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SUMMARY

Cell death provides host defense and maintains homeostasis. Za.-containing molecules are
essential for these processes. Z-DNA binding protein 1 (ZBP1) activates inflammatory cell death,
PANoptosis, whereas adenosine deaminase acting on RNA 1 (ADARLY) serves as an RNA editor
to maintain homeostasis. Here, we identify and characterize ADAR1’s interaction with ZBP1,
defining its role in cell death regulation and tumorigenesis. Combining interferons (IFNs) and
nuclear export inhibitors (NEIs) activates ZBP1-dependent PANoptosis. ADARL suppresses this
PANoptosis by interacting with the Za2 domain of ZBP1 to limit ZBP1 and RIPK3 interactions.
AdarIVf [ yspFre mice are resistant to development of colorectal cancer and melanoma, but
deletion of the ZBP1 Za.2 domain restores tumorigenesis in these mice. In addition, treating
wild-type mice with IFN-y and the NEI KPT-330 regresses melanoma in a ZBP1-dependent
manner. Our findings suggest that ADARL1 suppresses ZBP1-mediated PANoptosis, promoting
tumorigenesis. Defining the functions of ADAR1 and ZBP1 in cell death is fundamental to
informing therapeutic strategies for cancer and other diseases.

In brief

Karki et al. identify a critical role for ADARL in regulating ZBP1-mediated inflammatory
cell death, PANoptosis. Treating with IFNs, which upregulate ADAR1 and ZBP1, and nuclear
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export inhibitors, which sequester ADARL in the nucleus, induces robust cell death that inhibits

tumorigenesis /n vivo, suggesting a therapeutic strategy.
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INTRODUCTION

Nucleic acids, particularly double-stranded RNA (dsRNA) from pathogens, are sensed
by cytosolic RNA sensors to produce type | interferons (IFNs), which provide host
defense against invading microbes (Yoneyama et al., 2004). However, the sensors can
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also recognize some endogenous RNAs, such as short interspersed nuclear elements and
endogenous retroelements (ERES), leading to sustained and profound IFN production in
the absence of infection (Ahmad et al., 2018; Jiao et al., 2020; Kim et al., 2004; Neeman
etal., 2006; Wang et al., 2020). To avoid this pathological overactivation of the immune

system, host RNAs undergo a post-transcriptional RNA base modification catalyzed by

adenosine deaminase acting on RNA 1 (ADARL1), preventing the sensing of endogenous

dsRNA (Nishikura, 2010). ADAR1 is critical for development and survival (Hartner et

al., 2004, 2009; Liddicoat et al., 2015; Wang et al., 2000). Mutations in ADAR1 and the
subsequent sustained type | IFN response have been associated with several autoimmune and
autoinflammatory disorders, such as Aicardi-Goutieres syndrome (AGS), systemic lupus

erythematosus, and bilateral striatal necrosis (Tang et al., 2018). In addition, although

the underlying mechanisms remain unclear, recent studies have suggested an association
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between ADARL1 and tumorigenesis (Fumagalli et al., 2015; Han et al., 2015; Liu et al.,
2019; Paz-Yaacov et al., 2015; Tassinari et al., 2021).

There are two major isoforms of ADAR1, p150 and p110, with ADAR1-p150 being the
IFN-inducible form and shuttling between the nucleus and cytoplasm (Eckmann et al.,
2001; George and Samuel, 1999a, 1999b). Moreover, ADAR1-p150 contains a Z-alpha
(Za) domain (Schwartz et al., 1999). Besides ADARL, the only other mammalian protein
that contains Za domains is Z-DNA binding protein 1 (ZBP1) (Schwartz et al., 2001),
which recognizes viral and endogenous Z-RNAs (Devos et al., 2020; Jiao et al., 2020;
Kesavardhana et al., 2020; Kuriakose et al., 2016; Wang et al., 2020; Zhang et al., 2020).
The Za domains of ZBP1 recognize Z-RNAs in macrophages to activate the NLRP3
inflammasome and PANoptosis, an inflammatory programmed cell death pathway regulated
by the PANoptosome complex with key features of pyroptosis, apoptosis, and/or necroptosis
that cannot be accounted for by any of these three pathways alone (Christgen et al., 2020;
Gurung et al., 2014; Karki et al., 2021; Kuriakose et al., 2016; Zheng et al., 2020). Multiple
PANoptosomes have been described to date, and ZBP1 has been implicated in the formation
of both the ZBP1-PANoptosome (Christgen et al., 2020; Zheng et al., 2020) and the
AIM2-PANoptosome (Lee et al., 2021). Although both ADAR1-p150 and ZBP1 contain
Za domains and are IFN inducible, whether ADAR1 functions similarly to ZBP1 in cell
death processes is unclear.

Within its Za domain, ADAR1-p150 also contains a nuclear export signal (NES) (Poulsen
et al., 2001). Chromosomal maintenance 1 (CRM1), also known as exportin 1 (XPO1),
mediates the export of ADAR1-p150 to the cytoplasm using its NES. Mutation of the

NES or treatment with nuclear export inhibitors (NEIs) specific to XPO1 causes nuclear
accumulation of ADAR1-p150 and cell death (Poulsen et al., 2001). Whether this is similar
to the PANoptotic cell death induced by ZBP1 is unknown. Similar to the detrimental effects
of increased ADARL1 expression, XPO1 overexpression correlates with poor prognosis in
various cancers (Taylor et al., 2019). Treatments targeting XPO1, such as selective NElIs,
are beneficial in cancer treatment (Azizian and Li, 2020). NEIs such as leptomycin B
(LMB) or Selinexor (KPT-330) have anti-tumor efficacy in several preclinical models of
solid tumor and hematological malignancies (Gravina et al., 2014). Moreover, KPT-330 has
recently received US Food and Drug Administration (FDA) approval for use in patients with
relapsed/refractory multiple myeloma (Chari et al., 2019; Theodoropoulos et al., 2020).

Here, we identified and characterized the relationship between two Za domain-containing
proteins, ADARL and ZBP1, in cell death. Using ADAR1-deficient macrophages, we

found that ADAR1 competes with RIPK3 for binding to ZBP1 to inhibit cell death; when
ADAR1 is lost or sequestered in the nucleus by NEI treatment, ZBP1 can function in the
cytoplasm without hindrance to drive inflammatory cell death, PANoptosis. Furthermore,
melanoma growth and colorectal cancer tumorigenesis were suppressed in AdarZV/fl L ysprere
mice, while deficiency of ZBP1 or the Za.2 domain of ZBP1 in these mice restored the
tumor growth. Additionally, treating mice with the combination of IFN-v, to upregulate
IFN-stimulated genes (ISGs) including ZBP1 and ADARL, and the NEI KPT-330, to
sequester ADARL to the nucleus, significantly regressed melanoma in a ZBP1- and Za.2
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domain-dependent manner. These findings highlight the important roles of the ADAR1-
ZBP1 interaction in cell death and cancer.

IFN signaling potentiates the cell death induced by nuclear transport inhibitors

The nucleo-cytoplasmic transport of proteins and RNAs plays a crucial role in maintaining
normal cellularfunctions and homeostasis (Eckmann et al., 2001). One of the major
eukaryotic nuclear exporters that mediates the transport of proteins with an NES is XPO1.
Selective targeting of XPO1-mediated nuclear export by NEIs has anti-tumor effects (Chari
etal., 2019; Theodoropoulos et al., 2020), which may be due to the ability of NEls to
induce cancer cell death (Mutka et al., 2009). Therefore, molecularly defining the cell death
pathways induced by NEIs is critical to understand the molecular mechanisms by which
NElIs inhibit tumorigenesis.

To determine whether NEIs can induce cell death, we treated bone-marrow-derived
macrophages (BMDMs) with the NEIs KPT-330 or LMB. Treatment with either KPT-330
or LMB for 24 h induced a low level of cell death in BMDMSs (Figures 1A-1C). Certain
cytokines, such as TNF or IL-1p and IFN signaling, potentiate cell death in a context-
dependent manner (Karki et al., 2021; Man et al., 2016; Sarhan et al., 2019; Shen et al.,
2017; Yang et al., 2020). Additionally, cytokine-based therapies have been used historically
to treat cancer in both preclinical and clinical studies (Aricd et al., 2019). Therefore, we
evaluated the effect of combining NEIs with cytokine treatment on cell death. Treatment
with IFN-B or IFN-y in combination with KPT-330 or LMB increased the incidence of cell
death compared with treatment with KPT-330 or LMB alone (Figures 1A-1C, S1A, and
S1B), while treatment with other cytokines, including TNF, IL-1p, or IL-6, in combination
with KPT-330 or LMB, failed to increase the incidence of cell death (Figures S1A and S1B).
This suggests that IFN signaling potentiates the cell death induced by NEIs.

To investigate whether NEIs can induce pyroptotic inflammatory cell death, we monitored
the cleavage of the pyroptosis effector gasdermin D (GSDMD). Treatment with NEIs led to
production of a small amount of the active GSDMD P30 fragment (Figure 1D). GSDMD
can be processed to release this P30 fragment by caspase-1 or caspase-11 (He et al.,

2015; Kayagaki et al., 2015; Shi et al., 2015). Consistent with the amount of GSDMD

P30 produced, there was minimal cleavage of caspase-1 and caspase-11 in response to

NEIs alone (Figure 1D). Another member of the gasdermin family, GSDME, can also
induce pyroptosis under specific conditions (Wang et al., 2017). We observed that BMDMs
treated with KPT-330 or LMB also displayed minimal cleavage of GSDME (Figure 1D),
demonstrating that NEIs induced a low level of pyroptotic effector activation in BMDMs.

In addition to pyroptosis, we also found that KPT-330 or LMB induced the activation of
apoptotic effectors in BMDMs, as evidenced by the cleavage of apoptotic caspase-8, —3,
and -7 (Figure 1E). Furthermore, recent studies have shown that activation of caspase-3 and
—7 can inactivate GSDMD by processing it to produce a P20 fragment (Chen et al., 2019;
Taabazuing et al., 2017), which we also observed (Figure 1D). Next, we examined whether
the NEIs induced necroptosis. Cells stimulated with KPT-330 or LMB showed a low level of
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phosphorylation of MLKL (Figure 1F), suggesting that the activation of necroptotic effectors
is occurring.

We next evaluated the cell death mechanisms induced by the combination of NEIs with
IFN. In line with the incidence of cell death, treatment with IFN-p or IFN-y potentiated
KPT-330- or LMB-induced cleavage of caspase-1 and GSDME (pyroptosis); cleavage of
caspase-8, —3, and —7 (apoptosis); and phosphorylation of MLKL (necroptosis) (Figures
1D-1F). Collectively, these data suggest that combining IFNs with NEIs sensitizes the cells
to undergo inflammasome activation and cell death involving the components of pyroptosis,
apoptosis, and necroptosis, indicating that PANoptosis is occurring.

ZBP1 engages RIPK3 signaling to activate the NLRP3 inflammasome and PANoptosis
induced by NEls

Innate immune sensors play critical roles in activating the inflammasome and driving cell
death (Man et al., 2017). Because combining IFNs and NEIs induced caspase-1 cleavage, we
first investigated whether the cytosolic sensors that are known to assemble inflammasomes
activated caspase-1 and induced cell death under these conditions. The minimal caspase-1
cleavage induced by NEIs alone or robust caspase-1 cleavage induced by the combination
of IFN-B and NEIs was impaired in A/rp37~ and Asc'~ BMDMs, but not in Nilrc47/=,
Aim2=, Mef/ !, or Casp117'~ BMDMs (Figure S1C), indicating that the combination

of IFNs with NElIs activates the NLRP3 inflammasome. Despite the defective caspase-1
cleavage, cell death was not impaired in M3~ and Asc’~ BMDMs (Figure S1D),
suggesting that other molecules are involved in regulating cell death. Next, we screened
other innate immune sensors that are known to regulate inflammasome activation and

cell death in various contexts (Man et al., 2017). We found that BMDMs lacking ZBP1

had reduced cell death compared with wild-type (WT) BMDMs after IFN-p and NEI
treatment (Figures 2A-2C and S2A). Consistent with this protection, ZbpZ~'~ BMDMs
showed reduced activation of pyroptotic, apoptotic, and necroptotic molecules (Figures 2D—
2F), suggesting that ZBP1 is required for IFN- and NEI-induced NLRP3 inflammasome
activation and PANoptosis.

Sensing of viral or endogenous Z-RNA by the Za domains of ZBP1 triggers NLRP3
inflammasome activation, inflammatory cell death, and perinatal lethality in mice, indicating
that the Za domains are crucial to regulate the ZBP1-mediated immune responses (Devos et
al., 2020; Jiao et al., 2020; Kesavardhana et al., 2020). Therefore, we investigated the role
of the Za2 domain of ZBP1 in driving the inflammasome activation and cell death induced
by IFN and NEIs. Similar to Z4p1~/~ BMDMs, cells lacking the Za.2 domain of ZBP1
showed reduced cell death compared with that of WT BMDM s after treatment with IFN-f
and KPT-330 or IFN-B and LMB (Figures 2A-2C). Consistent with the reduced cell death,
Zbp1~Za2 BMDMs showed impaired activation of pyroptotic, apoptotic, and necroptotic
effectors (Figures 2D-2F). Together, these results indicated that the Za.2 domain of ZBP1 is
required for IFN-and NEI-induced activation of the NLRP3 inflammasome and PANoptosis.

ZBP1 activation leads to its interaction with RIPK3 and recruitment of caspase-8 and
caspase-6 to form a cell death signaling scaffold, termed the ZBP1-PANoptosome,
that drives NLRP3 inflammasome activation and cell death (Kesavardhana et al., 2020;
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Kuriakose et al., 2016; Rebsamen et al., 2009; Zheng et al., 2020). We therefore assessed
whether RIPK3 and caspase-8 had any role in the NEI-induced cell death pathways. Similar
to ZbpI'~ or Zbp1~Ze2 BMDMs, cells lacking RIPK3 showed reduced cell death and
activation of pyroptotic, apoptotic, and necroptotic molecules compared with that of WT
BMDMs after IFN-p and KPT-330 or IFN-p and LMB treatment (Figures S2B-S2E). We
did not observe significant differences in the extent of cell death between Rjpk3™/~ and
Ripk3™'~Casp8”'~ BMDMs (Figures S2B-S2E), indicating that the phenotype observed in
Ripk3 '~ Casp8'~ BMDMs is largely attributed to the RIPK3 deficiency, because caspase-8
is downstream of RIPK3.

To determine the contribution of other critical cell death molecules to the inflammatory cell
death induced by IFNs and NEIs, we examined the role of the pyroptosis initiators (CASP1
and CASP11), pyroptosis executioners (GSDMD and GSDME), apoptosis executioners
(CASP3 and CASP7), and necroptosis executioner (MLKL) in the cell death. The extent of
cell death in Casp1™/~, Casp117!~, Gsdmad™'~, Gsdme™~, Casp3'~, Casp7'~, and Mikl'~
BMDMs was similar to that in WT BMDMs following treatment with NEIs in the presence
or absence of IFN-B priming (Figures S3A and S3B), which could be due to redundancies
among the executioners of different cell death pathways. Additionally, Gsdma™'~ Gsdme™!~
cells showed reduced cell death compared with WT, Gsadma™'~, or Gsdm?™'~ cells. However,
combined deletion of GSDMD, GSDME, and MLKL resulted in a similar level of protection
as that of cells lacking both GSDMD and GSDME (Figures S3A and S3B), suggesting that
GSDMD and GSDME collectively potentiate the inflammatory cell death in response to
NEIs with or without IFN priming.

Altogether, these data suggest that the Za.2 domain of ZBP1 is required to activate RIPK3
signaling to induce activation of the NLRP3 inflammasome and the execution of cell death
that depends on GSDMD and GSDME collectively in response to the combination of IFNs
and NEls.

ADARL1 suppresses ZBP1-mediated NLRP3 inflammasome activation and PANoptosis

In addition to ZBP1, the only other mammalian protein that contains a Za. domain is the
ADAR1-p150 splice isoform (Schwartz et al., 1999). However, the relationship between
these two molecules is not known. Given that both ADAR1-p150 and ZBP1 contain Za.
domains, it is tempting to speculate that ADAR1 can act similarly to ZBP1 and promote
inflammasome activation and PANoptosis. In addition to its Za domain, ADAR1-p150 also
contains an NES; inhibition of the nuclear export by XPO1-specific NEIs such as KPT-330
or LMB induces nuclear accumulation of ADAR1 (Poulsen et al., 2001).

Because ADAR1-deficient mice are embryonically lethal (Hartner et al., 2004, 2009;
Liddicoat et al., 2015; Wang et al., 2000), we derived BMDMs from mice lacking

ADARL1 in myeloid cells (AdarZVf LyspFre, referred to as Adarl'~ BMDMs in the text) to
investigate the role of ADAR1 in NEI-mediated inflammasome activation and PANoptosis.
We observed increased cell death induced by the combination of IFN-p and KPT-330 or
IFN-B and LMB in the cells lacking ADAR1 compared with those of WT and Zbp1™/~
cells (Figures 3A and 3B). Moreover, analysis of real-time cell death showed that ADAR1-
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deficient BMDMs had accelerated cell death compared with WT and Z4p1~/~ BMDMs
(Figure 3A).

Despite the fact that both ADAR1-p150 and ZBP1 are IFN inducible and contain Za
domains (Kuriakose et al., 2018; Patterson and Samuel, 1995; Schwartz et al., 1999),

these molecules showed contrasting phenotypes in terms of cell death, with loss of ZBP1
inhibiting cell death and loss of ADARL enhancing cell death (Figures 2, 3A, and 3B).

To understand how ADAR1 deficiency contributes to enhanced cell death, we performed a
microarray analysis to identify differentially regulated 1SGs in WT and ADAR1-deficient
BMDMs under basal condition. Consistent with previous findings (Barrett et al., 2013;
Liddicoat et al., 2015), ADAR1-deficient BMDMs showed increased expression of 1SGs
(Figure S4A). Furthermore, analysis of a publicly available dataset identified increased
expression of ISGs in ADAR1-deficient fibroblasts as well (Figure S4B). We also observed
that Zbp1 was one of the most highly upregulated ISGs in ADAR1-deficient BMDMs

and fibroblasts (Figures S4A and S4B). We further validated the increased expression of
ZBP1 together with other 1SGs in AdarZ~"~ BMDMs using RT-PCR (Figure S4C; Table
S1). Increased expression of ZBP1 in ADAR1-deficient BMDMs was further confirmed

by western blot analysis and immunofluorescence (Figures S4D and S4E). Moreover,

we observed increased phosphorylation of IRF3 and STAT1 and expression of STAT1 in
Adar1™'~ BMDMs (Figure S4D). All these findings suggest that deficiency of ADAR1 leads
to increased ZBP1 expression.

Because ADAR1-deficient BMDMs have high ZBP1 expression basally (Figure S4), these
cells could potentially be prone to NEI-induced cell death even without IFN treatment.

We evaluated this possibility and found increased cell death in AdarZ~"~ BMDMSs upon
treatment with KPT-330 or LMB alone (Figures 3C and 3D). Notably, AdarZ"~ BMDMs
had increased cleavage of caspase-1 and activation of the pyroptotic molecule GSDME;
apoptotic caspases (caspase-8, —3, and —7); and the necroptotic molecule MLKL after
treatment with KPT-330 or LMB alone (Figures 3E-3G), suggesting that ADARL1 suppresses
NLRP3 inflammasome activation and PANoptosis induced by NEIs.

Next, we treated WT and AdarZ~'~ BMDMs with an anti-IFNAR1 (IFN a/p receptor subunit
1) neutralizing antibody to evaluate the effect of IFN signaling in cell death induced by IFN
and NEIs and NEIs alone. Anti-IFNAR1 antibody treatment suppressed IFN signaling and
ZBP1 expression induced by IFN-B and cell death induced by the combination of IFN-p
and NEIs in WT BMDMs (Figures SSA-S5C). However, Adarl~'~ BMDMs underwent
robust cell death induced by NEIs alone even after treatment with anti-IFNAR1 neutralizing
antibody (Figures S5D and S5E). Athough anti-IFNAR1 antibody treatment inhibited IFN
signaling induced by IFN-, it did not suppress the ZBP1 expression in AdarZ'~ BMDMs
(Figure S5F), which likely explains the failure of the anti-IFNARZ1 neutralizing antibody to
inhibit cell death in Adarz~/~ BMDMs. The minimal effect of the anti-IFNAR1 antibody

in AdarZ”'~ BMDMs could be due to sustained levels of ZBP1 expression as a result

of constitutive IFN signaling. These findings are consistent with previous observations in
the setting of SETDBL1 deficiency, in which anti-IFNAR1 neutralizing antibody inhibits
IFN-B-induced ZBP1 expression in WT organoids but fails to inhibit ZBP1 expression

and cell death in Setdb null organoids (Wang et al., 2020). Thereafter, we generated

Cell Rep. Author manuscript; available in PMC 2022 February 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Karki et al.

Page 8

cells lacking both ADARL1 and ZBP1 to further confirm that increased ZBP1 expression
contributes to the accelerated inflammasome activation and cell death observed in the
absence of ADAR1. BMDMs deficient in both ADAR1 and ZBP1 showed similar cell death
to that of WT cells in response to KPT-330 or LMB (Figures 4A and 4B). Furthermore,
NLRP3 inflammasome activation and the activation of pyroptotic, apoptotic, and necroptotic
effectors were inhibited upon deletion of ZBP1 in Adarl~'~ BMDMs treated with NEIs
(Figures 4C-4E).

Overall, these results show that loss of ADARL, similar to IFN treatment, leads to increased
expression of ZBP1, which triggers accelerated inflammasome activation and PANoptosis
induced by NEIs.

IFNs promote the production of EREs by NEIs to activate ZBP1

Despite having upregulated ZBP1 expression basally, AdarZ"~ BMDMs still require
treatment with NElIs to drive inflammatory cell death. We therefore hypothesized that
KPT-330 or LMB would induce the release of triggers that activate ZBP1. Previous studies
have suggested that ZBP1 senses genomic RNA from influenza A virus (1AV) through its
Za domains to trigger cell death (Kuriakose et al., 2016; Zhang et al., 2020). Considering
there was no viral infection in AdarI/~ BMDMs, we investigated whether de-repressed
endogenous dsRNA in the presence of NEIs could function as a trigger to prime ZBP1 and
induce cell death. We observed an increase in the amount of dsRNA present in AdarZ™~
BMDMs upon treatment with KPT-330 or LMB (Figures 5A and 5B). Furthermore, dsSRNA
from EREs have been shown to bind the Za domain of ZBP1 to induce inflammatory

cell death (Jiao et al., 2020; Wang et al., 2020). To test whether ERE-derived dsSRNA

could be induced by KPT-330 or LMB treatment, we examined the expression of mouse
early transposon ([ETn])/MuS-D), long interspersed element 1 (L/nel), murine endogenous
retrovirus-like (MuERV-L), and intracisternal A-particle (/AP)in Adar1™'~ cells. Treatment
of AdarI”~ BMDMs with KPT-330 or LMB increased the expression of these EREs (Figure
5C; Table S1).

In contrast with Adar1™~ cells, WT BMDMs required the combination of IFNs with NEIs
to induce robust amounts of cell death (Figures 1 and 3). Therefore, we sought to examine
the levels of dSRNA and EREs in KPT-330- or LMB-treated WT BMDMs with or without
IFN-B priming. Treatment of WT cells with KPT-330 or LMB alone increased the levels
of dsRNA compared with media-treated WT cells (Figure 5D). However, the combination
of IFN-p and KPT-330 or IFN-p and LMB more robustly increased dsRNA compared with
PBS-, KPT-330-, or LMB-treated WT cells (Figures 5D and 5E). Moreover, the expression
of EREs, such as Mus-D, Linel, and MuERV-L, was upregulated in cells treated with
KPT-330 or LMB alone and more robustly increased in cells treated with the combination
of IFN-p and KPT-330 or IFN-p and LMB (Figure 5F). Altogether, these data suggest that
IFN priming in WT cells potentiates the ability of NEIs to increase the levels of endogenous
dsRNA, which can be subsequently sensed by ZBP1 to mediate inflammatory cell death.
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ADAR1 competes with RIPK3 for ZBP1 binding to suppress inflammasome activation and

cell death

Sensing of Z-RNA by the Za domain of ZBP1 leads to the receptor-interacting protein
homotypic interaction motif (RHIM) domain of ZBP1 interacting with the corresponding
RHIM domain of RIPK3 to drive cell death (Devos et al., 2020; Jiao et al., 2020;
Kesavardhana et al., 2020; Rebsamen et al., 2009). Because both ZBP1 and ADAR1 contain
Za domains, it is possible that ADARL1 interacts with ZBP1 via the Za domains, thereby
limiting the availability of ZBP1 for binding to RIPK3 and inhibiting the subsequent cell
death.

We therefore sought to determine whether ZBP1 could interact with ADAR1 endogenously
in WT BMDMs under different conditions. We observed that the expression of ADAR1

and ZBP1 was upregulated in response to IFN-f stimulation (Figure 6A). In addition,
treatment with LMB was able to induce expression of ADAR1 and ZBP1, although the
induction was not as robust as with IFN-p stimulation (Figure 6A). We also monitored the
localization of ADAR1 and ZBP1 and found that treatment with the NEIs did not affect the
localization of ZBP1 but did sequester ADARL1 in the nucleus (Figure S6A). In line with

the low expression of ZBP1 and ADAR1 before IFN signaling activation, no interaction
was observed between ZBP1 and ADARL under basal conditions (Figure 6B). However,

we observed a robust interaction of ZBP1 with ADAR1, but not with RIPK3, in WT cells
stimulated with IFN-p (Figure 6B). Although WTcells treated withKPT-330 orLMB alone
showed some interaction of ZBP1 with both ADAR1 and RIPK3, stimulation with the
combination of IFN-p with KPT-330 or LMB reduced the interaction of ZBP1 with ADAR1
and increased the interaction of ZBP1 with RIPK3 (Figure 6B). The increased interaction
between ZBP1 and RIPK3 in response to IFNs and NEIs together compared with NEIs alone
likely explains the increased cell death caused by this combination.

Because the homotypic interaction between ZBP1 and RIPK3 occurs via their RHIM
domains (Rebsamen et al., 2009), we hypothesized that ZBP1 may interact with ADAR1
via their Za domains. To determine whether the Za. domains of ZBP1 are critical for

the interaction of ZBP1 with ADAR1, we generated hemagglutinin (HA)-tagged mutant
ZBP1 constructs lacking Za (AZa), RHIM (ARHIM), or C-terminal (A311-327) domains
(Figure S6B) and overexpressed them in 293T cells. WT ZBP1 was co-immunoprecipitated
with ADARL (Figure 6C). Although mutant forms of ZBP1 lacking the RHIM or C-
terminal domains also co-immunoprecipitated with ADAR1, mutant ZBP1 lacking the

Za domains failed to efficiently pull down ADAR1 (Figure 6C). Similarly, ADAR1 co-
immunoprecipitated with WT ZBP1 and the mutants lacking RHIM or C-terminal domains,
but not the mutant lacking Za domains (Figure 6C), indicating that ZBP1 interacts with
ADARL via its Za domain. Among the two isoforms of ADARL, only the p150 isoform
contains the Za domain and NES motif (Poulsen et al., 2001; Schwartz et al., 1999).
However, we observed that ZBP1 interacted with both of the isoforms, p150 and p110
(Figures 6B and 6D). It is possible that these isoforms may exist as heterodimers and that
the p110 isoform was pulled down while co-immunoprecipitating the p150 isoform with
ZBP1 (Valente and Nishikura, 2007). Additionally, to further investigate this observation, we
overexpressed the p150 and p110 isoforms of ADARL1 and determined their interaction with
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ZBP1. Cells overexpressing ADAR1-p150 showed a stronger interaction between ADAR1
and ZBP1 compared with cells overexpressing the p110 isoform (Figure S6C).

Although the importance of the interaction between ZBP1 and RIPK3 is well established

in activating cell death pathways, the significance of the interaction between ZBP1 and
ADARL that we identified in this study is not known. Because ADAR1 suppressed

the ZBP1/RIPK3-mediated cell death, ADAR1 could potentially compete with RIPK3

for binding to ZBP1. To determine whether this occurs, we compared the endogenous
interaction between ADARL1 and ZBP1 in the presence and absence of RIPK3, as well as
the interaction between RIPK3 and ZBP1 in the presence and absence of ADARL. We did
not detect any interaction between ADAR1 and ZBP1 or RIPK3 and ZBP1 in WT BMDMs
under basal conditions (Figure 6D). Upon treatment with IFN-p and KPT-330 or IFN-p and
LMB, ZBP1 interacted with both ADARL1 and RIPK3 in WT BMDMs (Figures 6B and
6D). However, the interaction between ZBP1 and RIPK3 was increased in the absence of
ADARL1 (Figures 6D and S6D). Furthermore, the interaction between ZBP1 and ADAR1
was increased in Ripk3 '~ cells compared with that of WT cells (Figure 6D), suggesting
that ADAR1 competes with RIPK3 for binding to ZBP1. Moreover, in the absence of

its Za2 domain, ZBP1 did not interact with RIPK3 in BMDM s treated with IFN-f and
KPT-330 (Figure S6E), suggesting that the Za.2 domain of ZBP1 is required to facilitate the
interaction between the RHIM domains of ZBP1 and RIPKS3.

To further understand the mechanism through which the ADAR1-ZBP1 interaction was
responsible for the cell death observed, we considered the potential role for PKR in this
process. Previous studies have found that ADAR1 inhibits PKR (Clerzius et al., 2009; Li et
al., 2010), and that PKR activation can be associated with cell death (Lee and Esteban, 1994;
Yeung et al., 1996). To determine whether PKR was involved in the cell death observed here,
we silenced PKR in BMDMs and treated them with the combination of IFN-p with KPT-330
or LMB; we observed no difference in the cell death (Figure S6F), suggesting that this is a
PKR-independent mechanism.

Overall, our results show that ADARL1 interacts with ZBP1 via the ZBP1 Za domain, and
this interaction limits the availability of ZBP1 to bind with RIPK3 to activate PANoptosis.

ADAR1 promotes tumorigenesis by suppressing ZBP1-mediated inflammatory cell death

Dysregulated cell death and inflammatory responses are associated with tumorigenesis.
Resistance to cell death, particularly apoptosis, is one of the founding hallmarks of cancer
(Green and Evan, 2002; Hanahan and Weinberg, 2000, 2011) and can explain the failure

of many existing anti-cancer therapies (Delbridge et al., 2012). Therefore, alternative
mechanisms that drive multiple programmed cell death pathways simultaneously can be
effective in eliminating cancer cells (Malireddi et al., 2021). Indeed, when apoptosis is

not effective, alternative programmed cell death pathways pyroptosis or necroptosis and
inflammasome activation are beneficial to eliminate cancer cells (Chefetz et al., 2019; Fu et
al., 2013; Karki and Kanneganti, 2019; Karki et al., 2017; Lage et al., 2001; Nagarajan et
al., 2019; Wang et al., 2017). Additionally, activation of PANoptosis has been shown to be
beneficial in cancer treatment (Karki et al., 2020; Malireddi et al., 2021). However, certain
host molecules may inhibit these pathways, promoting the development of cancers. Because
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ADARL inhibited inflammasome activation and cell death characterized by the activation of
pyroptotic, apoptotic, and necroptotic effectors, we hypothesized that ADARL can promote
tumorigenesis through this mechanism.

To investigate the role of ADAR1 and ADAR1-mediated cell death in tumorigenesis, we
first determined the expression of ADARI and ZBP1 in several human cancer lines. All
cancer cell lines from the NCI-60 panel showed high expression of ADARI compared with
that of ZBP1 (Figure S7A), suggesting that ADAR1 and ZBP1 could differentially modulate
tumorigenesis. To further understand the function of ADARL1 in tumor development, we
used the established azoxymethane/dextran sodium sulfate (AOM/DSS) model of colorectal
tumorigenesis in mice (Karki et al., 2016). The colons of AdarzVfl L ysp£e mice had

a lower tumor burden in terms of both number of tumors and tumor size compared

with their littermate control mice (Figures 7A-7C). Histopathological analysis showed
reduced thickening of the colons in AdarZfl LysiFe mice compared with colons from the
control mice (Figure S7B). Histological hallmarks associated with inflammation, ulceration,
hyperplasia, and severity of damage were less frequently observed in the middle and distal
colons of Adarf/fl L yspEe mice compared with the corresponding regions in the control
mice (Figure S7C). To determine whether this suppression of tumorigenesis in Adarzf/fl
LysMF™ mice was dependent on ZBP1, we subjected AdariV* LysnVEre, Adarf [yshere,
and AdarfVf L yspFre Zzbp 1~ miceto AOM and DSS treatment. Although AdarZ/fl L yspere
mice again showed a lower tumor burden, AdarzVfl Lyspere Zop1~'~ mice showed similar
tumor burden with respect to the control mice (Figures 7D-7F). Furthermore, the deletion of
the Za.2 domain of ZBP1 yielded similar results (Figures 7D-7F), suggesting that the ZBP1
Za2 domain is crucial in suppressing colorectal tumorigenesis in mice lacking ADAR1

in myeloid cells. We further extended our analysis of the tumor-regulating function of
ADAR1 and ZBP1 to melanoma. Mice were subcutaneously injected with melanoma cells
and monitored for 2 weeks for tumor growth. We found that although Adarzf/f £ ysprere
mice exhibited significantly impaired tumor growth and lower tumor volume (Figure S7D),
both Zbp1~ and Zbp12222 mice developed larger melanoma tumors compared with control
mice (Figure S7E). Furthermore, deletion of ZBP1 or the Za.2 domain of ZBP1 restored
melanoma growth in AdarZfl LysMET mice to levels similar to that of control mice (Figure
S7F). Together, these data suggest that ZBP1 is crucial in suppressing tumorigenesis in the
absence of ADARL.

In addition, we had observed that the inflammatory cell death induced by the combination of
IFN and NEIs was dependent on ZBP1 and mediated by changes in the interactions between
ZBP1 and ADAR1 and RIPK3. Therefore, we sought to understand the efficacy of IFN and
NEIs in treating melanoma. WT mice treated with KPT-330 8 days after B16 melanoma

cell implantation showed reduced melanoma growth (Figures 7G and 7H). Moreover, mice
treated with the combination of IFN-y and KPT-330 had a significantly improved regression
of their tumors (Figures 7G and 7H). To determine whether the tumor regression was
dependent on ZBP1, we administered the combination of IFN-y and KPT-330 to WT and
ZbpI™~ mice. IFN-y and KPT-330 failed to regress melanoma in the Z5p2~'~ mice (Figure
71). The deletion of the Za2 domain of ZBP1 yielded similar results (Figure 71), suggesting
that ZBP1, as well as its Za.2 domain in particular, is crucial in suppressing tumorigenesis in
response to treatment with the combination of IFN and NElIs.
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DISCUSSION

In the current study, we observed contrasting roles in cell death for the only two mammalian
proteins that contain Za domains, ADAR1 and ZBP1. Whereas loss of ADAR1 led to
increased inflammasome activation and cell death induced by IFNs and NElIs, loss of ZBP1
suppressed these processes. Mechanistically, we observed that the Za2 domain of ZBP1
was required for its interaction with ADARL. Moreover, ADAR1 competed with RIPK3 to
associate with ZBP1 and modulate cell death. Similar competition resulting in contrasting
roles for proteins in cell death has also been observed with the RHIM domain-containing
proteins ZBP1 and RIPK1, where RIPK1 limits the binding of ZBP1 with RIPKS3 to inhibit
cell death (Lin et al., 2016; Newton et al., 2016). Additionally, the Za domain of the

E3 protein of vaccinia virus competes with ZBP1 for binding to Z-nucleic acids, thereby
inhibiting ZBP1-RIPK3-mediated cell death (Koehler et al., 2017).

ADAR1 has important roles in homeostasis, and whole-body ADARL1 deficiency leads to
embryonic lethality in mice, with MDAS and PKR contributing to this lethality (Chung

et al., 2018; Liddicoat et al., 2015; Pestal et al., 2015). However, mice lacking ADAR1

in myeloid cells are viable and developmentally normal, suggesting that ADAR1 is not
essential in myeloid cells to maintain homeostasis. Although PKR and MDAS contribute to
lethality in ADAR1-deficient mice, our data show that PKR and MDADS5 do not contribute to
the cell death induced by IFNs and NEIs. Similarly, another study showed that deletion of
ADAR1I is not lethal to human embryonic stem cells, but that these cells exhibit spontaneous
MDAGS5-mediated IFN-B production, PKR activation, and apoptosis upon differentiation

to neural progenitor cells (Chung et al., 2018), indicating that requirements for ADAR1-
mediated PKR or MDAGS inhibition depend on cell type and/or differentiation state. Instead,
our data point to a critical interplay between ZBP1 and ADARL1 in regulating this cell

death in macrophages. In ADAR1-deficient cells, the absence of RNA editing may allow
endogenous dsRNAs to be stabilized and then recognized by the Za domains of ZBP1 to
activate inflammatory cell death, PANoptosis. Similarly, upon treatment with NEIs, ADAR1
is sequestered to the nucleus, which could compromise its RNA editing function. As a result,
there could be an accumulation of dSRNA either in the presence of NEIs or in ADAR1-
deficient cells that can lead to sensing by the innate immune system. Indeed, some ADAR1
substrates, such as transcripts from Alu elements, base pair to form duplex structures that are
predicted to be destabilized by the ADARL1 editing to prevent their recognition by MDA5
and the subsequent induction of IFN production (Ahmad et al., 2018; Chung et al., 2018;
Pfaller et al., 2018; Song et al., 2020), and dsRNA can accumulate following disruption

of the Za domain of ADAR1 to trigger MDA5-mediated IFN production (de Reuver et

al., 2021). Our results show that ZBP1 is critically involved in the ADAR1-medi-ated
modulation of cell death; therefore, it is also possible that the Za. domain of ADARL1 can
sequester Z-RNAs to limit sensing by the Za domains of ZBP1. We observed that treatment
with NEIs led to the accumulation of dsSRNA in the cell, and that this was potentiated by IFN
signaling or loss of ADARL. This suggests that the function of ADARL1 in the cytoplasm is
important to prevent this dSRNA accumulation and subsequent cell death.

Although ADAR1 promotes tumorigenesis (Fumagalli et al., 2015; Han et al., 2015; Liu
et al., 2019; Paz-Yaacov et al., 2015; Tassinari et al., 2021), its functions are protective
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against several autoinflammatory diseases through its regulation of IFN production and the
subsequent IFN-mediated signaling (Lamers et al., 2019). ADARL1 safeguards neuronal cells
from unwanted IFN production and cell death (Deng et al., 2020). Mutations in ADAR1
cause AGS (Rice et al., 2012), and our results suggest that the severe neuropathology
associated with AGS may be explained by massive neuronal cell death mediated by
overactivation of the ZBP1-RIPK3 axis in the absence of ADAR1. Adar null mice succumb
to embryonic lethality, as do mice with a specific deletion of ADAR1-p150, because of large
amounts of cell death accompanied by an overproduction of type | IFNs and the resultant
upregulation of 1SGs, including ZBP1 (Hartner et al., 2004, 2009; Liddicoat et al., 2015;
Wang et al., 2000). This perinatal lethality is rescued by the concurrent deletion of the RNA
sensor MDAGS or the downstream adaptor protein mitochondrial antiviral signaling protein
(MAVS) (Liddicoat et al., 2015; Pestal et al., 2015). However, deletion of MAVS or MDA5
fails to rescue the post-natal lethality caused by ADAR1 deficiency, indicating that there

are MAVS signaling-independent developmental phenotypes in these mice (Liddicoat et al.,
2015; Pestal et al., 2015). Indeed, we observed that loss of MAV'S or MDAGS failed to prevent
cell death induced by IFNs and NEIs, whereas loss of ZBP1 did prevent this cell death,
indicating a potential role of ZBP1 in driving the lethality in the absence of ADARL in these
mice.

In the context of cancer, our results indicate that increased expression of ADAR1-p150
limits ZBP1 binding to RIPK3, thereby inhibiting PANoptosis and allowing tumor growth.
On the other hand, the absence of ADAR1 promoted ZBP1 binding to RIPK3, which
mediated cell death and suppressed tumorigenesis and tumor growth. This paradigm

is supported by the observation that there is a low level of expression of ZBP1in

several human cancer lines. We also observed that the ADAR1-ZBP1 interaction can

be pharmacologically modulated through combined treatment with IFN and NEIs. Using
this combination in a melanoma model led to a significant reduction in tumor volume,
suggesting that combining IFNs and NElIs, like the recently FDA-approved KPT-330, could
be a potential strategy for clinical translation.

Historically, the success of IFN cancer therapies has been hindered by tumor resistance
(Parker et al., 2016), possibly due to the induction of ADAR1-p150 and ZBP1 expression
simultaneously by IFN. Indeed, immune modulators that increase IFN levels promote tumor
resistance by inducing increased expression of ADAR1 in tumors (Ishizuka et al., 2019; Liu
etal., 2019). NEIs specific to XPO1, such as KPT-330, cause ADAR1-p150 to accumulate
in the nucleus, leading to cell death (Poulsen et al., 2001). Therefore, modulating the
cytoplasmic localization of ADAR1-p150 using NEIs could increase the efficacy of IFN
therapy during cancer treatment, consistent with our observation in the murine model. In
addition to triggering ZBP1-mediated PANoptosis by sequestering ADAR1-p150 in the
nucleus, KPT-330 treatment also leads to nuclear accumulation of a number of tumor
suppressor genes, such as p53, causing cell-cycle arrest and apoptosis (Subhash et al.,
2018). However, the regulation of p53-mediated cell death by ZBP1 and ADARL1 requires
further investigation. In addition to its effects on IFN therapy, loss of function of ADAR1
improves responses to PD-1 blockade and overcomes common mechanisms of resistance

to immunotherapy (Ishizuka et al., 2019). Collectively, this evidence suggests that targeting
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ADAR1 and the ADAR1-ZBP1 interaction represents a promising therapeutic strategy for
future cancer treatments.

Overall, our findings show that ADAR1 functions as a checkpoint that limits anti-tumor
immunity by suppressing ZBP1-mediated inflammatory cell death, PANoptosis, and suggest
that strategies that affect the ADAR1-ZBP1 interaction, such as treatment with IFN and
NElIs, could be therapeutically promising. These results provide deeper understanding of the
cellular and molecular mechanisms of cell death, and specifically PANoptosis, and will be
important to inform the development of effective treatment strategies against cancer.

Limitations and future directions

Our study defines the critical roles of ZBP1 and ADARL in mouse models of melanoma

and colorectal carcinoma. Although our analysis of the expression of ADARI and ZBP1

in the NCI-60 human cancer lines supports that ADAR1 and ZBP1 could differentially
modulate tumorigenesis in human cancers, additional work will be required to confirm the
mechanistic interactions between ZBP1 and ADARL1 observed in this study are conserved

in human cancers. Also, to fully understand the cell-intrinsic role of ZBP1 and ADARL,
future studies using ADAR1- and ZBP1-deficient B16-F10 melanoma cells are warranted.
Furthermore, our study used murine BMDMs to decipher the combinatorial role of IFN

and NEIs in inducing cell death and also found that this combination regressed tumors

in a mouse model of melanoma significantly more than either individual therapy. Future
studies to elucidate the role of this combination in inducing cell death in different cancer
cell lineages will be important to further understand the potential to translate this into a
therapeutic strategy for patients with cancer. Additionally, to understand the efficacy of

this therapy in the clinical setting, it will be important to extend the evaluation of this
therapy to humans. Therefore, initial safety assessments and, if safety signals are supportive,
subsequent randomized controlled trials using these combinations in patients with cancer are
critical to fully understand the potential application of this therapy in humans.

STAR*METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for reagents may be directed
to, and will be fulfilled by the lead contact Thirumala-Devi Kanneganti (thirumala-
devi.kanneganti@stjude.org).

Materials availability—All unique reagents generated in this study are available from the
Lead Contact.

Data and code availability

. The microarray data can be accessed in GEO under accession number
GSE184323 and are publicly available as of the date of publication. Publicly
available datasets were obtained from the NCI-60 database and from Barrett
et al. (2013) and Liddicoat et al. (2015) (GEO: GSE58917). All other datasets
generated or analyzed during this study are included in the published article.
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Microscopy data reported in this paper will be shared by the lead contact upon
reasonable request.

. All software and packages applied are publicly available and listed in the key
resources table. Key analysis parameters are described in the methods. This
paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Zbp1~/~ (Ishii et al., 2008), Zhp1~Za2 (Kesavardhana et al., 2020), Ripk3'~
(Newton et al., 2004), Ripk3™'~Casp8'~ (Oberst et al., 2011), Adar1Vf (Hartner et al.,
2004), NiIrp3™~ (Kanneganti et al., 2006), CaspZ~/~ (Man et al., 2016), Mef/ !~ (Van Gorp
etal., 2016), Casp3™~ (Zheng et al., 2000), Casp7'~ (Lakhani et al., 2006), Gsdmad'~
(Karki et al., 2018), Gsdme™'~ (Skarnes et al., 2011), M/kI”= (Murphy et al., 2013),
Gsdma!~ Mk~ (Christgen et al., 2020), Gsdmad™'~ Gsdme™~ Mk~ (Karki et al., 2021),
Caspl1~ (Kayagaki et al., 2011), Asc™/~ (Ozéren et al., 2006), 7/r3/~ (Alexopoulou

et al., 2001), Mavs™~ (Kumar et al., 2006; Suthar et al., 2010), Mda5~'~ (Gitlin et al.,
2006), Aim2™!~ (Jones et al., 2010), N3~ Aim2!~ (Karki et al., 2015), and Nirc4™!~
(Mariathasan et al., 2004) mice have been previously described. AdarfVf Lysprre zpp1=
and Adar1Vf L yspFre zbp18Z2a2 mice were bred by crossing AdarZ VL yspere and Zpp1/-
or ZhpIAZe2 mice, respectively. Gsadma™'~ Gsdme™~ and were bred by crossing Gsdmad™'~
and Gsdme™'~ mice. All mice were generated on or extensively backcrossed to the C57/BL6
background.

All mice were bred at the Animal Resources Center at St. Jude Children’s Research Hospital
and maintained under specific pathogen-free conditions. Both male and female mice were
used in this study; age- and sex-matched 6- to 9-week old mice were used for /n vitroand
7-to 8-week old mice were used for in vivo studies. Mice were maintained with a 12 h
light/dark cycle and were fed standard chow. Animal studies were conducted under protocols
approved by the St. Jude Children’s Research Hospital committee on the Use and Care of
Animals.

Cell culture—Primary mouse bone marrow-derived macrophages (BMDMs) were
generated from the bone marrow of wild-type and the indicated mutant mice. Cells were
grown for 5-6 days in IMDM (Thermo Fisher Scientific, 12440053) supplemented with

1% non-essential amino acids (Thermo Fisher Scientific, 11140-050), 10% FBS (Biowest,
S1620), 30% L929 conditioned media, and 1% penicillin and streptomycin (Thermo Fisher
Scientific, 15070-063). BMDMs were then seeded into the growth media at a concentration
of 1 x 10° cells into 12-well plates and incubated overnight.

293T cells were cultured in DMEM (GIBCO, 11995-065) supplemented with 1% non-
essential amino acids, 1% penicillin and streptomycin, and 10% FBS. The mouse melanoma
cell line B16-F10 (ATCC® CRL-6322) was cultured in a humidified, 5% CO, incubator at
37°C, and grown in DMEM with 10% FBS and 100 U/mL penicillin/streptomycin.
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METHOD DETAILS

Cell stimulation—BMDMs were treated with 5 uM of KPT-330 (Selleckchem, S7252)
or 5 ng/mL of leptomycin B (Sigma, L2913) in the presence and absence of 50 ng/mL of
IFN-y (Peprotech, 315-05), 50 ng/mL of IFN-f (PBL Assay, 12400-1), 50 ng/mL of IL-6
(Peprotech, 212-16), 25 ng/mL of TNF-a (Peprotech, 315-01A), or 50 ng/mL of IL-1f
(R&D, 201-LB-025) for 12, 16, or 24 h, as indicated. Wherever indicated, BMDMs were
pre-treated with 10 pg/mL of anti-IFNAR1 (Bio X Cell, BE0241) antibody for 1 h followed
by stimulation with KPT-330 or LMB in the presence or absence of IFN-.

siRNA knockdown of PKR—The SMART siRNA pool for £if2ak2 (Dharmacon,
M-040807-01-0005) was used to knockdown PKR in BMDMs. A total of 5 nmol was
dissolved in 1X siRNA buffer (Dharmacon, B-002000-UB-100) at 100 uM, and 0.5 uL
SiRNA was added to 1 x 108 BMDMs. Electroporation was performed using the neon
transfection system (Invitrogen), with parameters —1500 V, 1 pulse and 20-ms width. After
electroporation, BMDMs were immediately transferred into 12-well plates with a seeding
density of 1 x 10° cells per well. After 48 h of transfection, BMDMs were stimulated with
NEIs along with IFN-f to assess cell death.

Real-time imaging for cell death—The kinetics of cell death were determined using
the IncuCyte S3 (Essen BioScience) live-cell automated system. BMDMs (5 x 10° cells/
well) were seeded in 24-well tissue culture plates. Cells were treated with the indicated
stimuli and stained with propidium iodide (PI; Life Technologies, P3566) following the
manufacturer’s protocol. The plate was scanned, and fluorescent and phase-contrast images
(4 image fields/well) were acquired in real-time every 1 h from 0 to 24 h post-treatment.
Pl-positive dead cells are marked with a red mask for visualization. The image analysis,
masking, and quantification of dead cells were done using the software package supplied
with the IncuCyte imager.

Lactate dehydrogenase (LDH) assay for cell death—Levels of lactate
dehydrogenase released by cells were determined in the supernatant using the CytoTox

96 Non-Radioactive Cytotoxicity Assay (Promega, G1780) according to the manufacturer’s
instructions.

Isolation of cytosolic and nuclear fractions—The cytosolic and nuclear fractions

of cells treated with KPT-330 or LMB for 12 h in the presence or absence of IFN-B

were isolated using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher
Scientific, 78833) according to the manufacturer’s instructions.

Immunoblot analysis—Cell lysates and culture supernatants were combined in caspase
lysis buffer (containing 1 x protease inhibitors [Roche, 11697498001], 1 x phosphatase
inhibitors [Roche, 04906837001], 10% NP-40, and 25 mM DTT) and 4 x sample loading
buffer (containing SDS and 2-mercaptoethanol) for immunoblot analysis of caspases.

For immunoblot analysis of signaling components, supernatants were removed, and cells
were washed once with DPBS (Thermo Fisher Scientific, 14190-250), followed by lysis
in RIPA buffer and sample loading buffer. Proteins were separated by electrophoresis
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through 8%—-12% polyacrylamide gels. Following electrophoretic transfer of proteins onto
PVDF membranes (Millipore, IPVH00010), nonspecific binding was blocked by incubation
with 5% skim milk, then membranes were incubated with primary antibodies against:
caspase-3 (Cell Signaling Technology [CST], #9662, 1:1000), cleaved caspase-3 (CST,
#9661, 1:1000), caspase-7 (CST, #9492, 1:1000), cleaved caspase-7 (CST, #9491, 1:1000),
caspase-8 (AdipoGen, AG-20T-0138-C100, 1:1000), cleaved caspase-8 (CST, #8592,
1:1000), caspase-11 (Novus Biologicals, NB120-10454, 1:1000), caspase-1 (AdipoGen,
AG-20B-0042, 1:1000), GAPDH (CST, #5174, 1:1000), ZBP1 (AdipoGen, AG-20B-0010,
1:1000), pMLKL (CST, #37333, 1:1000), tMLKL (Abgent, AP14272b, 1:1000), ADAR1
(Santa Cruz Biotechnology, sc-73408, 1:500), GSDMD (Abcam, ab209845, 1:1000),
GSDME (Abcam, #19859, 1:1000), RIPK3 (CST, #95702, 1:1000), pSTAT1 (CST, #7649,
1:1000), tSTAT1 (CST, #14994, 1:1000), pIRF3 (CST, #4947, 1:1000), PKR (Santa Cruz,
sc-6282, 1:1000), HA (Millipore, 05-904, 1:1000), GFP (Santa Cruz Biotechnology,
5€-9996, 1:1000), lamin B (Abcam, ab16048, 1:500), and B-actin (Proteintech, 66009—
1-1G, 1:1000). Membranes were then washed and incubated with the appropriate
horseradish peroxidase (HRP)—conjugated secondary antibodies (Jackson ImmunoResearch
Laboratories, anti-rabbit [111-035-047] 1:5000, anti-mouse [315-035-047] 1:5000, and
anti-rat [112-035-003], 1:5000). Proteins were visualized using Immobilon Forte Western
HRP Substrate (Millipore, WBLUF0500).

Dot blotting for dsSRNA analysis was performed with total RNA isolated from the cells

as previously described (Sheng et al., 2018). Equal volumes (2 pL containing 1 pg of

RNA) of the RNA was dotted on Hybond N+ membrane (GE Healthcare, RPN203B),

dried and autocrosslinked in a UV stratalinker 2400 (Stratagene, 5496A UV) two times.
The membrane was then blocked in 5% milk in TBST for 1 h and probed with J2

antibody (Scicons, 10010200, 1:1000) at 4°C overnight. The membrane was then processed
as described above. The total dSRNA was detected using 0.2% methylene blue (Sigma,
M9140).

Immunofluorescence staining—BMDMs were washed with PBS and fixed in 4%
paraformaldehyde for 15 min at room temperature, followed by permeabilization for 10
minutes in 0.5% Triton X-100. Cells were blocked in 5% normal goat serum (Life
Technologies, 01-6201) for 1 h at room temperature. Samples were incubated with
anti-ZBP1 antibody (Adipogen AG-20B-0010, 1:250) or anti-J2 (Millipore, MABE1134,
1:100) overnight at 4°C. Cells were then washed three times with PBS and incubated
with Alexa Fluor 647-conjugated antibody against mouse immunoglobulin G (Invitrogen,
A21235, 1:250) or Alexa Fluor 568-conjugated antibody against mouse immunoglobulin
G (Invitrogen, A11031, 1:250) and counterstained with DAPI (Biotium, 40043) for 1 h at
room temperature. Cells were washed three times with PBS and imaged using a Leica SP8
confocal microscope. dsRNA was pseudocolored red hot in Fiji for visualization.

Co-immunoprecipitation assay—BMDMs (10 x 10° cells) were seeded into 10-cm
dishes and treated with IFN-B, KPT-330, LMB, IFN-B and KPT-330, or IFN-p and LMB
for 12 h. Then, the cells were lysed in a buffer containing 20 mM Tris-HCI (pH 7.4), 100
mM NaCl, 30 mM KCI, and 0.1% NP-40. After centrifugation at 16,000 x g for 10 min,
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the lysates were incubated with anti-ZBP1 antibody (AdipoGen; AG-20B-0010) or IgG1
control antibody (CST, 5415) with protein A/G PLUS-Agarose (Santa Cruz Biotechnology)
overnight at 4°C. After washing with the above buffer, the immunoprecipitated proteins were
harvested by boiling in 1 x SDS loading buffer at 100 C for 5 min.

For the overexpression system, plasmids expressing HA-tagged ZBP1-WT, AZa,, ARHIM,
or A311-327 or GFP-tagged ADAR1-p110 or ADAR1-p150 and ZBP1 were transfected into
293T cells. After incubating for 48 h, cells were stimulated with IFN-p for 24 h. Then cells
were lysed in NP-40 lysis buffer (0.1% NP-40, 150 mM NaCl, 50 mM HEPES), and 20

min later cell lysates were centrifuged at 13,000 rpm for 10 min. Supernatant was collected
and incubated with 1.5 pg of the indicated primary antibody on a rocking platform at 4°C.
After overnight incubation, protein A/G PLUS-Agarose beads were added and incubated for
2 h. Then the beads were collected by centrifugation after washing with lysis buffer 4 times.
Finally, samples were harvested after boiling in 2 x SDS loading buffer at 100°C for 5 min.

Microarray data analysis—Transcripts were profiled for BMDMSs obtained from
AdarI™* Lysiere and AdarIVf LyspEe mice. Total RNA (100 ng) was converted into
biotin-labeled cDNA by using an Affymetrix Whole Transcript Plus Expression kit (Thermo
Fisher Scientific, 902281) and was hybridized to an Affymetrix Clariom S Mouse Genechip
Array (Thermo Fisher Scientific, 902930). After chips were stained and washed, array
signals were normalized and transformed into log, transcript expression values by using

the robust multi-array average algorithm (Affymetrix Expression Console v1.1). Differential
expression was defined by application of a threshold of FDR < 0.1 using the Cyber-T t

test. Lists of differentially expressed transcripts were analyzed for ‘functional enrichment’
by using the DAVID bioinformatics database and Ingenuity Pathways Analysis software
(QIAGEN). Pathways with altered activity levels were identified by using the Gene Set
Enrichment Analysis (GSEA) with curated pathways obtained from The Broad Institute
(http://software.broadinstitute.org/gsea/msigdb/).

Individual expression profiles (log2 signal) for ADARZI and ZBFP1 were extracted from
the NCI-60 database. Publicly available transcriptomics data from fetal liver of WT
and Adar1E861A (editing-deficient) mutant E12.5 embryos were obtained from Gene
Expression Omnibus database (GEO: GSE58917) (Barrett et al., 2013; Liddicoat et al.,
2015). Heatmap was generated from the 20 most upregulated 1SGs.

RT-PCR analysis—Total RNA was extracted using TRIzol (Thermo Fisher Scientific,
15596026) and converted into cDNA by using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, 4368814). Real-time quantitative PCR was
performed on an Applied Biosystems 7500 real-time PCR instrument with 2 x SYBR Green
(Applied Biosystems, 4368706).

To determine the expression of ERES, 5 g of total RNA extracted from the cells was
dissolved in 46 pL of water and mixed well with 3.5 pL NaCl (5 M stock). Then, 0.5

pL RNase A (10 mg/mL stock, Thermo Fisher Scientific, EN0531) or water as mock

was added to a total volume of 50 puL and mixed well, followed by incubation at room
temperature for 10 min. Next, 1 mL TRIzol was directly added to the mixture to terminate
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digestion, followed by RNA extraction. The RNA transcripts of selected ERES were measure
by RT-PCR with Gapadh as an internal control. The ratios of (ERE/GAPDH)rNaase-a/(ERE/
GAPDH)nock Were calculated as enrichment folds(Sheng et al., 2018).

The sequences for gRT-PCR primers are listed in Table S1.

AOM/DSS model of colorectal tumorigenesis—Both male and female mice
(littermate controls in experiments with AdarZ mutants) were injected with 10 mg AOM
(Millipore Sigma, A5486) per kg body weight according to previously established protocols
(Karki et al., 2016). Five days later, 2.5% DSS (Affymetrix, 9011-18-1) was given in

the drinking water for 6 days, followed by regular drinking water for 2 weeks. This DSS
dosing cycle was repeated twice with 2% DSS, and mice were sacrificed on day 80. No
randomization or blinding was performed.

Histology and microscopy analysis—Colons were rolled into a “Swiss roll” and fixed
in 10% formalin and then processed and embedded in paraffin by standard techniques.
Longitudinal sections of 5 um thickness were stained with hematoxylin and eosin and
examined by a pathologist blinded to the experimental groups. Histological scores were
assigned based on inflammation, ulceration, hyperplasia, and the extent or severity of the
damage. Severity scores for inflammation were assigned as follows: 0, normal (within
normal limits); 2, minimal (mixed inflammation, small, focal, or widely separated, limited to
lamina propria); 15, mild (multifocal mixed inflammation, often extending into submucosa);
40, moderate (large multifocal lesions within mixed inflammation involving mucosa and
submucosa); 80, marked (extensive mixed inflammation with edema and erosions); and
100, severe (diffuse inflammation with transmural lesions and multiple ulcers). Scores

for ulceration were assigned as follows: 0, normal (none); 2, minimal (only 1 small

focus of ulceration involving fewer than 5 crypts); 15, mild (a few small ulcers, up to

5 crypts); 40, moderate (multifocal ulcers, up to 10 crypts); 80, marked (multifocal to
coalescing ulcers involving more than 10 crypts each); and 100, severe (extensive to
diffuse, with multiple ulcers covering more than 20 crypts each). Scores for hyperplasia
were assigned as follows: 0, normal; 2, minimal (some areas with crypts elongated and
increased mitoses); 15, mild (multifocal areas with crypts elongated up to twice the

normal thickness, normal goblet cells present); 40, moderate (extensive areas with crypts

up to 2 times normal thickness, reduced goblet cells); 80, marked (mucosa over twice the
normal thickness, hyperchromatic epithelium, reduced or rare goblet cells, possibly foci of
arborization); and 100, severe (mucosa twice the normal thickness, marked hyperchromasia,
crowding/stacking, absence of goblet cells, high mitotic index, and arborization). Damage
extent scores were assigned as follows: 0, normal (rare or inconspicuous lesions); 2,
minimal (less than 5% involvement); 15, mild (multifocal but conspicuous lesions, 5%—
10% involvement); 40, moderate (multifocal, prominent lesions, 10%-50% involvement);
80, marked (coalescing to extensive lesions or areas of inflammation with some loss

of structure, 50%-90% involvement); and 100, severe (diffuse lesion with effacement of
normal structure, > 90% involvement).

Melanoma model—Male and female 6-12-week-old mice (littermate controls in
experiments with Adarl mutants) were shaved on their lower back and engrafted with
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B16-F10 melanoma cells by subcutaneously injecting 1 x 10° cells in 200 uL PBS. Tumors
were measured with digital calipers, and tumor volume was calculated using the formula:
volume = (length x width2) x %. For treatment with IFN-y (Peprotech, 315-05) each
mouse was injected interperitoneally with 10 pg of IFN-vy in 100uL of saline. For treatment
with KPT-330 (Selleckchem, S7252), each mouse was administered orally with 300 uL of
KPT-330 (15 mg/kg) suspended in 0.6% pluronic F-68 (GIBCO, 24040-032) and 0.6%
polyvinylpyrrolidone (Sigma, 81440). Mice were randomly assigned to each treatment
group. The treatment was given on days 8, 10, and 13 after tumor implantation.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 8.0 software was used for data analysis. Data are shown as mean + SEM.
Statistical significance was determined by t tests (two-tailed) for two groups or one-way
ANOVA or two-way ANOVA for three or more groups. p < 0.05 was considered statistically
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Combining IFNs with NEIs induces ZBP1-mediated inflammatory cell death,
PANoptosis

ADAR1 negatively regulates the ZBP1-mediated PANoptosis

Blocking ADARL1 activity unleashes ZBP1-mediated PANoptosis to inhibit
tumorigenesis

In mice, IFN-y + KPT-330 dramatically regresses tumors in a ZBP1-
dependent manner
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Figure 1. Interferons potentiate the cell death induced by nuclear export inhibitors
(A-C) Quantification of cell death by propidium iodide (PI) staining (A), representative

images of cell death (B), and quantification of cell death by LDH release in wild-type (WT)
BMDMs treated with KPT-330 (KPT) or leptomycin B (LMB) for 24 h in the presence or
absence of IFN- or IFN-y (C).

(D-F) Immunoblot analysis of (D) pro- (p45) and activated (p20) caspase-1 (CASP1),
pro-(p43) and cleaved caspase-11 (CASP11; p36 and p26), pro- (p53), activated (p30), and
inactivated (p20) gasdermin D (GSDMD), and pro- (p53) and activated (p34) gasdermin E
(GSDME); (E) pro- (p55) and cleaved caspase-8 (CASP8; p18), pro- (p35) and cleaved
caspase-7 (CASP7; p20), pro- (p35) and cleaved caspase-3 (CASP3; p17); and (F)
phosphorylated MLKL (pMLKL) and total MLKL (tMLKL) in WT BMDMs treated with
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KPT or LMB for 24 h in the presence or absence of IFN-B or IFN-y. GAPDH was used as
the internal control.

Data are representative of at least three independent experiments. Scale bars, 50 um. *p <
0.05; **p < 0.01; ****p < 0.0001. Analysis was performed using the two-way ANOVA.
Data are shown as mean + SEM (A and C; n = 4 in each treatment group).
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Figure 2. ZBP1 triggers inflammasome activation and cell death in response to the combination
of IFNs and nuclear export inhibitors

(A and B) Representative images of cell death (A) and quantification of cell death (B) in
WT, Zbp1~-, and Zbp12Z222 BMDMs treated with KPT-330 (KPT) or leptomycin B (LMB)
for 24 hin the presence of IFN-B. (C-F) Immunoblot analysis of (C) ZBP1; (D) pro- (p45)
and activated (p20) caspase-1 (CASP1), pro- (p53), activated (p30), and inactivated (p20)
GSDMD, and pro- (p53) and activated (p34) gasdermin E (GSDME); (E) pro- (p55) and
cleaved caspase-8 (CASP8; p18), pro- (p35) and cleaved caspase-7 (CASP7; p20), pro-(p35)
and cleaved caspase-3 (CASP3; p17); and (F) phosphorylated MLKL (pMLKL) and total
MLKL (tMLKL) in WT, ZbpI™~, and Zhp12222 BMDMs treated with KPT or LMB for 24
h in the presence of IFN-B. GAPDH was used as the internal control.

Data are representative of at least three independent experiments. Scale bars, 50 pm. ****p
< 0.0001. Analysis was performed using the two-way ANOVA. Data are shown as mean £
SEM (B; n = 4 for each genotype).

Cell Rep. Author manuscript; available in PMC 2022 February 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Karki et al. Page 31
A B
W Adar1+LysMere LysMere  Adar1f+ Adar1M Zbp1--
{ N R = LN
W Adar1ViLysMere ol = g
" R
IFN-gekpT B 20T e p v 3
% 100 % 100
8 &0 8 g0 Pog
T P& Y |
: 60 : 60 &
S 40 . 3 40 1 8
© i © ¥ =
3 20 g 20 cgn d
X 0 X 0 = ;
QO % QNP QO * 2,00k @
Z 8
Time (h) Time (h) W
C D
KPT LMB
LysMere  Media KPT LMB
W Adar1+LysMere W Adar1V+LysMere ShLme SEREENC A
% 1001 m Adar1"iLysMee 1001 @ Adar1viLysimere ?z ‘
A 80 3
e ieo0 <
E=1 H b
8 40 .
:
3
0
NSRRI NG RNORCRS
Time (h) Time (h)
E F G
Media KPT LMB Media KPT LMB Media KPT LMB
$ =12 1 £ =iz sl =
tEp it FEERIER
S 8/ 8 & 8 & T 8|8 8/ 8 &
Lysé/\gm?i UL me I NI R
- P ——
o o - ik
2 2 : .
[S) o p18% R !' - tMLKL .
S '% S e talio g GAPDHW‘
o 4
<
8 O1p20 > — e — -
LIEJ 8 p35 D ——— | — -
? 2
O Olp17 ¥ _ — —
| GAPDH - -

Figybr_e 3. ADARL1 deficiency leads to accelerated cell death in response to nuclear export
Inhibitors

(A and B) Real-time analysis of cell death (A) and representative images of cell death (B) in
AdarV* LyshEre, AdarVflLyspere, and ZbpI'~ BMDMs treated with KPT-330 (KPT) or
leptomycin B (LMB) in the presence of IFN-B for 24 h.

(C and D) Real-time analysis of cell death (C) and representative images of cell death (D) in
AdarV* LyshEre and Adar1Vf LyshFe BMDMs treated with KPT or LMB alone for 16 h.
(E-G) Immuno blot analysis of (E) pro-(p45) andactivated (p20) caspase-1 (CASP1), pro-
(p53), activated (p30), and inactivated (p20) GSDMD, and pro- (p53)and activated (p34)
gasdermin E (GSDME); (F) pro- (p 55) and cleaved caspase-8 (CASP8; p18), pro- (p35)
and cleaved caspase-7 (CASP7; p20), pro- (p35) and cleaved caspase-3 (CASP3;p17); and
(G) phosphorylated MLKL (pMLKL) and total MLKL (tMLKL) in Adarf"* LyshFre and
Adar1Vf [ yspere BMDMs treated with KPT or LMB for 1 2h. GAPDH wa suse da sth
einterna Icontrol.
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Data are representative of at least three independent experiments. Scale bars, 50 um. ***p <
0.001, ****p < 0.0001. Analysis was performed using two-way ANOVA. Data are shown as
mean + SEM (A and C; n = 4 for each genotype).
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Figure 4. Deletion of ZBP1 rescues nuclear export inhibitor-induced inflammasome activation
and cell death in ADAR1-deficient cells

(A and B) Quantification of cell death (A) and representative images of cell death (B) in
AdarfV Lyshere, AdariVf Lyshvere, and AdarVf Lyshere Zbp1!- BMDM s treated with
KPT-330 (KPT) or leptomycin B (LMB) for 16 h.

(C-E) Immunoblot analysis of (C) pro- (p45) and activated (p20) caspase-1 (CASP1), pro-
(p53), activated (p30), and inactivated (p20) gasdermin D (GSDMD), and pro- (p53) and
activated (p34) gasdermin E (GSDME); (D) pro- (p55) and cleaved caspase-8 (CASPS;
p18), pro- (p35) and cleaved caspase-7 (CASP7; p20), pro- (p35) and cleaved caspase-3
(CASP3; p17); and (E) phosphorylated MLKL (pMLKL) and total MLKL (tMLKL) in
AdarV* L yshere, AdarfV [ysivere and AdarVfl LyshE Zbp1~'- BMDMs treated with
KPT or LMB for 12 h. GAPDH was used as the internal control.

Data are representative of at least three independent experiments. Scale bars, 50 um. ****p
< 0.0001. Analysis was performed using two-way ANOVA. Data are shown as mean + SEM
(A; n =4 for each genotype).
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Figure 5. IFN signaling enhances the accumulation of double-stranded RNA (dsRNA) by nuclear
export inhibitors
(A) Dot blot for dsRNA in Adar1V/l 1 yspee BMDMs treated with KPT-330 (KPT),

leptomycin B (LMB), or IFN-{ for 8 h.

(B) Immunofluorescence staining of dsRNA (pseudocolored red hot in Fiji) and nucleus
(blue) in Adar1Vfl L yspere BMDMs treated with KPT or LMB for 12 h.

(C) Expression analysis of endogenous retroelements MuS-D, Linel, MuERV-L, and /APin
Adar1V [ yspFe BMDMs treated with KPT, LMB, or IFN-B for 8 h by real-time PCR.

(D) Dot blot for dsSRNA in WT BMDMs treated with KPT, LMB, and/or IFN-B for 16 h.
(E) Immunofluorescence staining of dsSRNA (pseudocolored red hot in Fiji) and nucleus
(blue) in WT BMDM s treated with KPT or LMB in the presence of IFN-B for 24 h.

(F) Expression analysis of endogenous retroelements MuS-D, Linel, and MuERV-L in WT
BMDMs treated with KPT, LMB, and/or IFN-B for 16 h by real-time PCR.

Data are representative of at least two independent experiments. Scale bars, 10 um. Data are
shown as meant SEM (C and F; n = 5 in each treatment group).
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HA-ZBP1

Input
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Figure 6. ADAR1 competes with RIPK3 for binding with ZBP1
(A) Immunoblot analysis of ADAR1 and ZBP1 in WT BMDMs stimulated with IFN-p or

leptomycin B (LMB) for the indicated time.

(B) Immunoblot analysis of ADARL, RIPK3, and ZBP1 following immunoprecipitation (IP)
with anti-ZBP1 or IgG control antibodies in WT BMDMs 12 h after treatment with IFN-@,
KPT-330 (KPT), LMB, IFN-B + KPT, or IFN-B + LMB.

(C) Immunoblot analysis of ADAR1 and HA-tagged ZBP1 following IP with anti-HA or
anti-ADAR1 antibodies from lysates of 239T cells expressing HA-tagged ZBP1 constructs.
(D) Immunoblot analysis of ADARL, RIPK3, and ZBP1 following IP with anti-ZBP1 or IgG
control antibodies in Adar1V* LysMF™ and Adar1Vfl L ysvee BMDMs 8h after and WT and
Ripk3 !~ BMDMs 12 h after treatment with IFN-B + KPT. GAPDH or actin was used as the
internal control. Data are representative of at least three independent experiments.
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Figure 7. Modulation of the ADAR1-ZBP1 interaction affects tumorigenesis

(A) Representative images of colon tumors in AdarZf* LysVEre and Adarffl Lyshere mice
80 days after injection of azoxymethane (AOM).

(B) Number of colon tumors 80 days after AOM injection in AdarZ* LysAF™ (n = 9) and
AdarIT [ yspEre (n = 17) mice.

(C) Percentage of tumors of various sizes 80 days after AOM injection in Adar1V* LyshFre
(n = 9) and Adar1Vf L yspee (n = 10) mice.

(D-F) Number of colon tumors (D); representative images of colon tumors (E); and
percentage of tumors of various sizes (F) in AdarZ* LysMETe (n = 10), AdarVf LyspEre (n
=10), AdarfVf Lyspere zop1~'= (n = 10), and AdarfVf LyspEre zpp1AZa2 (n = 10) mice 80
days after AOM injection.

(G) Mean tumor volume in vehicle- (n = 10), IFN-y-(n = 11), KPT-330- (KPT; n = 10), and
IFN-y + KPT-treated (n = 12) WT mice 2 weeks after B16-F10 melanoma cell engraftment.
Mice were treated with IFN-y and/or KPT on days 8, 10, and 13 after tumor engraftment.
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(H) Representative tumor pictures from vehicle-, IFN-y-, KPT-, and IFN-y + KPT-treated
WT mice.

(1) Mean tumor volume in IFN-g + KPT-treated WT (n = 10), ZbpZ~/~ (n = 10), and
Zbp1AZa2 (n = 10) mice 2 weeks after injection of B16-F10 melanoma cells.

Data are representative of at least three independent experiments. Each symbol represents
one individual mouse (B and D).

**p < 0.01, ****p < 0.0001. Analysis was performed using the two-tailed t test (B) and the
two-way ANOVA (D, G, and I). Data are shown as mean £+ SEM (B, D, G, and I).
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

anti-caspase-3
anti-cleaved caspase-3
anti-caspase-7
anti-cleaved caspase-7
anti-caspase-8
anti-cleaved caspase-8
anti-caspase-11
anti-GAPDH
anti-pMLKL
anti-MLKL
anti-GSDMD
anti-GSDME
anti-caspase-1
anti-p-actin

HRP-conjugated secondary anti-rabbit

HRP-conjugated secondary anti-mouse

HRP-conjugated secondary anti-rat

anti-ADAR1
anti-ZBP1
anti-RIPK3
anti-pSTAT1
anti-tSTAT1
anti-pIRF3
anti-GFP
anti-lgG1
anti-dsRNA
anti-dsRNA
anti-lamin B
anti-HA
anti-IFNAR1
anti-PKR

Alexa Fluor 647-conjugated antibody against
mouse 19gG

Alexa Fluor 568-conjugated antibody against
mouse 19gG

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
AdipoGen

Cell Signaling Technology
Novus Biologicals

Cell Signaling Technology
Cell Signaling Technology
Abgent

Abcam

Abcam

AdipoGen

Proteintech

Jackson ImmunoResearch
Laboratories

Jackson ImmunoResearch
Laboratories

Jackson ImmunoResearch
Laboratories

Santa Cruz Biotechnology
AdipoGen

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
Cell Signaling Technology
Scicons

Millipore

Abcam

Millipore

Bio X Cell

Santa Cruz

Invitrogen

Invitrogen

Cat# 9662, RRID: AB_331439

Cat# 9661; RRID: AB_2341188

Cat# 9492; RRID: AB_2228313

Cat# 9491; RRID: AB_2068144

Cat# AG-20T-0138-C100; RRID: AB_2490519
Cat# 8592; RRID: AB_10891784

Cat# NB120-10454; RRID: AB_2259600
Cat# 5174; RRID: AB_10622025

Cat# 37333; RRID: AB_2799112

Cat# AP14272b; RRID: AB_11134649
Cat# ab209845; RRID: AB_2783550
Cat# ab215191; RRID: AB_2737000
Cat# AG-20B-0044; RRID: AB_2490253
Cat# 66009-1-1G; RRID: AB_2687938
Cat# 111-035-047; RRID: AB_2337940

Cat# 315-035-047; RRID: AB_2340068

Cat# 112-035-003; RRID: AB_2338128

Cat# sc-73408; RRID: AB_2222767
Cat# AG-20B-0010; RRID: AB_2490191
Cat# 95702; RRID: AB_2721823

Cat# 7649; RRID: AB_10950970

Cat# 14994, RRID: AB_2737027

Cat# 4947; RRID: AB_823547

Cat# sc-9996; RRID: AB_627695

Cat# 5415; RRID: AB_10829607

Cat# 10010200; RRID: AB_2651015
Cat# MABE1134; RRID: AB_2819101
Cat# ab16048; RRID: AB_10107828
Cat# 05-904; RRID: AB_417380

Cat# BE0241; RRID: AB_2687723
Cat# sc-6282; RRID: AB_628150
Cat# A21235; RRID: AB_2535804

Cat# A11031; RRID: AB_144696

Chemicals, peptides, and recombinant proteins
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REAGENT or RESOURCE SOURCE IDENTIFIER
IMDM Thermo Fisher Scientific Cat# 12440053
Fetal bovine serum Biowest Cat# S1620

Non-essential amino acids
Penicillin and streptomycin
DPBS

IFN-y

IFN-B

IL-6

IL-18

TNF-a

Propidium iodide

Protease inhibitor
Phosphatase inhibitor
Forte western HRP substrate
Methylene blue

RNase A

Isoflurane

KPT-330

Leptomycin B

Normal goat serum

SYBR Green

DAPI

TRIzol

Azoxymethane

Dextran sodium sulfate
DMEM

Pluronic F-68
Polyvinylpyrrolidone
SMART siRNA pool, Eif2ak2
SiRNA buffer

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Peprotech

PBL Assay

Peprotech

R&D

Peprotech

Life Technologies
Roche

Roche

Millipore

Sigma

Thermo Fisher Scientific
Piramal Critical Care
Selleckchem

Sigma

Life Technologies
Applied Biosystems
Biotium

Thermo Fisher Scientific
Millipore Sigma
Affymetrix

Thermo Fisher Scientific
GIBCO

Sigma

Dharmacon

Dharmacon

Cat# 11140-050
Cat# 15070-063

Cat# 14190-250

Cat# 315-05

Cat# 12400-1

Cat# 212-16

Cat# 201-LB-025)

Cat# 315-01A

Cat# P3566

Cat# 11697498001
Cat# 04906837001
Cat# WBLUF055

Cat#t M9140

Cat# EN0531

Cat# 66794-013-25
Cat# S7252

Cat# L2913

Cat# 01-6201

Cat# 4368706

Cat# 40043

Cat# 15596026

Cat# A5486

Cat# 9011-18-1

Cat# 11995-073

Cat# 24040-032

Cat# 81440

Cat# M-040807-01-0005
Cat# B-002000-UB-100

Critical commercial assays

Affymetrix Whole Transcript Plus Expression Thermo Fisher Scientific Cat# 902281
Kit

Affymetrix Clariom S Mouse Genechip Array Thermo Fisher Scientific Cat# 902930
High-Capacity cDNA Reverse Transcription Kit ~ Applied Biosystems Cat# 4368814
LDH Assay Kit Promega Cat# G1780
NE-PER Nuclear and Cytoplasmic Extraction Thermo Fisher Scientific Cat# 78833
Reagents

Deposited data

ISG expression in Adar1™~ fibroblasts

Barrett et al., 2013; Liddicoat et al.,

2015

GEO: GSE58917
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

BMDM microarray data

Expression in NCI-60 cancer cells

This paper
NCI-60 database

GEO: GSE184323

https://dtp.cancer.gov/discovery_development/
nci-60/

Experimental models: Cell lines

B16-F10
293T

ATCC
ATCC

Cat# CRL-6322; RRID: CVCL_0604
Cat# CRL-3216; RRID: CVCL_0063

Experimental models: Organisms/strains

Ripk3™”~ mice
Ripk3~Casp8™~ mice
Casp11~~ mice

AdarIV mice

Adarf" [ ysiFre mice
AdarIVf L yshEre Zpp1~- mice
AdarIVi LysiEre ZppAZa2 mice
Nirp3™~ mice

Nirc4™~ mice

Asc™~mice

Aim2”~mice
Nirp3-Aim2~~ mice
CaspI™~ mice
Mefv~~mice

Casp3™~ mice

Casp7™~ mice
Gsdmad™~mice

Gsdme™~ mice

MikI~~ mice
Gsoma™-Gsdme™~
Gsdmad™"~Mikl~~
Gsdmad~Gsdme™-MIkl~~
TIr3™~ mice

Mda5™"~ mice

Mavs™" mice

ZbpI™~ mice
Zbp12292 mice

Newton et al., 2004
Oberst et al., 2011
Kayagaki et al., 2011
Hartner et al., 2004
This paper

This paper

This paper

Kanneganti et al., 2006
Mariathasan et al., 2004
QOzoren et al., 2006
Jones et al., 2010
Karki et al., 2015

Man et al., 2016

Van Gorp et al., 2016
Zheng et al., 2000
Lakhani et al., 2006
Karki et al., 2018
Skarnes et al., 2011
Murphy et al., 2013
This paper

Christgen et al., 2020
Karki et al., 2021
Alexopoulou et al., 2001
Gitlin et al., 2006

Kumar et al., 2006; Suthar et al.,
2010

Ishii et al., 2008

Kesavardhana et al., 2020

N/A
N/A
N/A
Cat# 34620-JAX
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A

Software and algorithms

GraphPad Prism 8.0

GraphPad Software, Inc.

https://www.graphpad.com/

Cell Rep. Author manuscript; available in PMC 2022 February 17.


https://dtp.cancer.gov/discovery_development/nci-60/
https://dtp.cancer.gov/discovery_development/nci-60/
https://www.graphpad.com/

1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Karki et al. Page 41

REAGENT or RESOURCE SOURCE IDENTIFIER

Affymetrix Expression Console v1.1 Thermo Fisher Scientific https://www.thermofisher.com/us/en/home/life-
science/microarray-analysis/microarray-analysis-
instruments-software-services/microarray-analysis-
software.html

Fiji Imagel] https://imagej.net/software/fiji/

DAVID Laboratory of Human Retrovirology  https://david.ncifcrf.gov

and Immunoinformatics

Ingenuity Pathways Analysis software QIAGEN https://digitalinsights.qiagen.com/products-
overview/discovery-insights-portfolio/analysis-
and-visualization/qiagen-ipa/

Gene Set Enrichment Analysis (GSEA) The Broad Institute https://www.gsea-msigdb.org/gsea/index.jsp
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