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Abstract

A disappointingly small proportion of patients with cancer show lasting responses to immune
checkpoint blockade (ICB)-based monotherapies. The RNA-editing enzyme ADARL1 is an
emerging determinant of resistance to ICB therapy, and prevents ICB responsiveness by
repressing immunogenic double-stranded (ds)RNAs, such as those arising from the dysregulated
expression of endogenous retroviral elements (EREs)1. These dsRNAs trigger an interferon
(IFN)-dependent antitumor response by activating A-form dsRNA (A-RNA)-sensing proteins
such as MDA-5 and PKR®. Here, we show that ADAR1 also prevents accrual of endogenous
Z-form dsRNA elements (Z-RNAs), which were enriched in the 3’UTRs of IFN-stimulated
mRNAs. Depleting or mutating ADAR1 resulted in Z-RNA accumulation and activation of

the Z-RNA sensor ZBP1, culminating in RIPK3-mediated necroptosis. As no clinically viable
ADAR1 inhibitors currently exist, we searched for a compound that can override the requirement
for ADARL inhibition and directly activate ZBP1. We identified a small molecule, the curaxin
CBLO0137, which potently activates ZBP1 by triggering Z-DNA formation in cells. CBL0137
induced ZBP1-dependent necroptosis in cancer-associated fibroblasts and strongly reversed ICB
unresponsiveness in mouse models of melanoma. Collectively, these results demonstrate that
ADAR1 represses endogenous Z-RNAs and identifies ZBP1-mediated necroptosis as a new
determinant of tumor immunogenicity masked by ADAR1. Therapeutic activation of ZBP1-
induced necroptosis provides a readily translatable avenue for rekindling immune responsiveness
of ICB-resistant human cancers.

Reawakening endogenous retroviral elements (ERES) has emerged as a powerful means of
stimulating innate immune signaling and kindling ICB responsiveness in cold tumors®®.
Adenosine Deaminase RNA Specific 1 (ADARL) is a major repressor of immune responses
activated by EREs®/"19, ADAR1 binds ERE-derived dsRNAs and reduces their capacity to
activate host dsSRNA sensors, in part by introducing adenosine to inosine (A—1) edits in
their sequences®. DsRNAs typically adopt the right-handed (A-RNA) conformation and are
recognized by the dsRNA binding domains (dsRBDs) of ADAR1, preventing amplification
of immune responses by host A-RNA sensors such as Melanoma Differentiation Antigen-5
(MDA-5) and Protein Kinase dsRNA-Dependent (PKR)1-511-13 (Fig. 1a). When ADAR1
expression is ablated in tumors, these A-RNA sensors are activated, resulting in type

I IFN cytokine production, loss of tumor cell fitness, and remarkably enhanced ICB
responsiveness!.

In addition to engaging A-form dsRNA, the interferon (IFN)-inducible p150 (but not p110)
isoform of ADAR1 possesses a Za. domain, and can bind both left-handed Z-RNA and
Z-DNA15 Intriguingly, Z-form nucleic acid Binding Protein 1 (ZBP1) has a related Za
domain that also binds Z-RNA and Z-DNA and is also induced by IFN. ZBP1 senses
Z-RNAs and induces a hyperinflammatory form of nucleus-initiated necroptosis during
influenza A virus infections!6. These observations raise the possibility that ADAR1 p150
represses the accumulation of endogenous Z-RNAs which, if not squelched by ADAR1
p150, would serve as necroptosis-activating ligands for ZBP1 (Fig. 1a).
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ADARL loss triggers Z-RNA accumulation.

To test if ADARL1 represses production of endogenous Z-RNAs, we ablated expression of
Adar, the gene encoding ADAR1, by CRISPR approaches in immortalized wild-type (WT)
murine embryo fibroblasts (MEFs) (Fig. 1b). We next cultured control AdarWT (ADAR1
WT) and Adar-deficient (ADAR1 KO) MEFs over a 10 day period, periodically fixing the
cells in formaldehyde and examining them for the presence of Z-RNA using an antibody
(clone Z22) originally raised to Z-DNA, but found by us and others to also detect Z-RNA
in vitrot” and in cellulo'8. Cells lacking ADAR1 manifested a predominantly nuclear signal
when stained with the Z22 antibody, detectable by day 4 post Adar-ablation, gradually
increasing in intensity over 10 days. (Fig. 1c, d, Extended Data Fig. 1a, b). The signal
produced by the Z22 antibody in ADAR1 KO MEFs was sensitive to RNase A but not

to DNase I, strongly suggesting that it originated from the accumulation of endogenous
Z-RNAs (Fig. 1e, f). Notably, ADAR1 KO MEFs also showed robust accumulation of
A-RNA, with kinetics of induction largely paralleling that of Z-RNA (Fig. 1c-f, Extended
Data Fig. 1a, b). Together, these results indicate that ADAR1, besides quenching cellular
A-RNA, prevents the accumulation of endogenous Z-RNA.

Exposure of ADAR1 KO MEFs to anti-IFNAR1 neutralizing antibodies, or following Mavs
ablation, prevented accumulation of Z-RNAs (and A-RNAs), indicating that RIG-1-like
receptor - driven type I IFN signaling was largely responsible for the accrual of dsRNAs

in the absence of ADARL1 (Extended Data Fig. 1a-c). Exposing ADAR1 KO MEFs to
exogenous (recombinant) IFN strongly stimulated production of both Z-RNA and A-RNA
within 48 hrs (Fig. 1g, h). IFNp signaling is not significantly affected by ADAR1 deficiency
(Extended Data Fig. 1d, €), and IFN-driven Z-RNA accrual was also seen in primary MEFs
from Adar-deficient mice, as well as in immortalized murine macrophages, epithelial cells,
and endothelial cells in which Adarwas ablated by CRISPR-based approaches (Extended
Data Fig. 1f-m). By reconstituting immortalized Adar”~ MEFs with mutants of ADAR1
p150 that are incapable of either binding Z-RNA (N175A/Y179A)18 or editing dsSRNA
substrates (E861A)13, we found that ADAR1 repressed endogenous Z-RNAs in a manner
that required a functional Za domain, but was only partially dependent on its editing activity
(Fig. 1i, , Extended Data Fig. 1n-p). The enzyme-null ADAR1 mutant likely represses
IFN-stimulated Z-RNAs by direct sequestration, because proteinase K-mediated elimination
of ADAR1 E861A protein post fixation restored the Z-RNA signal in these cells to levels
seen in Adar”~ MEFs carrying an empty vector control (Extended Data Fig. 1g-t).

To identify endogenous Z-RNAs repressed by ADARL, we ablated ADARL1 expression

in ZbpI™~ MEFs, and used the Z22 antibody to immuno-precipitate Z-RNAs from these
cells following IFNB treatment. Ablating Adarin Zbp1~~ MEFs not only eliminates any
potential competition from ZBP1 or ADAR1 for Z-RNAs pulled down by the Z22 antibody,
but also prevents ZBP1-dependent cell death triggered by these Z-RNAs. Sequencing
Z22-enriched RNAs demonstrated that most (> 90%) of the RNAs were protein-coding
MRNAS; intergenic, ncRNA, and other non-mRNA species comprised the rest of the reads
(Extended Data Fig. 2a). A substantial fraction (21.3 %) of the Z22 enriched RNAs were
ISG mRNAs, representing a far larger proportion of the enriched pool of mRNAs than their
prevalence in the overall transcriptome (hypergeometric mean p-value: 2.73 x 10724). A
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total of 355 ISG mRNAs were enriched in Z22 pulldowns from ADAR1 KO Zbp1~”~ MEFs
(Fig. 1k, Supplementary Table. 1). Given that type | IFN signaling generates the Z-RNA
signal unmasked by ADAR1 p150 loss (Fig. 1g, Extended Data Fig. 1a-c), we focused our
subsequent analyses on these Z22-enriched 1SGs.

To identify ADAR1 editing targets amongst the Z-RNA-forming 1ISG mRNAs, we
sequenced Z22-bound mRNAs from ADAR1 WT MEFs and assessed the degree of A—1
editing in these MRNA sequences by calculating their editing index!®, a robust, normalized,
and quantitative measure of global A—1 modification. In the absence of IFNp treatment,
Z22-associated mRNAs displayed an editing index of ~0.1% (Extended Data Fig. 2b),
occurring more frequently than other transitions or transversions (which were found at
~0.06% in our dataset, inclusive of sequencing errors). The low basal level of editing

likely results from ADAR2 activity as ADAR1 p150 levels are typically very low in
unstimulated MEFs (e.g., Fig. 1b), with ADAR2 protein levels and ISG RNA editing indices
equivalent between resting ADAR1 WT and KO cells (Extended Data Fig. 2b, c). RNAs in
Z22 pulldowns from IFNB-exposed ADAR1 WT MEFs displayed a significantly increased
editing index compared to either untreated ADAR1 WT cells (~6-fold) or IFNp-treated
ADAR1 KO MEFs (~10-fold) (Extended Data Fig. 2b). This increase in the editing index is
therefore attributable to IFN-induced expression of the ADAR1 p150 isoform!2, its binding
of Z-RNA through the Za domain, and the subsequent editing of these Z-RNAs.

We next compared Z22 enriched 1ISG mRNAs isolated from ADAR1 KO Zbp1~~ MEFs to
those displaying evidence of A— 1 editing in Z22 pulldowns from IFNpB-treated ADAR1 WT
MEFs. Among the 355 ISG mRNAs enriched by the Z22 antibody, only 14 were strongly
edited by ADARL1 in IFN-stimulated WT cells (editing index > 0.5%). Of the 26 hyper-
edited loci observed in these 14 ISG mRNAs, 21 (~84%) were in SINE-containing 3’UTRs
(Extended Data Fig. 2d, Supplementary Table. 1). Examining these SINE-containing
sequences revealed that most (15/21) of the A—1 edits occurred within dsSRNA formed by
the base-pairing of inverted SINE repeats (i.e., two adjacent SINES in opposite orientation
to each other) (Extended Data Fig. 2d, Supplementary Table. 1). Overall 393 SINESs were
cumulatively seen in our dataset (found in 163 of the 355 Z22-enriched 1ISG mRNAS), but
only the small subset of Z-forming mRNAs with inverted SINEs in their 3’UTRs were
preferred ADAR1 p150 editing targets. We selected for further analysis three ISG mMRNAs
with high editing indices and inverted SINEs in their 3’UTRs (S/fn5, Xrn1, Kn/1). Each

of these 3’"UTRs were also robustly pulled down in an IFN-dependent manner by 222, but
not by a control 1gG, from ADAR1 KO lysates (Fig. 1l, Extended Data Fig. 2e). Therefore,
ISG 3’UTRs containing dsSRNA-forming inverted SINEs are one class of ADAR1-repressed
endogenous Z-RNAs.

Interestingly, a significant subset of Z22-enriched 1ISG mRNAs (156/355) contained at least
one Z-prone simple repeat (Extended Data Fig. 2d; Supplementary Table. 1). As with
inverted SINES, the 42 GU-type simple repeats (i.e., GU-rich stretches of 6 or more bases)20
were present solely in the 3’UTRs of 222 bound ISG mRNAs. Only one GU-type simple
repeat showed evidence of editing, suggesting that ADAR1 p150 sequestration of this simple
repeat class of Z-RNAs is sufficient to prevent ZBP1 activation. Indeed, catalytic-dead
ADAR1 p150 still suppresses Z-RNA accrual (Fig. 1i, j), indicating that sequestration is an
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important means by which ADAR1 p150 squelches endogenous Z-RNAs. The ISG mRNAs
encoding the dsRNA sensors PKR (Eif2ak2), RIG-I (Dax58), and MDA-5 (/fih) all lacked
inverted SINEs, but harbored GU-type simple repeats (Fig. 1m, Extended Data Fig. 2f).

We confirmed by RT-gPCR that each of these 3’UTRs were also specifically pulled down
by the Z22 antibody in the absence of ADARL, and that IFN treatment increased the
abundance of these RNAs in Z22 pulldowns (Fig. 1m, Extended Data Fig. 2f). Examining
the GU-rich sequences of these simple-repeat containing 3’UTRs indicate that they are
potentially capable of folding into the shape of a dumbbell, with multiple putative core Za.
binding sites of 4 base pairs within a longer dSRNA duplex (Fig. 1m, Extended Data Fig.
2f, pink boxes). To test if such dumbbell sequences were prone to forming Z-RNA, we
synthesized a consensus dumbbell comprising the potential Z-forming and Za. binding core
features observed in the Z22-enriched 3’UTR sequences (Fig. 1n), and examined its capacity
to form Z-RNA J/n vitro. We found that the dumbbell, but not a control RNA, was capable
of forming Z-RNA in vitro, although, as with unmodified Z-forming sequences??, high salt
concentrations were required for stable Z-RNA formation (Fig. 1n). Additional constraints
in the 3’UTRs of the endogenous RNAs, such as base modification or protein binding,

may therefore stabilize these dumbbell structures in the Z-conformation in cells. Altogether,
these results demonstrate that both SINE-containing sequences, as well as GU-type simple
repeat ‘fold-back’ sequences within the 3’UTRs of ISG mRNAs, form Z-RNAs in cells and
are repressed by ADARL. Besides SINEs and simple repeats, we observed LTRs, LINES,
and low-complexity repeats in several Z22-enriched ISG mRNAs (Extended Data Fig. 2d);
although none of these were significant ADARL editing targets, they may also represent
Z-RNA forming ligands for ZBP1.

ADAR1 loss activates ZBP1-driven necroptosis.

We noticed that WT MEFs (i.e., expressing ZBP1) in which ADAR1 was acutely ablated
by CRISPR approaches began dying by 7 days post ADARL1 loss, about 3 days after
Z-RNA accumulation was first observed (Extended Data Fig. 1a), suggesting that ADAR1
loss induces Z-RNA-triggered ZBP1-dependent cell death. To explore this possibility, we
generated immortalized Zbp1 ™~ MEFs stably expressing either FLAG-tagged wild-type
murine ZBP1 or an empty vector control, ablated Adarin these cells, and observed them
over a 12-day period. ADARL loss in FLAG-ZBP1-reconstituted MEFs resulted in arrested
proliferation by day 6, followed by progressive IFN-dependent loss of viability between
days 7 and 12. In contrast, Zbp1™~ MEFs carrying an empty vector underwent proliferation
arrest by day 7, yet remained viable for the duration of the study (Fig. 2a). Exposing
ADAR1 KO (but ZBP1 wild type) cells to recombinant IFNp triggered ZBP1-dependent
cell death within 48 hrs of treatment (Fig. 2b, Extended Data Fig. 3a). Of a panel of
inflammatory cytokines tested, only IFNB and IFN-y, but not IL-1a, TNFa, or TRAIL,
induced ZBP1-dependent cell death in ADAR1-deficient MEFs (Extended Data Fig. 2b).
IFN-activated cell death was rescued by the combination of the pan-caspase blocker zZVAD
and the RIPK3 kinase inhibitor GSK’843 (R3i), but not either agent alone, demonstrating
that death was a combination of apoptosis and necroptosis (Extended Data Fig. 3c,d), as
we have previously shown with IAV16. In agreement, ablating Adarin necroptosis-deficient
MikI~~ MEFs sensitized these cells to IFNB-induced cell death, but such death was solely
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apoptosis (i.e., prevented by either zZVAD or by co-deletion of caspase 8; Extended Data Fig.
3e). Of note, ADARL deficiency did not sensitize cells to necroptosis by altering the protein
levels of RIPK1, FADD, or caspase 8 (Extended Data Fig. 3f).

Cells reconstituted with ZBP1 mutants incapable of either sensing Z-RNA (Za.2mut or AZa.)
or associating with RIPK3 (RHIM-Amut) did not succumb to IFNB upon ADAR1 ablation,
suggesting that ZBP1 sensed endogenous Z-RNAs unleashed by ADARL loss to activate
RIPK3-dependent cell death (Extended Data Fig. 3g-i). We found that stimulating ADAR1
KO cells with IFNB caused FLAG-ZBP1, but not a Za deletion mutant (FLAG-AZa),

to co-localize with nuclear Z-RNA (Fig. 2c, d). Examining ZBP1-associated RNAs from
IFNB-treated ADAR1 KO cells by RT-gPCR showed that FLAG-ZBP1, but not FLAG-AZa.,
bound the 3’UTRs of Z-RNA-forming ISG mRNAs (both those with inverted SINEs and
with GU-type repeats) identified in Z22 pulldowns (Extended Data Fig. 3j-I). Thus, Z-RNA
sequences within the 3’UTRs of ISG mRNAs are bona fide ligands for ZBP1 in ADAR1-
deficient cells.

Following activation, ZBP1 complexed with RIPK3 and MLKL, and induced
phosphorylation of MLKL in IFN-treated ADAR1 KO cells (Fig. 2e). Phosphorylated
MLKL was observed first in the nucleus, after which it migrated to the cytosol and the
plasma membrane (Extended Data Fig. 3m, n). Notably, MLKL activation was associated
with detectable rupture of the nuclear envelope in ~30% of immortalized ADAR KO MEFs
at 48 hrs post IFNp treatment (Extended Data Fig. 30, p). Altogether, these findings show
that endogenous Z-RNAs associate with and activate ZBP1 in the nucleus when ADAR1

is absent. ZBP1-driven ‘nuclear necroptosis’ is thus a heretofore unappreciated arm of the
innate immune response to endogenous dsRNA (Fig. 2f).

CBLO0137 induces Z-DNA formation in mammalian genomic DNA.

No clinically viable small-molecule inhibitors specific for ADAR1 are currently available.
Nor has direct activation of ZBP1 by synthetic Z-RNA been proven tractable!7:21, Z-DNA,
however, shares almost-identical structures with Z-RNA (Extended Data Fig. 4a), and ZBP1
binds both Z-DNA and Z-RNA /n vitrc?2:23, Importantly, Z-DNA can be generated in
eukaryotic cells from negative supercoiling or epigenetic modification of genomic DNA10.24
Reasoning that agents capable of generating Z-DNA in cells will directly activate ZBP1,
overriding the need either for ADAR1 inhibitors or synthetic Z-RNA, we carried out a
curated screen for small-molecule inducers of Z-DNA formation, focusing on compounds
known to intercalate DNA, affect DNA topology, or alter chromatin structure and dynamics.
We treated cells with equimolar (5uM) amounts of each compound and assessed Z-DNA
formation by immunofluorescence using the Z22 antibody, which recognizes both Z-RNA
and Z-DNAL’. We identified the second-generation curaxin family member CBL0137, as
well as a number of its analogs, as potent inducers of Z-DNA in mammalian cells (Fig.

3a-c, Extended Data Fig. 4b, ¢). CBL0137 is best-characterized as an inhibitor of the histone
chaperone FACTZ2?, but it also directly intercalates DNA28. The signal generated by the

Z22 antibody in CBL0137-treated cells was sensitive to DNase I, but not RNase A or
RNase H, indicating it originated predominantly from Z-DNA, rather than from Z-RNA

or DNA:RNA hybrids (Fig. 3b, ¢). By immuno-precipitating and sequencing Z-DNA from
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CBL0137-treated MEFs, we found that CBL0137 induced Z-DNA formation in hundreds of
sites across the mouse genome, the majority of which mapped to long interspersed nuclear
element (LINE)1 retroviral DNA (Fig. 3d). In particular, LINE1 elements encoding full-
length L1Md A and L1Md T were highly enriched in Z22 pulldowns of CBL0137-treated
cells (Fig. 3d, right; Extended Data Fig. 4d) compared to their frequency within the mouse
genome (Fig. 3d, left). LLMd A- and L1Md T-forming Z-DNA sites in CBL0137-treated
cells were primarily intergenic (~77% of L1Md A and ~70% of L1Md T), with a smaller
proportion found within introns (~15% of L1Md A and ~20% of L1Md T) (Fig. 3e). L1Md
A and L1Md T comprise less than 2.5% of the mouse genome, yet represent about half
(~46%) of all full-length LINE1 elements?’. In examining the sequences of these two LINE1
elements, we noticed that their 5’UTRs contained GC-rich sequences and are predicted

by our DeepZ algorithm?28 to be predisposed to Z-DNA formation (Fig. 3f). As will be
shown later (Fig. 4j), the Z22 binding peak was also within the 5’UTRs of these LINE1
elements, situated ~450 bp from their 5’ termini, suggesting that CBL0137 may trigger
Z-DNA formation by inducing the B—Z conversion of Z-prone B-DNA.

To directly test if CBL0137 could convert Z-prone B-DNA to Z-DNA in vitro, we
synthesized a GC-rich B-DNA octamer incorporating, into one strand of the duplex, 2'-C-
methyl-8-methyl modification of internal guanosine nucleosides (m8Gm). The introduction
of a methyl group at the C8 position strongly facilitates the B—Z transition?°. In the
absence of CBL0137, the m8Gm dsDNA octamer was in the B-conformation when
examined by circular dichroism, but it flipped into the Z-conformation with the addition of
equimolar (1:1) amounts of CBL0137 (Fig. 3g). This effect was even more pronounced at a
higher ratio (2:1) of CBL0137 to B-DNA. 19F NMR demonstrated that CBL0137 diminished
the Z-DNA peak during formation of the DNA/CBL0137 complex (Fig. 3h). Together,

the /in vitro results suggest that CBL0137 can promote the B—Z transition in dsDNA,
when facilitated by base modifications aiding this transition. CBL0137 may additionally
induce a B—Z transition in cells by displacing FACT or other proteins from histone linker
regions, resulting in topological stress and Z-DNA formation by Z-prone sequences?®. This
possibility is supported by our finding that DNA sequences in Z22 pulldowns were also
enriched in epigenetic marks and histone variants associated with FACT activity (e.g.,
H2A.2)30, and for sites interacting with the FACT subunit SSRP1 (Extended Data Fig.
4e-g, Supplementary Table. 2). CBL0137 also induced the loss of PML bodies normally
associated with suppression of L1 transcription3! (Extended Data Fig. 4h, i), suggesting
that Z-DNA formation may also arise from transcription of L1 elements; these and other
possibilities warrant further exploration.

CBLO0137 potently triggers ZBP1-dependent necroptosis.

We found that CBL0137 at 5 uM induced robust ZBP1-dependent death in ~90% of
immortalized MEFs by 24 hrs (Fig. 4a, b). Death was blocked by co-treatment with

zVAD and the RIPK3 inhibitor GSK’843 (Fig. 4c). Co-deletion of M/k/and Caspé8, but

not Mlk/alone, protected MEFs from CBL0137 (Extended Data Fig. 5a). Together, these
results demonstrate that ZBP1 activates both apoptosis and necroptosis following CBL0137
exposure, similar to the what we have observed in other scenarios of ZBP1 activation, such
as upon ADARL1 loss (Extended Data Fig. 3c, d) and during IAV infectionl6. CBL0137 also
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induced Z-DNA formation and ZBP1-dependent cell death in primary MEFs (Extended Data
Fig. 5b-¢), as well as in the immortalized human fibroblast cell line HS68, in which ZBP1
expression is hIFN inducible (Extended Data Fig. 5f-j). ZBP1-induced cell death was
accompanied by phosphorylation of MLKL (Fig. 4d; Extended Data Fig. 5e, j) and cleavage
of procaspase-3 (Fig. 4d). Cell death and MLKL activation in MEFs required the Za.
domains and RHIM of ZBP1 (Extended Data Fig. 5k, I). CBL0137 induced the translocation
of ZBP1 into the nucleus (Fig. 4e) and its co-localization with Z-DNA in most treated MEFs
(Fig. 4f). CBL0137 also induced ZBP1-independent caspase activity in MEFs (Fig. 4d),
which manifested as apoptosis after 18-24 hrs, likely accounting for its previously reported
oncocidal effects in tumor derived-cell lines, most of which are RIPK3-deficient32-35, In this
regard, we found that CBL0137 triggered robust Z-DNA formation in primary bone-marrow
derived macrophages (BMDMs; Extended Data Fig. 5m). Although CBL0137-induced death
in BMDMs involves additional ZBP1-independent pathway(s) (Extended Data Fig. 5n),
BMDMs are a source of myeloid-derived-suppressor cells (MDSCs) 7 vivo®8, and MDSC
depletion by CBL0137 may contribute to the antitumor effects of this agent.

We next treated immortalized Zbp1™~ MEFs stably expressing FLAG-ZBP1 with CBL0137
for 14 hrs, immunoprecipitated FLAG-ZBP1 from these cells, and performed ChlP-seq on
the eluted DNA. ZBP1-bound DNAs mapped to numerous sites across the entire mouse
genome (Fig. 4g, blue peaks). A large fraction of fragments bound by ZBP1 after CBL0137
exposure overlapped with the sites independently detected by ChiP-seq using the Z-DNA
specific Z22 antibody (Fig. 49, magenta peaks; overlapping sites are depicted by purple
bars). The majority (58%) of overlapping peaks bound by both Z22 and ZBP1 were full-
length LINE1 elements (Fig. 4h, i). As with Z22 (Fig. 3d), most of these ZBP1-bound
sequences mapped to the 5’'UTRs of LIMd A and L1Md T elements (Fig. 4j, Extended
Data Fig. 50), confirming that these sequences were prone to forming Z-DNA. We validated
by RT-qPCR that the 5’UTRs of LIMd A and L1Md T elements were bound, following
CBLO0137 treatment, by both the Z22 antibody and FLAG-ZBP1, but not an isotype control
antibody (1gG) or FLAG-AZa (Fig. 4k, Extended Data Fig. 5p). Consequently, CBL0137
triggered an association between ZBP1, RIPK3 and MLKL (Fig. 4l), causing the activation
of MLKL that was observed first in the nucleus (Fig. 4m), and then in the cytoplasm (Fig.
4n), leading to ZBP1-dependent rupture of the nuclear envelope (Fig. 40), and resulting in
nuclear necroptosis (Fig. 4p).

CBLO0137 reverses ICB resistance by inducing ZBP1-initiated necroptosis in

tumor fibroblasts.

CBLO0137 induced Z-DNA formation in all human cell lines tested (Extended Data Fig.

6a, b), and robustly triggered death in human and murine cells competent for ZBP1/RIPK3-
driven death signaling (Extended Data Fig. 6¢-e), suggesting that this compound will be
useful as a potential ZBP1 agonist in human cancers. To leverage our findings for cancer
immunotherapy, we focused on malignant melanoma, a tumor type in which ICB has shown
promise, but where therapy resistance is a significant problem3’. Analysis of data from
melanoma specimens in The Cancer Genome Atlas (TCGA) showed that tumors with intact
necroptosis machinery manifested significantly greater levels of infiltrating monocytes and
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CDS8™ T cells, indicating that activation of ZBP1-dependent necroptosis in tumors has the
potential to trigger beneficial adaptive immune responses in melanoma (Fig. 5a). A majority
(~60%) of tumors were either low in necroptosis gene expression, or did not express the
necroptosis machinery to any detectable extent, paralleling what is seen in most human
tumor-derived cell lines3®. These tumors were also proportionately devoid of immune cells
(Fig. 5a). Nonetheless, all melanomas showed significant fibroblastic infiltrate (Fig. 5a),
and an analysis of ScCRNA-seq data? from the ICB-refractory murine melanoma (B16-F10)
revealed that tumor infiltrating fibroblasts are likely necroptosis competent (Fig. 5b).

These observations led us to hypothesize that inducing necroptosis by triggering ZBP1
activation in TME stromal cells (such as cancer-associated fibroblasts) would induce
potent antitumor responses and potentiate ICB therapy. Further, such an approach would
be of great clinical significance as it does not require the cancer cells to be necroptosis-
competent. To test this hypothesis, we generated B16-F10 melanoma syngeneic tumors
in wild-type C57BL/6J mice, and injected CBL0137 into these tumors. We then assessed
Z-DNA formation at 16 hrs and necroptosis activation at 24 hrs post injection. We found
that CBL0137 induced rampant Z-DNA formation in cells surrounding the injection site,
including in fibroblasts of the TME, as determined by co-staining tumor sections for
Z-DNA and the fibroblast marker PDGFRa (Fig. 5¢). Quantifying these results showed
that CBL0137 induced Z-DNA formation in >60% of TME fibroblasts (Fig. 5d). Staining
sections for pMLKL from CBL0137-treated B16-F10 tumors generated in wild-type or
Zbp1™~ mice showed that CBL0137 activated necroptosis in a majority (~70%) of TME
fibroblasts in wild-type mice, but not Z5p2 ™~ mice, demonstrating that necroptosis was
dependent on host expression of ZBP1 (Fig. 5e, f).

To examine whether necroptosis induced by CBL0137 in TME fibroblasts was able to
reverse ICB non-responsiveness in a mouse model, we produced B16-F10 tumors in either
wild-type or Zbp1~~ recipients. We then treated these mice with four cycles of either
CBL0137 or a vehicle control (intra-tumorally), in combination with either an anti-PD-1
antibody or an isotype control antibody (systemically, by intraperitoneal administration;
Fig. 5g). We found that treatment with both CBL0137 and anti-PD-1 antibody, but not
either agent alone, induced recruitment of CD3*CD8" T cells into the tumor by day 11
post-initiation of treatment (Fig. 5h, i). These CD8" T cells displayed markers of activation
(CD44), effector function (GzmB), and proliferation (Ki67), and were accompanied by a
significant increase in the abundance of CD11c* dendritic cells (DCs; Extended Data Fig.
6f). T cell and DC influx into the tumor was only seen in wild-type animals, and not

in Zbp1™~ mice (Fig. 5h, i, Extended Data Fig. 6f), demonstrating that ZBP1-dependent
necroptosis was responsible for their recruitment. We next produced B16-OVA (i.e., B16
cells expressing chicken ovalbumin) tumors in mice, treated animals with CBL0137 or

a vehicle control (intra-tumorally), in combination with either an anti-PD-1 antibody or

an isotype control antibody (i.p.), and examined tumor draining (inguinal) lymph nodes
(tdLNs) for the presence of OVA-specific (SIINFEKL H-2KP) CD8* T cells. CBL0137 plus
anti-PD-1 antibody treatment, but not either agent alone, induced a significant increase in
the total number and frequency (as a proportion of all CD8* T cells) of OVA-specific CD8*
T cells in tdLNs (Extended Data Fig. 6g-i). In agreement with these observations, anti-PD-1
antibody, when combined with CBL0137, was able to induce significant regression of
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B16-F10 tumors only in wild-type mice, but not in ZbpZ ™~ mice (Fig. 5j). Moreover, intra-
tumoral CBL0137 also potentiated an abscopal response to systemic anti-PD-1 antibody
treatment in the B16-OVA tumor model (Extended Data Fig. 6j, k).

We further tested the effects of CBL0137 on anti-PD-1 antitumor responses on
YUMMERL.7 tumors. This model is considered more clinically-relevant than the B16-F10
model, because YUMMER1.7 cells were obtained from a UV-induced murine melanoma,
and because they are only partially responsive to anti-PD-1 monotherapy38, mirroring
clinical outcomes for human melanoma3’. We found that anti-PD-1 antibody treatment

by itself was able to induce the regression of a fraction of these tumors (Fig. 5k);

however, CBL0137 triggered Z-DNA formation and activated ZBP1-dependent necroptosis
in fibroblasts of the YUMMERL1.7 TME (Extended Data Fig. 6l-0), and the combination of
CBLO0137 and anti-PD-1 antibody induced complete tumor regression in almost all treated
wild type mice, but not in Zbp2™~ mice (Fig. 5k). Altogether, these results demonstrate that
CBL0137, by inducing ZBP1-dependent necroptosis in cells of the TME, drives CD8* T cell
recruitment into tumors and strongly potentiates ICB responses in vivo.

Discussion.

We demonstrate that ADAR1 p150 represses Z-RNA accrual and ZBP1-dependent
necroptosis by preventing the accumulation of MRNA transcripts capable of forming Z-
RNAs. Such Z-forming sequence, which we call “flipons’19, are enriched in the 3" UTRs of
ISG mRNAs harboring either inverted SINEs or GU-type simple repeats capable of folding
into Z-prone dumbbells. To weaponize ZBP1-driven necroptosis as an adjuvant for cancer
immunotherapy, we describe a small molecule which forces genomic sequences to adopt the
Z-DNA conformation, bypassing ADAR1 dependent immune silencing within tumors and
directly activating ZBP1 dependent ‘nuclear necroptosis’ in tumor stromal fibroblasts.

We have previously shown6 that such nuclear necroptosis is significantly more
immunogenic than cytoplasm-induced necroptosis as it results in the release from the
nucleus of numerous DAMPs (such as HMGB-1, IL-33, and, indeed, DNA itself)6.
CBLO0137 was able to reverse ICB unresponsiveness in a refractory model of cutaneous
malignant melanoma, as well as in a clinically relevant model of this malignancy.
Importantly, CBL0137 manifested these effects by activating ZBP1 in fibroblasts of the
TME, rather than within the tumor cells themselves, indicating that this agent will be
agnostic to the driver mutations within tumors, and provide therapeutic benefit even when
cancer cells are necroptosis-incompetent.

Notably, CBL0137 has been well-tolerated in human Phase 1 clinical trials, perhaps because
of low/absent basal ZBP1 levels in many normal cell types. ZBP1 expression is, however,
strongly induced by IFN. The chronic IFN signature characterizing many tumors39:40

may upregulate ZBP1 expression selectively in cells of the TME, offering an unexpected
therapeutic window for both intralesional and systemic administration of CBL0137 in
clinical settings. Of relevance here, CBL0137 administered intravenously at a dose
achievable therapeutically also induces Z-DNA formation in tumors (Extended Data Fig. 6p,
q). As the genes encoding MLKL, MDA-5, and PKR are also IFN inducible, elevated tonic
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IFN signaling in the TME may in fact represent a potential tumor vulnerability exploitable
not only by CBL0137, but also by ADARL1 inhibitors (which will increase both A- and
Z-form dsRNA-initiated immunogenic responses), and by ZBP1-activating viruses, such as
the HSV-1-based oncolytic agent talimogene laherparepvec (T-vec).

Zbp1™~ mice have been described previously! and were backcrossed onto the C57BL/6
background for 12 generations before use alongside littermate matched Z5p1*/* mice in
tumor studies. In some experiments (e.g., those not requiring Z5pZ~~ animals), C57BL/6J
mice were obtained from the Jackson Laboratory and were allowed at least one week to
acclimate to housing conditions at the Fox Chase Cancer Center before use in experiments.
Eight-to-ten week old female mice were used in all studies. All experimental mice were
housed under specific pathogen-free conditions and all /n vivo experiments were conducted
under protocols approved by the Committee on Use and Care of Animals at the Fox Chase
Cancer Center and St. Vincent’s Hospital. No statistical methods were used to predetermine
sample size. The experiments were not randomized. The investigators were not blinded to
allocation during experiments.

WT, Zbp1™~, Miki”~, and Mikl”~Casp8~~ MEFs were generated from E14.5 embryos,
and immortalized using a 3T3 protocol. Adar”~and Adar”~1fih1”~ MEFs were isolated
from E11.5 or E14.5 embryos respectively?. Adar”~ MEFs were immortalized using an
SshRNA against p53 (pLMP-p53.1224; gift from Ross Dickins, Monash University). Primary
and immortalized MEFs were maintained in DMEM supplemented with 15% FBS, 1 mM
sodium pyruvate, 1 x GlutaMAX, and 1% penicillin/streptomycin. Immortalized Zbp1~~
and Adar”~ MEFs were stably reconstituted with expression constructs using the Retro-X
retroviral or pLVX-Puro lentiviral transduction systems. Immortalized BMDMs, LET1,
SVEC4-10, HS68, Hep G2, MCF-7, HT-29, HelLa and A375 cells were maintained in
DMEM supplemented with 10% FBS, 1 x GlutaMAX, and 1% penicillin/streptomycin.
B16-F10 (ATCC, CRL-6475), A549, SK-MEL-2 and B16-OVA cells were cultured in
RPMI-1640 supplemented with 10% fetal bovine serum (FBS) and 1 x penicillin and
streptomycin. YUMMERZ1.7 cells were grown in DMEM/F12 supplemented with 10%
fetal bovine serum, 1 x penicillin and streptomycin and 1x non-essential amino acids.
Primary BMDMs were maintained in DMEM supplemented with 10% FBS, 1% penicillin/
streptomycin and 1ng/ml M-CSF1. All cells were cultured at 37 °C in 5% CO», and
routinely tested for mycoplasma.

Gene disruption by CRISPR/Cas9

For Adarablation, immortalized MEFs were transiently transfected with TrueGuide
Synthetic sgRNA against mouse Adar (Thermo Fisher Scientific, CRISPR162007_SGM)
and TrueCut Cas9 Protein (Thermo Fisher Scientific, A36499) by Lipofectamine
CRISPRMAX Cas9 Transfection Reagent (Thermo Fisher Scientific, CMAX00008).
After two days, cells were harvested and examined for ADARL protein expression by
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immunoblotting. To ablate Mavs, immortalized MEFs were infected with Mavs sgRNA-
expressing ‘all-in-one’ lentivirus (Abmgood, Cat. 281531140502) followed by selection in
puromycin (5 pg/mL) for five days.

Immunofluorescence microscopy

Cells were plated on 8-well glass slides (EMD Millipore), and allowed to adhere for at least
24 hrs before use in experiments. Following treatment, cells were fixed for 10 min with
freshly-prepared 4% (w/v) paraformaldehyde in PBS, permeabilized in 0.5% (v/v) Triton
X-100 in PBS, blocked with MAXblock™ Blocking Medium (Active Motif), and incubated
overnight with primary antibodies at 4°C. After three washes in PBS, slides were incubated
with fluorophore-conjugated secondary antibodies for 1 hr at room temperature. Following
an additional three washes in PBS, slides were mounted in ProLong Gold antifade reagent
(Thermo Fisher Scientific) and imaged by confocal microscopy on a Leica SP8 instrument.
For immunofluorescence staining of tumors, frozen tumor sections were cut at 10 pm
thickness in a cryostat microtome. Sections were permeabilized with 0.5% (v/v) Triton
X-100 in PBS, blocked with MAXblock™ Blocking Medium (Active Motif), and incubated
overnight with primary antibodies at 4°C. After three washes in PBS, slides were incubated
with fluorophore-conjugated secondary antibodies for 1 hr at room temperature. Following
an additional three washes in PBS, slides were mounted in ProLong Gold antifade reagent
(Thermo Fisher Scientific) and imaged by confocal microscopy on a Leica SP8 instrument.
Fluorescence intensity was quantified using Leica LAS X software. When required, RNase
A (Img/mL) or DNase I (25 U/mL) was used for 1 hr at 37 °C before primary antibody
incubation. Primary antibodies were used for immunofluorescence studies: Z-DNA and
Z-RNA (clone Z22, Absolute Antibody), A-RNA (clone 9D5, Millipore), phosphorylated
murine MLKL (Cat. 37333, Cell Signaling); clone 7C6.1, Millipore [MABC1158] or gift
from Dr. Douglas R. Green), FLAG (Cat.A00187, GenScript), Lamin B1 (ab16048, Abcam),
PDGFRa (Cat. 14-1401-82, Thermo Fisher Scientific), CD3 (PE-CF594, Clone: 53-6.7,
eBioscience), CD8 (FITC, Clone: 145-201, eBioscience), CD44 (15675-1-AP, Proteintech),
GmzB (ab255598, Abcam), Ki67 (MA5-14520, Thermo Fisher Scientific), CD11c (Cat.
14-0114-85, Thermo Fisher Scientific), F4/80 (NB600-404, Novus Biologicals).

RNA immunoprecipitation (RIP)-seq

Cells were treated with or without IFN for 48 hrs, harvested, and RIP conducted using

the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore) following the
manufacturer’s instructions. Briefly, cell pellets were lysed in RIP lysis buffer, followed

by incubation with RIP Buffer containing magnetic beads conjugated with Z-RNA or
isotype control antibody at 4°C overnight. Samples were then incubated with proteinase

K and immunoprecipitated RNAs were recovered 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) prior

to library generation. Libraries were prepared from total RNA with the TruSeq Stranded
Total RNA Library Prep Kit according to the manufacturer’s instructions (I1lumina, PN
20020599). Libraries were analyzed for insert size distribution using the 2100 BioAnalyzer
High Sensitivity kit (Agilent), 4200 TapeStation D1000 ScreenTape assay (Agilent), or
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5300 Fragment Analyzer NGS fragment kit (Agilent). Libraries were quantified using the
Quant-iT PicoGreen ds DNA assay (Thermo Fisher Scientific) or by low pass sequencing
with a MiSeq nano kit (I1lumina). Paired-end 150 cycle sequencing was performed on a
NovaSeq 6000 (Illumina).

Quantitative PCR

RNA from RIP samples was reverse-transcribed into cDNA using Superscript IV VILO
Master Mix (Thermo Fisher Scientific). cDNA or DNA from ChIP samples was used
as template and quantitative PCR was performed using SYBR Green (Thermo Fisher
Scientific). Primers used were as follows:

Xrnl-fwd: GTTAGAAATTACTGATAGCTGG
Xrnl-rev: GACAGGGTTTCTCTGTGTAG
Knlil-fwd: AGATCAGCCCAGGCTATACAG
Knll-rev: AATAGCAAGCAGATAACATGC
Slfn5fwd: CTCATTTGTCATTTGCTTTAGG
Slfn5 rev: AAGTTTGCTCTGTTTGGCTC
Isg15-fwd: AGTGATGCTAGTGGTACAGAACT
Isg15-rev: CAGTCTGCGTCAGAAAGACCT
Eif2ak2-fwd: AGCTCCAAATAACCAAGATAC
Eif2ak2-rev: CTCTGCTCTACACTCTATCTCC
Dax58-fwd: GAATGCACTCTGTAGTCCAG
Dax58-rev: ATAAATGAAAGTCAGCTCTCAG
Ifihl-fwd: GGAATGCCCATGAGGTATTG
I/fihl-rev: AGCTTGCCACATTGCATTG

L1IMd A-fwd: ACATAGGGAAGCAGGCTACCC
L1IMd A-rev: GGCAAGACTCTGCTGGCAAGG
L1IMd T-fwd: AAGCACAGAGGCGCTGAGGCAG

L1IMd T-rev: GACTAATTTCCTAAGTTCGGC

Circular Dichroism

CD experiments were performed on a Jasco model J-820 CD spectrophotometer.
Dumbbell RNA [r(CACACUUGUGUGCUUCACACUUGUGUG)] and control RNA
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[r(CCUUCUUGAAGGCUUCCUUCUUGAAGG)] were prepared at 10 UM in 10 mM Tris-
HCI buffer (pH 7.0) in the presence of 3 M NaCl at 10°C. For CBL0137 and Z-DNA
binding assay, [d(Cm8MGCACmM8MGCG)/d(CGCGTGCG)] DNA was prepared at 9.4 uM
in 100mM NaCl and 5mM Na-PO4 buffer (pH 7.0). CBL0137 was added into the DNA
solution and kept at room temperature for 30 min before measurement.

In Situ Proximity Ligation Assay

Cells were fixed with freshly prepared 4% (w/v) paraformaldehyde in PBS for 10 min,
permeabilized in 0.5% (v/v) Triton X-100 in PBS for 15 min, and subjected to /n situ

proximity ligation assay according to the manufacturer’s instructions (Sigma-Aldrich,
Duolink™ In Situ Red Starter Kit Mouse/Rabbit).

Chromatin Immunoprecipitation (ChiIP)-seq

Immortalized MEFs treated with or without CBL0137 were subjected to ChlP using

the EZ-Magna ChIP HiSense Chromatin Immunoprecipitation Kit (Millipore) following

the manufacturer’s instructions. Briefly, cells were cross-linked by 1% formaldehyde (in
DMEM). Nuclei were isolated by Nuclei Isolation Buffer. The cross-linked DNA was
sheared to 200-500 base pair in length by sonication. Sheared DNA was immunoprecipitated
using anti-Z-DNA, FLAG or isotype control antibody at 4°C overnight. Library preparation
and paired-end 150bp DNA sequencing was performed by Novogene.

19F NMR measurement

Z-DNA d(CGCFGCG), was prepared at 50 pM in 10 mM NaCl and 1 mM Na-PO4 buffer
(pH 7.0). CBL0137 was added into the Z-DNA solution and kept at room temperature for

30 min before measurement. The 1%F NMR spectrum was measured on a Bruker AVANCE
400 MHz spectrometer at a frequency of 376.05 MHz and referenced to the internal standard
CF3COOH (-75.66 ppm)3.

Immunoprecipitation and immunoblotting

Immortalized Z5p1~~ MEF populations stably reconstituted with FLAG-tagged WT or
empty vector (Vec) were lysed in IP lysis buffer (Thermo Fisher Scientific) supplemented
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 centrifugation (20,000g, 10 min) at 4°C. After saving 5% of the total

cell lysate for input, the extracts were subjected to immunoprecipitation with anti-FLAG

M2 affinity gel, according to the manufacturer’s instructions (Sigma). Resin was eluted

with 3XxFLAG peptide, and the supernatants were subjected to immunoblot analysis as
described previously?. Sources and dilutions of primary antibodies were as follows: ADAR1
(sc-73408, Santa Cruz Biotechnology, 1:1000), phosphorylated murine MLKL (Ab196436,
Abcam, 1:2000), phosphorylated human MLKL (#91689, Cell Signaling Technology,
1:1000), total murine MLKL (MABC60, EMD Millipore, 1:2000), total human MLKL
(#14993, Cell Signaling Technology, 1:2000), RIPK3 (#2283, ProSci, 1:2000), FLAG
(A00187, GenScript, 1:2000), MAVS (sc-365334, Santa Cruz Biotechnology, 1:1000),
ADAR? (sc-73409, Santa Cruz Biotechnology, 1:1000), phosphorylated STAT1 (#9167, Cell
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Signaling Technology, 1:2000), total STAT1 (#9172, Cell Signaling Technology, 1:2000),
RIPK1 (#610459, BD Transduction Laboratories, 1:2000), FADD (ab124812, Abcam,
1:2000), Caspase 8 (#9746, Cell Signaling Technology, 1:2000), GAPDH (#60004-1-Ig,
Proteintech, 1:4000).

The Cancer Genome Atlas (TCGA) data analysis

RSEM-normalized gene expression for melanoma (TCGA-SKCM)?® was obtained from
the Broad Institute Firehose pipeline (Data version 2016_01_28). Microenvironment cell
population counter analysis® was used to estimate tumor infiltrating populations. Log,
transformed data was used as input. Heatmaps were plotted using the pheatmap package
available in Bioconductor (https://cran.r-project.org/web/packages/pheatmap/index.html).
All calculations were done in the R programming environment.

Single Cell RNA (scRNA)-seq data analysis

scRNA-seq data from Ishizuka et a/. (GSE110746) were analyzed using the Cell Ranger
analysis pipeline (v1.2), as described previously8. Downstream analyses and violin plots
were generated using Seurat package®. The clusters were classified as in the Ishizuka et af.
study.

Mouse melanoma models

Mice were anesthetized, shaved at the injection site, and 5x10° B16-F10 cells or 2x10°
YUMMERL.7 cells were subcutaneously injected in the right flank. Tumors were measured
every two days once palpable with a caliper. Tumor volume was calculated using the
formula 0.5xDxd?2 where ‘D’ is the longer diameter and ‘d’ is the shorter diameter.
Treatment was initiated when mean tumor size was ~100 mm3 for B16-F10 tumors or ~150
mm?3 for YUMMERL1.7 tumors. 50 pl CBL0137 or vehicle was delivered via intratumoral
injection and 200 pmg anti-PD-1 antibody (clone RMP1.14, Bio X cell) or isotype control
IgG (clone 2A3, Bio X cell) was delivered via intraperitoneal injection. Treatment was
performed every two days for a total of 4 doses. Mice were euthanized when tumors reached
defined endpoints (volume greater than or equal to 2000 mm? for B16-F10 tumors or 1000
mm?3 for YUMMERZ.7 tumors), or when ulceration or bleeding of tumors was observed.
For studies in the B16-OVA melanoma model, 2x10% B16-OVA cells were subcutaneously
injected on the right flank, or equivalently on both right and left flanks for the bilateral
tumor model used in studies examining abscopal effects of CBL0137. Treatment was
initiated when the tumor volume reached ~100 mm3. For flow cytometry, tumor draining
(inguinal) lymph nodes (tdLNs) were harvested after 4 doses of treatment. Leukocytes were
isolated from tdLNs by mashing over a 70 um cell strainer in PBS. Leukocytes were counted
and 1x10°8 cells were plated into a \V-bottom 96-well plates for antibody staining. Cells
were first incubated with OVA tetramers (SIINFEKL H-2KP) at 1:200 dilution for 1 hr

at room temperature, before washing and incubated with antibodies (anti-CD45, anti-CD3,
anti-CD8) for 45 minutes at 4°C. All antibodies were used at a 1:200 dilutions in 1% FBS/
0.1% NaN3/PBS. Cells were pelleted, washed, and resuspended for data collection on a BD
FACSymphony A5 flow cytometer and analyzed using FlowJo v10 software. Percentages
of specific cell populations were determined using FlowJo and combined with cell counts
to establish total cell numbers. The following antibodies or tetramers were used for flow
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cytometry: SIINFEKL H-2KP tetramer-APC (BioLegend, Cat# 141606), SHINFEKL H-2KP
tetramer-PE (BioLegend, Cat# 141604), anti-CD45 APC-Cy7 (BioLegend, Cat# 103116),
anti-CD3 Pacific Blue (BioLegend, Cat# 100214) and anti-CD8 FITC (MBL, Cat# D271-4).

RIP-seq Analyses

Alignment and filtering of RNAS: Initial processing of FASTQ files was accomplished
using the nf-core/rna-seq (v.3.0) bioinformatics pipeline (DOI: 10.5281/zenod0.3503887).
Sequences were aligned to the mmZ10 assembly and filtered to remove supplementary and
secondary alignments, as well as reads that failed to map in proper pairs. Ribosomal reads
were also marked and excluded.

Identifying IFN stimulated genes (ISG) and RIP-enriched RNAs in ADAR1/
ZBP1 null MEFs.—For transcriptome analysis, we used Salmon1? gene-level
quantifications and the DESeq2 (v1.34.0)11 R package. All p-values were adjusted for
multiple testing using the Benjamini-Hochberg method. A gene was categorized as an ISG
if it manifested >1.5 fold-change in expression levels (p-adj < 0.01, one-sided test) at 24 or
48 hrs of IFNp treatment. Additionally, we supplemented our data with early ISGs from WT
cells (GSE11892612, reanalyzed using the same pipeline and methodology), because after
deletion of ADAR1, MEFs can initiate IFN production in response to endogenous A-RNAs.
To identify RNAs enriched in RIP-Seq experiments, we compared RNAs from each antibody
pulldown to their total cellular levels, measured by RNA-seq of input RNA. RNAs with fold
change > 2 and p-adj < 0.01 (one-sided test) in antibody pulldowns, compared to their input
levels, were classified as enriched.

Calculating Alu Editing Index (AEI).—The AEI pipelinel® was used to summarize
A—1 editing frequency in Z22 RIP-seq from WT MEFs. The original AEI is a genome-wide
editing measure and does not provide information at the level of individual genomic repeats.
To localize ADAR1 editing substrates further, we focused on a similarly defined region-wise
editing measure not limited to Alu/SINE elements. That is, for each repeat in the genome,
editing index was calculated as the total number of A—G mismatches divided by the
coverage of adenosines and multiplied by 100. Importantly, this is the same method as

for estimating genome-wide AEI, but provides resolution at the level of individual repeats.
Among all repetitive elements identified from RepeatMasker annotations, those with a mean
coverage per adenosine site of more than 5 fragments and an editing index higher than 1%
were selected for further consideration. These elements were manually verified using RNA
folding predictionl4 and known editing sites from the REDI portall® to exclude unannotated
SNPs (100% T—C or A—G mismatches), high sequencing noise regions, and other false
positive hits. A curated set of repeats was then mapped to the GENCODE annotation
(VM25) using the HTSeq package (0.12.3)16.

ChlP-seq Analyses

Raw fastq files were preprocessed using an in-house pipeline, comprising four major stages:
(1) read trimming; (2) alignment to the reference genome; (3) duplicate identification and
filtering, and (4) quality control.
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Read trimming.—Adapters and low-quality base pairs were trimmed using the Trim
Galorel” program (v0.6.5). Specifically, flanking sequences that had at least 5 bp overlap
with known adapters were removed, and reads trimmed using a Phred threshold of 20.

Alignment.—The trimmed reads were aligned to the mm10 mouse reference genome
assembly using minimap2 aligner (v2.17)18. The alignment parameters used were the default
recommendations for short paired-end libraries.

Duplicate identification and filtering.—Duplicate fragments were marked using
SAMtools (v1.7)1°. Libraries were then filtered to remove duplicates, reads that failed to
form proper pairs, supplementary and secondary alignments.

Quality control.—The quality of libraries was assessed by the total number of usable
fragments and ENCODE library complexity metrics (NRF, PBC1, PBC2). Each experiment
had at least 15 million (mlIn) usable fragments (30 min on average) and acceptable values for
most of the library complexity metrics as defined by the ENCODE (i.e., NRF > 0.5, PBC1 >
0.5,PBC2>1).

Enrichment peaks were identified using MACS2 (v2.2.6)20 with default parameters, except
that fold enrichment cutoff was set to 2 and all duplicated fragments for technical replicates
retained. MACS2 was used to build fold-enrichment signal tracks for Z22 and FLAG-ZBP1
datasets, as described in the ENCODE3 ChIP-seq pipeline (v1). Peaks with at least 1bp
overlap with ENCODE blacklisted genomic regions were excluded from further analysis.

Annotation of Z22 peaks.—Z22 peaks were mapped against known repetitive sequences
using a custom Python script and the RepeatMasker annotation downloaded from the

UCSC Table Browser. Specifically, each peak was assigned a unit weight, which then was
distributed between the repeats overlapping it in proportion to the length of the intersection.
That is, the peak covered by a LINE-1 repeat by 30% contributes 0.3 to the "LINE-1"
category and 0.7 to the "repeats-free" category. RepeatMasker annotation was used to
calculate the total genomic coverage for the major repeat families. ENCODE blacklisted
regions were reported separately. LLMd A and L1Md T repeats having at least a 1 bp
overlap with Z22 peaks were mapped to known genes using, ChlPpeakAnno (v3.0.0)21
with the ENSEMBL annotation package (TxDb.Mmusculus.UCSC.mm10.ensGene, v3.4.0).
A Circos?2 plot showing the distribution of these repeats in the genome is provided in the
Extended data Figure 4d.

Comparison of 222 and FLAG-ZBP1 peaks.—The initial comparison of Z22 and
FLAG-ZBP1 distribution of peaks was carried out using the whole-genome Circos plot with
three separate tracks: two for peaks (g-value threshold 0.05) and one for their overlap. For

a quantitative analysis, shared peaks were defined as having an intersection of at least 1

bp, and the total number of such peaks within ORF1- and ORF2-intact LINE-1 repeats

was calculated based on the L1Base?? annotation. The L1Base annotation was also used to
calculate the percentage of LINE-1 elements in each L1Base category that overlapped with
Z22 and FLAG-ZBP1 peaks. Each repeat was assigned to the single most descriptive class;
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for example, a completely intact LINE-1 element was only counted in the ‘ORF1 & ORF2
intact’ category but not in the ‘ORF2 intact’ category.

Building enrichment profiles for LIMd A and L1Md T repeats.—We define the
enrichment profile as a model, allowing one to visualize the aggregated distribution of fold
enrichment values for a given set of repeats. Such profiles are helpful in understanding

the binding patterns of Z22 and FLAG-ZBP1 in intact LLMd A and L1Md T repeats.

In general, the construction of an enrichment profile consists of four steps: (1) build a
consensus sequence for the repeats of interest; (2) align individual repeats to the consensus;
(3) calculate mean enrichment based on the alignment of repeat sequences present in the
reads from the pull-down experiments; (4) smooth the aggregated enrichment values. An
example of the procedure for L1Md A repeats is provided in the Extended data Figure 7.

In our case, a consensus sequence for L1Md A repeats was built based on the multiple
alignments of the ORF1 and ORF2 of intact L1Md A elements that are of length 6000

to 7000 bases. Clustal Omega (v1.2.4)24 was used for alignment, and the consensus was
composed of the most frequent nucleotides in alignment positions with over 50% occupancy.
To construct the profile, only L1Md A elements with intact ORF1 and ORF2 and having at
least 1 bp overlapping with Z22 and FLAG-ZBP1 peaks were used. A triangular window

of length 8 bp with weights proportional to the number of matched positions was employed
to smooth the profiles. The same method was utilized for the L1Md T repetitive elements.
Finally, the NCBI ORFfinder online tool (Open Reading Frame Finder; RRID:SCR_016643)
was used to annotate consensus sequences. ldentified ORF1 and ORF2 were tested using
BLAST to ensure that they encode the known LINE-1 proteins.

Co-localization of Z22/FLAG peaks and Z-DNA prone sequences in L1Md A
and L1Md T repeats.—The Z-Hunt2> program was used to examine the propensity of
L1Md A and L1Md T elements bound by Z22/FLAG-ZBP1 to form Z-DNA. Z-Hunt is
based on experimentally determined thermodynamic properties of DNA and predicts the
Z-propensity score (Z-score) for short DNA windows (~10 nucleotides). The score is defined
as the inverse of the probability of finding an as-good or better Z-forming sequence in

a collection of random DNA segments of the same length. In summary, Z-Hunt allows

us to estimate the potential of each subsequence in L1 repeats to form Z-DNA. First,

for each repeat intersecting with Z22 peaks, its best ZH-scoring window was mapped to

the consensus annotation. Specifically, each L1 element was aligned to its consensus, as
described above, and then assessed for whether the best ZH-scoring subsequence falls within
5’UTR, ORF1, ORF2, or 3’UTR. In cases of multiple equally scored windows mapped

to different segments, fractional counts were used. That is, if in a given repeat the best
ZH-scoring sub-sequence is in 5’UTR and ORF1, these segments were assigned 1/2 weight.
Overall, the vast majority (~90%) of the best Z-forming windows are within the 5’UTR,
which is consistent with the enrichment profiles. Next, for L1 elements with intact ORF1
and ORF2, and where Z22- and FLAG-enrichment summits were in the 5’UTRs, a joint
enrichment summit was defined as a location in the 5’UTR where the sum of L1-normalized
Z22 and FLAG enrichment values is maximum. Here, the MACS2 fold enrichment tracks
were used, as detailed earlier, and L1-normalization refers to the mathematical L1 vector
normalization. Z-Hunt was then employed for each repeat and a +150bp window around
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its enrichment summit. The top-scoring subsequence for each repeat was select, and in

the case of multiple windows with identical scores, the closest to the joint summit was
preferred. Overall, 72% of the subsequences with the best ZH-scores were found within a
+150 bp enrichment summit window. Notably, this region contains a bidirectional promoter
driving transcription of ORF1 and a spliced transcript called ORFO that is not annotated

by the NCBI ORFfinder online tool26. Among these windows, the "CAATCGCGCGGA"
(ZH-score ~ 241; with the ZH-Score for “CGCGCG” ~ 884) was overrepresented in L1Md
A elements (98.1% subsequences near the joint enrichment peak), "CAGGTGCCCGCCCG"
(ZH-score ~ 198) and "GCACAGGCGCCGGC" (ZH-score ~ 236) in L1Md T elements
(70.2% and 22.3% subsequences near the joint enrichment peak).

Feature importance analysis by DeepZ

Data preparation.—Genome assembly MGSCv37 (mm9) was used for the feature
analysis and subsequently verified using mmZ10. All epigenomic data were collected from
Chip-atlas?’. Three different data sets of Z-DNA peaks were used as targets: Z22 peaks,
FLAG-ZBP1 peaks, and their union. For each dataset, the feature analysis was performed
independently, and the results were subsequently compared. All datasets were mapped to the
mm9 reference using the UCSC genome browser LiftOver tool to ensure consistency with
ChIP-Atlas results. The whole pipeline of epigenomics data and DNA sequence preparation
is described in Beknazarov et al?8, where each nucleotide can be associated with a vector

of 874 epigenomic features, as well as with a Z-Hunt score. Depending on the dinucleotide
(a base and the nucleotide immediately following it), the feature takes the value 0 or -1,
where —1 penalizes dinucleotide with a low probability of Z-formation under physiological
conditions (AA, TT, TA, AT, AC, GA, AG, GC, GT, CT, TC) and 0 otherwise (CG, CA, TC,
CC, GG).

Model selection and interpretation.—Training data sets were created the same way

as in Beknazarov et al?8. Logistic regression with L2 regularization was chosen as the
predictive model for its ease of interpretation and good quality on all 3 datasets. For
consistency with DeepZ, the linear model was implemented as a neural network with one
output and one fully connected layer. The importance of the features is represented by linear
regression weights if the features initially have the same spread of values. Since all the
features in our dataset have the same range, the weights of the linear model can be used
without additional processing.
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Extended Data Fig. 1. Z-RNA accumulation upon Adar ablation.
a, Time course of Z-RNA and A-RNA formation in ADAR1 WT, ADAR1 KO, ADAR1/

MAVS double KO MEFs, or ADAR1 KO MEFs treated with anti-IFNARL neutralizing
antibody (20 ug/mL). b, Quantification of fluorescence intensity of Z-RNA and A-RNA
signals in a. ¢, MAVS protein levels in WT MEFs following CRISPR-based murine
Mavs (MAVS KO), and exposure to IFNP (100 ng/mL, 24 hrs). Mavswas ablated using
lentiviruses expressing ‘all-in-one’ sgRNA. d, Whole-cell extracts from ADAR1 WT or
ADAR1 KO treated with IFN for 6 hrs were examined for phosphorylated STAT1, total
STAT1 and ADAR1 by immunoblot analysis. e, /sgZ5 mRNA levels were examined by
RT-gPCR in ADAR1 WT or ADARL1 KO treated with or without IFN for 6 hrs. f, Detection
of Z-RNA and A-RNA accumulation in primary Adar*’*Ifih1™~ or Adar”~1fih1”~ MEFs
in the presence or absence IFNp (100 ng/mL). g, Quantification of fluorescence intensity
of Z-RNA and A-RNA signals in f. h, Detection of Z-RNA and A-RNA accumulation in
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immortalized BMDMs in the presence or absence of IFNB (100 ng/mL), following ADAR1
ablation by CRISPR-based approaches. i, Protein levels of ADAR1 p150 in immortalized
BMDMs were detected by immunoblot (upper panel). Quantification of fluorescence
intensity of Z-RNA and A-RNA signals in h (bottom panel). j, Detection of Z-RNA and
A-RNA accumulation in airway epithelium-derived immortalized LET1 cells in the presence
or absence of IFN (100 ng/mL), following ADARL ablation by CRISPR-based approaches.
k, Protein levels of ADAR1 p150 in LET1 cells were detected by immunoblot (upper panel).
Quantification of fluorescence intensity of Z-RNA and A-RNA signals in j (bottom panel).

[, Detection of Z-RNA and A-RNA accumulation in ADAR1 WT or KO immortalized
endothelial SVEC4-10 cells in the presence or absence of IFN (100 ng/mL). m, Protein
levels of ADAR1 p150 in SVEC4-10 cells were detected by immunaoblot (upper panel).
Quantification of fluorescence intensity of Z-RNA and A-RNA signals in | (bottom panel).
n, Schematic of FLAG-tagged ADAR1 p150, E861A and Za (N175A/Y179A) mutants
used in this experiment. o, Equivalent expression levels of ADAR1 constructs in stably-
reconstituted Adar”~ MEFs were confirmed by immunoblotting. p, Z-RNA accumulation in
immortalized Adar”~ MEFs stably reconstituted with empty vector (Vec), or with ADAR1
p150, Za N175A/Y179A (Za mut) or editing-deficient (E861A) mutants without IFNB
treatment. g, Detection of Z-RNA accumulation in ADAR1 p150 or E861A mutant cells
following IFNP (100 ng/mL) treatment. r, Quantification of fluorescence intensity of Z-
RNA signals in g. s, Detection of Z-RNA accumulation in ADAR1 p150 or E861A mutant
cells after proteinase treatment. Fixed cells were treated with proteinase K (0.008 U/ml)

for 30 min before staining. t, Quantification of fluorescence intensity of Z-RNA signals in

s Dataare mean +s.d. (n=30inb, g, i, k, m, r, t or n =3 in e per group). One-way
ANOVA test (b, g, i, k, m), two-tailed unpaired t-test with Welch’s correction (e, r) or
two-tailed unpaired Student’s t-test (t). ***£< 0.0005 (P< 0.0001 in b, g, i, k, m, r). NS,
no significance. Data are representative of at least three independent experiments. Adarwas
ablated by CRISPR-based approaches, as detailed in the manuscript.
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Extended Data Fig. 2. Z-forming mRNAs suppressed by ADARL.
a, Origin of sequenced RNA fragments in Z22 RIP-seq for ADAR1 KO Zbp1™~ MEFs with

IFNB (100 ng/mL). b, A—1 Editing Index of RNAs in 222 pull-downs from ADAR1 WT

and ADAR1 ZhpI™~ KO cells before and after IFNp treatment (100 ng/mL). ¢, Expression
levels of ADAR2 in ADAR1 WT or ADAR1 KO MEFs in the presence or absence of IFNB
(100 ng/mL, 24 hrs). d, Distribution of repeats in Z22 enriched ISG mRNAs from ADAR1
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KO ZbpI™~ MEFs. Localization and the total number of repeats that were also edited in Z22
pulldowns from IFNB-treated ADAR1 WT cells are provided in red (A—1 Editing Index >
0.1%; mean coverage per adenosine > 5). e, 3’UTRs of inverted SINE-containing mRNAs
showing Z22 enrichment (blue peaks), 1gG (grey peaks), input (orange peaks), editing sites
(vertical red bars), location of SINEs, and location of gPCR primers (red arrows). g°PCR
quantitation of the indicated inverted SINE-containing mRNAs (XrnZ and Knll) 3’UTRs
following immunoprecipitation with Z22 or control 1gG antibodies from ADAR1 MEFs
stimulated with or without IFNB (100 ng/mL, 48 hrs) is shown to the right. f, g°PCR analysis
of the indicated GU-type simple repeat containing mRNAs (£/f2ak2 and /fih1) following
immunoprecipitation with Z22 or control 1gG antibodies from ADAR1 KO MEFs. Potential
bipartite (dumbbell) Z-forming RNA structures (RNA-fold) are shown to the right of each
graph, and putative Za. binding sites are outlined in pink boxes. Data are mean = s.d. (=3
in e, f per group). Two-tailed unpaired t-test with Welch’s correction (g, f). *£< 0.05 [P=
0.005 in e (Xrn1)], **P< 0.005 [P=0.003 in e (Knl/Z), P=0.001 in f (Eif2ak2), P=0.004 in
f (/fih1)]. Data are representative of at least three independent experiments.
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Extended Data Fig. 3. ZBP1-activated cell death following Adar ablation.
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a, Photomicrographs of ADAR1 WT or ADAR1 KO following treatment with IFNP (100
ng/mL, 48 hrs). b, Zbp17~ MEFs stably expressing FLAG-ZBP1, in which ADAR1 was
present (ADAR1 WT) or ablated by CRISPR/Cas9 (ADAR1 KO), were treated with the
indicated cytokines (100 ng/mL). Cell viability was determined at 48 hrs post treatment.

(c, d), MEFs produced as in b were treated with IFN (c) or IFN-y (100 ng/mL) (d) in

the presence or absence of zZVAD (50 mM) and RIPK3 inhibitor (R3i) GSK’843 (5 uM).
Viability was examined at 48 hrs post treatment. e, Adarwas ablated by CRISPR-based
approaches in Mk~ or MIkl~~Casp8~~ MEFs. Cells were treated IFNp (100 ng/mL)

in the presence or absence of zVAD (50 mM). Viability was examined at 48 hrs post
treatment. f, IFNB (100 ng/mL)-treated ADAR1 WT and ADAR1 KO MEFs were lysed at
24 hrs post treatment and examined for RIPK1, FADD, Caspase 8 (Casp8), and ADARL by
immunoblotting. g, Schematic of FLAG-tagged murine ZBP1 and its mutants. h, Equivalent
expression levels of FLAG-ZBP1 constructs in retrovirally-reconstitued Zbp1 7~ MEFs
were confirmed by immunoblotting for the FLAG tag. i, Cell viability of Z5p17~ MEFs
stably expressing FLAG-ZBP1 or its mutants e was determined at 48 hrs post IFNB (100
ng/mL) treatment. j, Immortalized Zp1~~ MEFs stably reconstituted with either FLAG-
ZBP1 or FLAG-ZBP1AZa mutant were ablated for ADAR1 expression by a CRISPR-
based approach, treated with IFNP (100 ng/mL, 48 hrs). Following cell lysis, anti-FLAG
immunoprecipitates were examined for FLAG. Whole-cell extract (5% input) was examined
in parallel for FLAG. GAPDH was used as a loading control. k, Zbp1™~ MEFs stably
expressing FLAG-ZBP1 or FLAG-ZBP1AZa mutant were ablated for ADAR1 expression,
treated with or without IFNB (100 ng/mL). RNA present in anti-FLAG or control 19G
immunoprecipitates was subjected to RT-gPCR using primers for the 3’UTRs of £if2ak2,
Ddx58, or Ifih1. |, Zbpl™~ MEFs reconstituted with FLAG-ZBP1 or FLAG-ZBP1AZa were
ablated for ADAR1 expression, treated with or without IFNB (100 ng/mL). FLAG or control
IgG immunoprecipitates from cell lysates were subjected to RT-gPCR using primers for the
3’UTRs of X1, Knl1 or Slfn5. m, Immunofluorescence staining for pMLKL (green) in
Zbp1™~ MEFs stably expressing FLAG-ZBP1 and ablated for Adar (ADAR1 KO) at the
indicated time point after treatment with IFNB (100 ng/mL). Nuclei are stained with DAPI
(blue) and outlined with dashed white lines. pMLKL is seen in the nucleus and cytoplasm
of cells after IFNP exposure. n, Line graph depicts the kinetics of pMLKL positivity, and
bars show the localization of the pMLKL signal. o, Lamin B1 (green) staining for nuclear
envelope integrity of ADAR1 WT or ADAR1 KO MEFs at 48 hrs post treatment with IFNB
(100 ng/mL). p, Kinetics of nuclear envelope breakdown in ADAR1 WT or ADAR1 KO
MEFs after IFNB (100 ng/mL) treatment. Data are mean =s.d. (n=4inb, c,d, e i,n,p
orn=3ink, | per group). Two-tailed unpaired t-test with Welch’s correction (b, €, i, k, 1),
one-way ANOVA test (c, d) or two-way ANOVA test (p). *£<0.05[P=0.0178 in k (/fih1),
P=0.026 in| (S/fn5)], **P < 0.005 [P=0.0007 in b (IFNvy), £=0.001 in e, £=0.0044 in k
(Eif2ak2), P=0.002 in k (Ddx58), P=0.0018 in | (Kn/1)], ***P < 0.0005 [P< 0.0001 in b
(IFNB), c, d, i, £=0.0002 in | (Xrn1)]. Data are representative of at least three independent
experiments.
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Extended Data Fig. 4. CBL0137 induced Z-DNA formation.
a, Structures of A-RNA, Z-RNA, Z-DNA and B-DNA. b, Z-DNA inducing activity of

CBL0137 analogs. ¢, Quantification of fluorescence intensity of Z-DNA signal in b. d,
Genomic distribution of LIMd A and L1Md T repeats overlapping with Z22 peaks in
CBLO0137-treated FLAG-ZBP1 MEFs. g, Quantile-quantile plot of the linear model weights
for the features analyzed by DeepZ. The graph shows that the values for the upper and lower
bounds of the plot differ from the normal distribution expected under the null hypothesis.

f, Comparative plot of the importance of the features evaluated in datasets Z22 and FLAG-
ZBP1 shows the reproducibility of the DeepZ analysis when each independently derived
data set was analyzed separately. g, The importance of features based on the weights of
linear regression trained on the combined Z22 and FLAG-ZBP1 dataset are scored using a
normalized scale of 1 to —1. Epigenetic marks, transcription factor binding sites and other
elements that predict pull-down by Z22 and FLAG-ZBP1 of the LINE 5' UTR region have
positive values and identify features that are associated with Z-DNA formation in cells. h,
MEFs treated with or without CBL0137 (5uM) for 12 hrs were stained for Z-DNA (red) and
PML (green). i, Quantification of PML foci in CBL0137 untreated or treated cells. Data are
mean = s.d. (n=30incorn=5ini per group). Two-tailed unpaired t-test with Welch’s
correction (i). ***P < 0.0005 (P< 0.0001 in i). Data are representative of at least three
independent experiments.
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Extended Data Fig. 5. ZBP1-dependent cell death induced by CBL0137.
a, MIkI~~ or MIkl~~Casp8”~ MEFs were treated or untreated with CBL0137 (5 uM) in the

presence or absence of zZVAD (50 mM) and viability was examined at 18 hrs post treatment.
b, Z-DNA formation in primary early-passage (p<5) ZbpI*/* and littermate control Zbp1~~
MEFs treated with CBL0137 (5 uM). ¢, Quantification of fluorescence intensity of Z-DNA
signals in b. d, Zop1** and Zbp1~~ MEFs were treated with CBL0137 (5 pM) in the
presence or absence of zZVAD (50 mM) and RIPK3 inhibitor (R3i) GSK’843 (5 pM) and
viability was examined at 18 hrs post treatment. e, Immunoblot analysis of ZBP1-dependent
MLKL activation in primary MEFs. f, Immunoblots showing levels of ZBP1, RIPK3 and
MLKL in the human fibroblast cell line HS68 in the presence or absence of hIFNp (100
ng/mL, 6 hrs). g, Z-DNA formation in HS68 cells treated with CBL0137 (5 uM, 12 hrs).

h, Quantification of fluorescence intensity of Z-DNA signals in g. i, hIFN pretreated (100
ng/mL, 6 hrs) HS68 cells were exposed to CBL0137 in the presence or absence of zZVAD (50
mM) and RIPK3 inhibitor (R3i, GSK’872, 5 uM) and viability was examined at 36 hrs post
treatment. j, MLKL activation in hIFNB pretreated (100 ng/mL, 6 hrs) HS68 cells treated
with CBL0137 in the presence or absence of zZVVAD (50 mM) and RIPK3 inhibitor (R3i,
GSK’872, 5 uM) was examined by immunoblot analysis 30 hrs post-CBL0137 treatment.

k, CBLO0137-induced cell death kinetics in 25017~ MEFs stably reconstituted with empty
vector (Vec), FLAG-ZBP1, or its mutants. |, Immunoblot analysis of MLKL activation

in Zbp1™~ MEFs reconstituted with empty vector (Vec), FLAG-ZBP1, or FLAG-ZBP1
mutants after CBL0137 treatment. m, Primary ZbpI*/* and littermate-matched Z5p1~/~
BMDMs were treated with CBL0137 (5 uM, 18 hrs) and stained for Z-DNA (red) and

the macrophage marker F4/80 (green). n, Primary Zbp1*/* and Zbp1™~ BMDMs were
treated with CBL0137 (5 uM) and viability was examined at 24 hrs post treatment. o,
Distribution of FLAG-enriched peaks following treatment with CBL0137 (5uM) for 14 hrs.
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p, Immortalized Zhp1~~ MEFs stably reconstituted with either FLAG-ZBP1 or FLAG- AZa
mutant were treated with CBL0137 (1.5 uM, 14 hrs), and anti-FLAG immunoprecipitates
were examined for FLAG. Whole-cell extract (5% input) was examined in parallel for
FLAG. GAPDH was used as a loading control. Data are mean £s.d. (n=4ina, d,i,k,n

or n =20 in ¢, h per group). Two-tailed unpaired t-test with Welch’s correction (a, c, n),
one-way ANOVA test (d, i) or two-way ANOVA test (k). ***P < 0.0005 (£=0.0002 in a, P
<0.0001inc, d, i, k, n). Data are representative of at least three independent experiments.
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Extended Data Fig. 6. CBL0137 induced Z-DNA and immunogenicity.
a, HepG2, MCF7, A549, HT-29, HelLa, SK-MEL-2 or A375 human cell lines were treated

with CBL0137 (5uM) for 12 hrs and stained for Z-DNA. b, Quantification of fluorescence
intensity of Z-DNA signal in a. ¢, Cell lines deficient in necroptosis effector expression
(HepG2, MCF7, A549, HelLa or SK-MEL-2) or those with intact/reconstituted necroptosis
signaling (HT-29 cells reconstituted with FLAG-hZBP1, HS68 cells pretreated with hIFNB
(100 ng/mL) for 6 hrs, WT MEFs, LET1 murine airway epithelial cells, or SVEC4—

10 murine endothelial cells stably reconstituted with FLAG-mZBP1) were treated with
CBL0137 (5uM), and cell viability was examined 24 hrs (or 36 hrs for HS68 cells) after
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CBLO0137 treatment. d, CBL0137-induced cell death kinetics in HT-29 cells reconstituted
with empty vector (Vec) or FLAG-hZBP1. e, Whole-cell extracts from human HT-29

cells stably expressing empty vector or FLAG-hZBP1 and treated with CBL0137 were
examined for phosphorylated MLKL and FLAG-hZBP1 by immunoblot analysis. f, Mice
bearing subcutaneous B16-F10 melanoma tumors were treated as shown in Figure 5h.
Tumors were collected following four cycles of CBL0137 (20 uM, intratumoral injection)
and anti-PD1 antibody (200 pg/mouse, i.p. injection). Frozen sections prepared from these
tumors were co-stained for immunofluorescence detection of CD8* CD44*, CD8* GzmB™*
or CD8* Ki67* T cells, or CD11c* DCs. g, Treatment schedule of mice bearing syngeneic
subcutaneous B16-OVA melanoma syngeneic model. Treatments were initiated at 8 days
post inoculation of tumor cells, on mice with similar tumor volumes (~100 mm3). h, Gating
strategy for identification of OVA-specific (SIINFEKL H-2KP*) CD8* T cells. i, Total
numbers of OVA-specific CD8* T cells isolated from tumor-draining inguinal lymph node
(left panel) and frequencies of OVA-specific CD8* T cells in the tumor-draining inguinal
lymph node, as a fraction of total CD8* T cells (right panel) are shown. j, Treatment
schedule of mice bearing bilateral B16-OVA melanomas. Treatments were initiated at 8 days
post inoculation of tumor cells, on mice with similar tumor volumes (~100 mm?3). k, Tumor
growth curves of CBL0137-treated (ipsilateral) and untreated (contralateral) B16-OVA
tumors following the indicated treatments. |, Immunofluorescence staining for fibroblasts
(PDGFRa, green) and Z-DNA (red) in YUMMERZ1.7 melanoma sections from CBL0137
(intra-tumoral, 20 uM)-treated or untreated WT mice. M, Quantification of the proportion of
Z-DNA positive fibroblasts in I. n, Vehicle or CBL0137 injected YUMMERZ1.7 tumors in
WT or ZbpI™~ mice were stained for PDGFRa (green) or pMLKL (red). Nuclei are stained
with DAPI (blue). (0). Quantification of pMLKL™ fibroblasts in n. p, Immunofluorescence
staining for Z-DNA (red) and DAPI (blue) in B16-F10 melanoma tumor sections from
CBLO0137 treated or untreated mice, 24 hrs after intravenous administration of drug at 50
mg/kg. q, Quantification of Z-DNA positive cells in p. Data are mean +s.d. inc,d, m, 0, q
orsem.inf,i,k(n=20inb,n=4inc,d,n=6inf,i,n=3inm,qorn=5in o per
group). Two-tailed unpaired t-test with Welch’s correction (c), one-way ANOVA test (T, i, 0)
or two-way ANOVA test (d, k). **P< 0.005 (P=0.0015 in i), ***P< 0.0005 (P< 0.0001 in
d, f, i, k, 0). Data are representative of at least three independent experiments.
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Extended Data Fig. 7. Flow chart showing the algorithm used to construct enrichment profiles
for LAMd A and LIMd T repeatsin 222 and FLAG-ZBP1 ChlP-Seq datasets.

Following mapping to L1 elements, reads were normalized and aligned to consensus L1
sequences derived from the UCSC genome browser RepeatMasker tracks for the mouse
assembly mm10. The enrichment values at each position were calculated and smoothed as
described in Supplementary Methods and aligned with the NCBI annotation of LI open
reading frames.
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Figure 1. ADAR1 suppresses endogenous Z-RNAs.
a, Schematic of ADARLI structure. b, Levels of ADAR1 p150 and p110 isoforms in MEFs+

IFNP (100 ng/mL, 24 hrs) after transfection with recombinant Cas9 protein and either
luciferase (ADAR1 WT) or murine Adar (ADAR1 KO) sgRNA. (c, e g), Z-RNA and
A-RNA accumulation in ADAR1 WT or ADAR1 KO cells, (d, f, h), Fluorescence intensity
of Z-RNA and A-RNA signals in ¢, g, g. i, Z-RNA accumulation in immortalized Adar™~
MEFs stably reconstituted with empty vector (Vec), ADARL p150, Za N175A/Y179A (Za
mut), or editing-deficient (E861A) mutants, + IFNB (100 ng/mL). j, Fluorescence intensity
of Z-RNA signal in i and Extended Data Fig. 1p. k, ISG mRNAs enriched in Z22 Ab
RIP-Seq from immortalized ADAR1 KO Zbp1™~ MEFs + IFN (100 ng/mL, 48 hrs). I,
SIfin5 mRNA 3’UTR showing Z22 enrichment (blue peaks), 1gG (grey peaks), input (orange
peaks), editing sites (vertical red bars), SINE and gPCR primers (red arrows) location. gPCR
of S/fn5mRNA 3’UTR following Z22 or control 1gG IP from ADAR1 MEFs + IFNS (100
ng/mL, 48 hrs). m, gPCR of Ddx58 mRNA 3’UTR (IP with Z22 or control 1gG antibodies
from ADAR1 KO MEFs). Potential bipartite (dumbbell) RNA structures (RNA-fold) with
putative Za binding sites outlined in pink boxes. n, CD spectra of synthetic dumbbell RNA
structures and control RNA at 3M NaCl. Pink boxes encase putative Za binding sites. Data
aremean+s.d. (n=30ind, f, h,jorn=3inl, m per group). One-way ANOVA test (d, h)
or two-tailed unpaired t-test with Welch’s correction (f, h, j, I, m). **P< 0.005 (P=0.001 in
m, £=0.002 in j), ***P< 0.0005 (< 0.0001 in d, f, h); NS, no significance. Data are from
at least three independent experiments.
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Figure 2. ADARL1 losstriggers ZBP1-dependent cell death.
a, Immortalized Zbp1~~ MEFs stably reconstituted with either an empty vector control

(\Vec) or FLAG-ZBP1 (ZBP1) were subjected to CRISPR-based control (ADAR1 WT) or
ADARLI ablation (ADAR1 KO) and their growth in the presence or absence of neutralizing
anti-IFNP antibodies (0.5 ug/mL) was monitored over 12 days. b, Viability of ADAR WT
and ADAR KO 48 hrs post IFNB (100 ng/mL) treatment. c, Proximity ligation assay (PLA)
showing interaction between ZBP1 (but not the ZBP1 AZa mutant) and Z-RNA in IFN-
treated cells when ADARL1 is ablated. Nuclei are stained with DAPI (cyan) and outlined
with dashed white lines. Selected areas are shown magnified to the right of each image.

d, Quantification of PLA-positive foci (purple dots) per cell in c. e, Zbp17~ MEFs stably
expressing FLAG-ZBP1 and either expressing (WT) or ablated for (KO) Adarwere exposed
to IFNR (100 ng/mL, 48 hrs) and anti-FLAG immunoprecipitates from these cells were
examined for RIPK3, MLKL and FLAG. Whole-cell extract (5% input) was examined in
parallel for RIPK3, MLKL, FLAG-ZBP1 and ADARL1 proteins. f, ADAR1 suppresses both
endogenous A-RNAs and Z-RNAs, preventing activation of MDA-5 and PKR responses
downstream of A-RNA, and ZBP1-driven cell death downstream of Z-RNA. Data are mean
+s.d. (n=4ina born=230ind per group). Two-way ANOVA test (a), two-tailed unpaired
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t-test with Welch’s correction (b) or one-way ANOVA test (d). ***P< 0.0005 (£< 0.0001
in a, b, d). Data are representative of at least three independent experiments.
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Figure 3. CBL0137 induces Z-DNA formation in cells.
a, Fluorescence intensity of Z-DNA signal after treatment of MEFs with equimolar (5uM)

amounts of the indicated compounds for 18 hrs. b, WT MEFs fixed at 12 hrs post
treatment with CBL0137 (5 uM) were exposed to the indicated nucleases for 45 min, before
staining for Z-DNA. ¢, Quantification of fluorescence intensity of Z-DNA signal in b. d,
Proportion of EREs and other repeats in the mouse genome (left), compared to distribution
of Z22-enriched peaks following treatment with CBL0137 (1.5 uM) (right). e, Genomic
distribution of LLMd T and L1Md A elements in Z22 pulldowns. f, Location of maximum
Z-scores for LIMd T and L1Md A bound by Z22 in e. g, CD spectra of Z-prone B-DNA
hexamer [d(Cm8mGCACGCG)/d(CGCGTGCG)] in the presence or absence of CBL0137.
h, 19F NMR spectra of 8-trifluoromethyl-2’-deoxyguanosine Z-DNA d(CGCFGCG); in the
presence of different ratios of CBL0O137DNA. n = 30 per group in a, c. Two-tailed unpaired
t-test with Welch’s correction (c). ***£ < 0.0005 (P< 0.0001 in c). Data are representative
of at least three independent experiments.

Nature. Author manuscript; available in PMC 2023 June 01.



1duosnue Joyiny

Zhang et al. Page 37
a CBL0137 b ¢ d e CBL0137 L
e =Vec EIFLAG-ZBP1 FLAG- S— L]
& 100 100 . Vec ZBP1 = a
2 LA . Tt CBLOI37- + -+ @ 100
280 E S TS :
s | K80 aqym Z §_§ R 80 55. -] Q580
2 | 8 50]02M 7 %o e
EMECEANSRE Sgw
— - 3 37 40 PP [ z2 i
= Vec = ? S
820{ 7 5y 38 N E
— 252
o] 0 = d) :
1 12 18 24 CBLO137: - + + + + - + + + + 1l 2 0
o CBL0137 Treatment (Hrs) VAD o = of i e i m e XD —- o -+
R3|.777++ = = 2= el CBLO137
FLAG: ZBF’1 MEFS h i
g LINE-1 classes . LS o & FLAG-ZBP1 FLAG-AZa
4’ = ORF1 & ORF2 intact K &S B i
= ORF2 intact 41— B 7
=3 Full length corrupted 3 — Z-DNA CBL0137
Q\ g IS s ZBP1 S =0h 5y
y CBL0137 (14h) Covered LINE-1s (%) G2 g g
) g
@ - 0 5 10 15 20 25 E. ] MM, g e =
Z-DNA peaks 3 I L L T L8 1 V\__/ &
w0 ZBP1 peaks E Z-DNA 0 s
hil= Overlaps g peaks o4l 2,0
3 = # chromosome 14/ e 8
2 289 (56%) peaks map of ZBP1 S 3 - 200 CBOL0137
N ORF1 & ORF2 intact LINE-1s peaks 9 = ] [
A l =2 £ 07 mit4n =
I 1} - 1004 =
il ‘, > R e e T S
Lo O o P o
ChIP: IgG 722 FLAG FLAG
! m n . o
FLAG- CBLO137 (hrs) PMLKL location CBL0137

CBL0137 _Vec ZBP1 CINuc =ICyto =3 Both

Vec  FLAG-ZBP1

1duosnuepy Joyiny 1duosnuely Joyiny

1duosnue Joyiny

e - FLAG
55 . RIPK3
o
5| s MLKL 20 .,

[y

IN
S

o

N
S

0 3 6 9 121518

Nuclear envelope
rupture (%)

Z |72 i - AG Treatment (Hrs) 0
36&' GAPDH 0 3_6 9 121518
kDa Treatment (Hrs)

Figure 4. CBL 0137 induces ZBP1-dependent cell death.
a, Photomicrographs of Zhp1~~ MEFs stably expressing empty vector (Vec) or FLAG-

ZBP1 = CBL0137 (5 uM) for 18 hrs. b, Kinetics of CBL0137-induced death in Vec and
FLAG-ZBP1 MEFs. (c). Viability at 18 hrs of vec and FLAG-ZBP1 MEFs + CBL0137

(5 uM), zVAD (50 mM) and RIPK3 inhibitor (R3i) GSK’843 (5 uM). d, Immunoblots

of MLKL and caspase 3 activation. e, Immunofluorescence staining of FLAG-ZBP1 and
Z-DNA in FLAG-ZBP1 MEFs treated with CBL0137 (5 uM) for 12 hrs. f, Quantitation

of nuclear co-localized ZBP1 and Z-DNA in e. (g, h), Overlap and quantitation of Z22

and FLAG-ZBP1 genomic Z-DNA peaks after treatment with CBL0137. (i, j), L1 repeats,
especially ORF1- and ORF2-intact LIMd A and L1Md T classes, are enriched in FLAG-
ZBP1 and Z22 peaks from g. k, DNA eluted from antibody pulldowns of either FLAG-ZBP1
or FLAG-ZBP1 AZa mutant from stably transfected CBL0137-treated 2501~ MEFs was
examined by RT-qPCR for L1Md A and L1Md T. Data were normalized to Input. |, Vec and
FLAG-ZBP1 MEFs were treated with CBL0137 (5 uM). Whole-cell extract (5% input) and
anti-FLAG immunoprecipitates were examined for RIPK3, MLKL and FLAG in parallel.
m, Immunofluorescence staining for pMLKL in FLAG-ZBP1 MEFs treated with CBL0137
(5 uM). (nuclei: dashed white lines). n, Kinetics of pMLKL positivity (Line graph,) and
localization of pMLKL signal (bar graphs). o, 3D reconstruction (upper panels) of DNA
herniating (arrows) through the nuclear envelope (stained with LaminB1) in CBL0137-
treated MEFs over time (bottom panel). p, Proposed model for CBL0137-mediated nuclear
necroptosis. Data are mean £s.d. (n=4inb, ¢, n,0,n=10inf or n =3 in k per group).
Two-tailed unpaired t-test with Welch’s correction (c, f). ***£< 0.0005 (P< 0.0001 in ¢, f).
Data are from at least three independent experiments.
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Figure 5. CBL0137 potentiates | CB responsesin melanoma.
a, Enrichment scores of immune and stromal cell populations in cutaneous melanoma cases

(TCGA). Upper panel shows heatmap of the log, normalized gene expression values for
Zbp1, Ripk3and Mik/. b, Violin plots of the Zbp1, Rijpk3and M/klexpression distribution
of different cell clusters from scRNA-seq data in Ishikuza et a/2 ¢, Immunofluorescence
staining for fibroblasts (PDGFRa) and Z-DNA in B16-F10 melanoma sections from
CBLO0137 (20 uM, intra-tumorally)-treated or untreated WT mice. d, Quantification of the
proportion of Z-DNA positive fibroblasts in c. e, Vehicle or CBL0137 injected tumors in WT
or Zbp1™~ mice were stained for PDGFRa or pMLKL. f, Quantification of fibroblasts

with pMLKL in e. g, Treatment schedule of mice bearing subcutaneous B16-F10 or
YUMMERL.7 melanomas. h, Immunofluorescence staining for CD8* and CD3* T cells

in B16-F10 melanoma sections from WT or Z5pZ ™~ mice with the indicated treatments. i,
Quantitation of CD8* T cells in h. (j, k), Individual tumor growth curves of B16-F10 (j) or
YUMMERL.7 (k) tumor-bearing WT or Z5p~~ mice following the indicated treatments.
Data are mean £s.d. (n=3indorn=>5inf, i per group). Two-tailed unpaired t-test with
Welch’s correction (f, i) or two-way ANOVA test (j, k). ***£< 0.0005 (P< 0.0001 inf, i, j,
k); NS, no significance. Data are representative of at least three independent experiments.
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