a, Overview of peak calling and identification of unique
dsRNA clusters. Arrows extending from the RIP track indicate the processing
stages at which the RIP signal is utilized. Dashed boxes highlight dSRNA
clusterswhichinclude one or more putative dsRNAs (e.g., the central and
rightmost clusters, based onreverse-complementary sequences) and/or
unresolved - but highly reproducible - RIP enrichment sites lacking a clear
complementary pair (e.g., the leftmost cluster). b, Overview of the dSRNA
analyses. Virus-induced host cell Z-forming dsRNAs were defined as those
showing RIP enrichmentinthe target RIP (Z22 or FLAG) and increased levelsin
infected cells, eitherin total RNA or Z22 RIP reads, compared to mock-treated
controls. These are summarized inaRx2 table where Ris the number of unique
RIP-enriched Z-RNAs which are significantly overexpressed ininfected cells
after exclusion of the K dsRNAs unaffected by the infection. ¢, Global overlap of
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virus-induced host cell Z-RNAs (Z22-enriched) and ZBP1-bound (anti-FLAG
enriched) RNAs from FLAG-ZBP1 MEFsinfected with WTHSV-1(MOI=2,8h
post-infection). Hypergeometric p-value, indicative of the odds that the
overlap between the two pulldowns arises from chance alone, isshown above
the Venndiagram.d, Genomic distribution of virus-induced host cell Z-RNAs
enriched in FLAG RIP-seq from FLAG-ZBP1MEFsinfected with WT HSV-1
(MOI=2,8hpost-infection). e, Source of inverted reverse complement
sequences within virus-induced host cell Z-RNAs enriched in FLAG RIP-seq
from FLAG-ZBP1MEFs infected with WT HSV-1(MOI =2, 8 h post-infection).
The ‘Unresolved’ category includes Z-forming RNAs whose secondary structures
could notbe readily solved. f, Detailed distribution of inverted EREs in virus-
induced host cell Z-RNAs enriched in FLAG RIP-seq from FLAG-ZBP1 MEFs
infected with WTHSV-1(MOI =2, 8 hpost-infection).
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Extended DataFig. 3 | (Related to Fig. 2). Characterization ofhostcell
Z-RNAsgenerated during HSV-1infections inmurine cells. a-i, Coverage
tracks forexemplar Z-RNAs showing Z22 RIP (green), input total RNA (orange),
REDIportal-annotated or newly identified A > l editing sites (red ticks, top),
positions of QPCR primers (red arrows), and aschematic of the putative Z-RNA
structure (bottom). Coverage exceedingindicated limitsis denoted by thick
black caps. Here, Z-RNAs are produced by 3’ extension of host cellmRNA
transcription (a-g), including into neighbouring genes (Tmem230inb or Rab34
ind), or by de novo transcripts generated in the opposite direction from Hmgal
and Anapc4 genes (h, i).j, RNA eluted from Z22 or control IgG antibody
pulldowns from WT HSV-1-infected cells (MOI =2, 8 h post-infection) were

examined by qPCR for exemplar Z-RNAs in panels (Fig. 2e-h, Extended Data
Fig.3a-i). Positions of qPCR primers are shown asred arrows in Fig. 2e-h,
Extended DataFig.3a-i. Datawere normalized to Input. k, RNA eluted from
anti-FLAG antibody pulldowns from either FLAG-ZBP1or FLAG-ZBP1AZ«
mutant MEFs infected with HSV-1(MOI =2; 8 h post-infection) were examined
by qPCR forexemplar Z-RNAs in panels (Fig. 2e-h, Extended Data Fig. 3a-i).
Positions of qPCR primers are shown asred arrows in Fig.2e-h, Extended Data
Fig.3a-i.Datawere normalized to Input. Dataare mean +s.d. (n = 3 biologically
independent samplesinj, k). Two-tailed unpaired t-test with Welch’s correction
(j)- One-way ANOVA with Dunnett’s multiple comparisons test (k). *P < 0.05,
**P<0.005,**P<0.0005.
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Extended DataFig. 4 | (Related toFig. 2). Characterization of HSV-1
generated host cellZ-RNAsinhumancells. a, Enrichment of virus-induced
host Z-RNAsin Z22 RIP-seq from FLAG-ZBP1HT-29 cellsinfected with WT
HSV-1(MOI =2, 8 hpost-infection). Z-RNAs with evidence of A > l editing

(i.e, overlapping REDIportal-annotated sites or identified in this study) are
circledinblack. Statistical significance was assessed using a one-sided Wald
testin DESeq2. Only RNAs significantly induced by infection (adj. p-value < 0.1,
fold change >1.5) are shown, as determined by separate two-sided Wald tests
comparing RIP/RIP or input/input between infected and matched mock cells
(see Methods). P values were adjusted for multiple testing using the Benjamini-
Hochberg procedure. b, Overlap of virus-induced host Z-RNAs enriched in Z22
or FLAGRIP-seq from FLAG-ZBP1HT-29 cellsinfected with WT HSV-1(MOI =2,
8 hpost-infection). Hypergeometric p-value, indicative of the odds that the
overlap between the two pulldowns arises from chance alone, isshown above
the Venndiagram. ¢, Genomic distribution of virus-induced host cell Z-RNAs
enrichedinZ22 (left) or FLAG (right) RIP-seq from FLAG-ZBP1HT-29 cells
infected with WT HSV-1(MOI =2, 8 hpost-infection).d, Source of inverted
reverse complementsequences within virus-induced host cell Z-RNAs enriched
inZ22 (left) or FLAG (right) RIP-seq from FLAG-ZBP1HT-29 cells infected with
WTHSV-1(MOI =2, 8 hpost-infection). The ‘Unresolved’ category includes
Z-forming RNAs whose secondary structures could not be readily solved.

e, Detailed distribution of inverted EREs in virus-induced host cell Z-RNAs
enrichedinZ22 or FLAG RIP-seq from FLAG-ZBP1HT-29 cellsinfected with
WTHSV-1(MOI =2, 8 hpost-infection). f-i, Coverage tracks of exemplar
Z-RNAsshowing Z22 RIP (green), FLAG RIP (purple), input total RNA (orange),
REDIportal-annotated or newly identified A - I editing sites (red ticks, top),
positions of QPCR primers (red arrows), and aschematic of the Z-RNA

structure (bottom). Coverage exceedingindicated limits is denoted by thick
black caps. Here, Z-RNAs are produced either by 3’ extension of mRNA
transcription (f-h), includinginto downsteam genes (e.g., MSH4 inf), or by
denovo transcription from anormally silent genic orintergeniclocus (i). j, RNA
eluted from Z22 or control IgG antibody pulldowns from WT HSV-1-infected
HT-29 cells (MOl =2, 8 hpost-infection) were examined by qPCR for Z-RNAs
formedin3’extended transcripts arising from RABGGTB,ROCKI1,and RUVBL2
loci, or generated viade novo transcription at the the ZNF132/584 locus.
Positions of PCR primers are shown as red arrows in panels f-i. Datawere
normalized to Input. k, RNA eluted from anti-FLAG antibody pulldowns from
either FLAG-ZBP1HT29 cells infected with HSV-1(MOI = 2; 8 h post-infection)
were examined by qPCR for Z-RNAs formed in aberrant transcripts arising from
RABGGTB,ROCK1, RUVBL2 and ZNF132/584 (ZNFs) loci. Positions of gPCR
primersare shown asred arrowsin panels f-i. Data were normalized to Input.

1, Proportion of proximal (i.e., within 10 kbp of TES) and distal (>10 kbp of TES)
A~ lintergenic editing sitesidentified in total RNA-seq from mock- or HSV-1-
infected FLAG-ZBP1MEFs (left) and FLAG-ZBP1HT-29 cells (right). The total
number of editing sites (including both genic and intergenic sites) detected
ineach conditionisindicated above therespectivebars.n=8,10,4,8inorder
of conditions fromlefttoright.m, Distribution of A > I editing sitesin newly
transcribed RNAs collected at the indicated time points from HSV-1-infected
(WT, strain 17) human foreskin fibroblasts (HFF). The total number of editing
sites (including both genic and intergenic sites) detected at each time-pointis
indicated on top. Sequencing datawere obtained from the Sequence Read
Archive (accession PRJNA256013). Dataare mean + s.d. (n =3 biologically
independent samples per group inj, k). Two-tailed unpaired t-test with Welch’s
correction (j, k). *P<0.05,**P< 0.005.
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Extended DataFig. 5| (Related to Fig. 3). Characterization of HSV-11CP27-
triggered aberrant host cell transcription. a, Aberrant transcription regions
were defined foreach mRNA as regions spanningindividual introns (Intronic),
regions upstream or downstream of annotated gene boundaries (Upstream,
Downstream) or transcriptionin the divergent orientation from the same
promoter (Divergent). Transcription within each region was normalized
toreference constitutive exon(s), to calculate relative levels. b, Proportion
ofaberrant transcription regions with significant changes in normalized
transcription levelsin FLAG-ZBP1 MEFs and FLAG-ZBP1HT-29 cellsinfected
with HSV-1(MOI =2, 8 h post-infection). The total number of tested regions
associated with expressed mRNAsisindicated on theright. Changes exceeding
10% were classified as strong. ¢, Temporal dynamics of aberrant transcription
changesin HSV-1-infected HFF cells, estimated using 4sU-seq data. 4sU RNA
labelling time windows are indicated on the left; the total number of tested
regions associated with expressed mRNAs s indicated on theright. Changes
exceeding 10% were classified as strong. Sequencing data were obtained from
the Sequence Read Archive (accession PRINA256013).d, Proportion of aberrant
transcription regions with significant changes in normalized transcription
levelsin HFF cells infected with either wild-type HSV-1 (WT, strain17) ora
matched ICP27-null mutant (AICP27). The total number of tested regions
associated with expressed mRNAsisindicated on theright. Changes exceeding
10% were classified as strong. Sequencing data were obtained from the
Sequence Read Archive (accession PRJNA637636). e, Z-RNA accumulation in
ICP27-transfected MEFs with or without leptomycin B (LepB, 5 nM) treatment
was assessed at 6 h post-transfection. f, Fluorescence intensity of Z-RNA
signaline.n=33cells (no treatment), n =39 cells (LepB treatment). g, A-RNA
accumulationin MEFs transfected with FLAG-ICP27 construct was assessed

6 hpost-transfection. Cells were either treated with RNase A, or were left
untreated, before staining. Nuclei are outlined with dashed white lines.

h, Fluorescence intensity of A-RNA signal ing. n = 61 cells (vector), n =50 cells
(ICP27-transfected), n =53 cells (ICP27-transfected + RNase A). i, Schematic of
ICP27 domain organization and location of the n504 mutation. LRR: leucine-
rich putative nuclear export sequence (NES), D/E: acidic region, NLS: nuclear
localization signal, RGG: arginine-/glycine-rich RNA binding motif, R2: second
arginine-richregion, KH1-3: three predicted hnRNP K homology (KH) domains,
CCHC: zinc-finger-like domain. The n504 mutation introduces a premature
stop codon, generating a C-terminally truncated ICP27 mutant whichis

compromised inits ability to bind CPSF. j, Z-RNA formation in MEFs transfected
withempty vector, FLAG-ICP27 or FLAG-ICP27 n504 mutant constructs
assessed at 6 h post-transfection. k, Fluorescence intensity of Z-RNAsignalinj.
n=34cells (vector), n=37 cells (ICP27-transfected), n =35 cells (ICP27 n504-
transfected).l, RNA eluted from Z22 or control IgG antibody pulldowns from
ICP27transfected cells were examined by qPCR for Z-RNAs formed within

the 3’ extended transcripts downstream of Nabpl, Btbd3 or PtbpIloci,orina
denovotranscript generated from the H2ac18/191ocus or in the opposite
orientation fromthe Hmgalgene. Datawere normalized to Input. m, RNA
eluted fromanti-FLAG antibody pulldowns of either FLAG-ZBP1or FLAG-ZBP1
AZomutant MEFs transfected with ICP27 were examined by qPCR for Z-RNAs
formedin3’extended transcripts downstream of Nabpl, Btbd3 or Ptbplloci, or
inadenovotranscript generated from the H2acl18/191ocus or in the opposite
orientation fromthe Hmgal gene. Datawere normalized to Input. n, Kinetics of
celldeathinIFNp pre-treated (100 ng/ml, 16 h) primary ZbpI** and ZbpI”~ MEFs
infected with HSV-1RHIM mut (MOI = 5) and HSV-1 RHIM mut AICP27 (MOl =15).
o, Proteinlevels of ZBP1, RIPK3,and MLKL in HT-29 cells stably reconstituted
with either empty vector (Vec) or FLAG-ZBP1 (FLAG-ZBP1), following IFNf3
treatment (100 ng/ml, 48 h). p, Kinetics of celldeath in Vecand FLAG-ZBP1
HT29 cellsinfected with either HSV-1 RHIM mut (MOI = 5) or HSV-1 RHIM mut
AICP27 (MOI=15).q, Proteinlevels of ZBP1, RIPK3 and MLKL inHS68 human
fibroblastsinthe presence or absence of IFNf treatment (100 ng/ml, 48 h).
r,Kinetics of cell death in hIFN pretreated (100 ng/mL, 16 h) HS68 cells
infected with either HSV-1RHIM mut (MOI = 5) or HSV-1RHIM mut AICP27

(MOI =15).s,Kinetics of celldeathin WT and Zbpl-/- primary MEFs which were
eitherleft untreated, or were pre-treated with IFNf3 (100 ng/ml, 16 h), followed
byinfection with HSV-1RHIM mut virus (MOI = 5). t,Immunoblot showing
induction of endogenous ZBP1after infection of primary WT (Zbp1+/+) or
Zbpl-/- MEFs with HSV-1RHIM mut virus (MOI = 5, 8 h). Blotting for the HSV-1
protein ICPO shows equallevels of virus replicationin Zbpl+/+and or Zbpl-/-
MEFs. Dataare mean = s.d. (n =3 biologicallyindependentsamplesinl, m;n=4
inn, p,r,s). Two-tailed unpaired t-test with Welch’s correction (f, 1). One-way
ANOVA with Dunnett’s multiple comparisons test (h, k, m).*P< 0.05,**P<0.005,
***P<(0.0005.(p<0.0001inf, h, k). Dataarerepresentative of at least two
independentexperiments (e, g,j, 0, q, t) or threeindependent experiments
(n,p,r,s).
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Extended DataFig. 6 | (Related to Fig. 4). Additional characterization of
IAV-induced host cellZ-RNAs and ZBP1-bound RNAs. a-d, Coverage tracks
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examined by qPCR for Z-RNAs formed in 3’ extended transcripts downstream
of ROCK1,KBTBD2,NCL, and C6orfé62loci. Data were normalized to Input.

forexemplar Z-RNAs showing Z22 RIP (green), FLAG RIP (purple), input total
RNA (orange), REDIportal-annotated or newly identified A > l editing sites

(red ticks, top), positions of qPCR primers (red arrows), and aschematic of the

Z-RNAstructure (bottom). Coverage exceeding indicated limits is denoted

g, Enrichmentofviral (green) and virus-induced endogenous (orange) RNAsin
RIP-seq experiments from HSV-1-infected FLAG-ZBP1-expressing MEFs (left) or
HT-29 cells (right). Host RNAs assessed by qPCR are labelled. The number of
enriched viral hitsinthese pulldowns areindicated within each scatterplot.
Dataaremean +s.d. (n=3biologicallyindependent samples per groupine,f).

by thick black caps. Here, Z-RNAs are found within aberrantly elongated 3’
extensions of ROCK1, KBTBD2, NCL, or C6orf62 mRNAs. e, f, RNA eluted from
Z22- (e), anti-FLAG antibody (f) or control IgG antibody pulldowns from
FLAG-ZBP1HT29 cellsinfected with 1AV (MOI = 5) or IAV ANS1 (MOI = 5) were

Two-way ANOVA with Tukey’s multiple comparisons test (e, f). **P < 0.005,

***P<0.0005.NS, nosignificance.
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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

Total RNA-seq time window

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|See next page for caption.
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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).


https://www.ebi.ac.uk/ena/data/view/PRJEB75711
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Extended DataFig. 9|See next page for caption.
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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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Software and code

Policy information about availability of computer code

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
summarized below.

* 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/
rnaseq, commit 41e95d6ada24d1f4fe4f2c50bb4d9a4744158c9b). During preprocessing, the following core tools were used: fastp (v0.23.4),
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.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A

Lc0c Y21o




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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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
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|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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|:| Clinical data
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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)
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