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The absence of Caspase-8 or its adapter, Fas-associated death domain (FADD), results
in activation of receptor interacting protein kinase-3 (RIPK3)- and mixed-lineage
kinase-like (MLKL)-dependent necroptosis in vivo. Here, we show that spontaneous
activation of RIPK3, phosphorylation of MLKL, and necroptosis in Caspase-8— or
FADD-deficient cells was dependent on the nucleic acid sensor, Z-DNA binding
protein-1 (ZBP1). We genetically engineered a mouse model by a single insertion of
FLAG tag onto the N terminus of endogenous MLKL (MIEIFLAG/FLAG) | creating an
inactive form of MLKL that permits monitoring of phosphorylated MLKL without
activating necroptotic cell death. Casp8 '~ MURIFLAC/FLAG mice were viable and dis-
played phosphorylated MLKL in a variety of tissues, together with dramatically
increased expression of ZBP1 compared to Casp8™’* mice. Studies in vitro revealed an
increased expression of ZBP1 in cells lacking FADD or Caspase-8, which was
suppressed by reconstitution of Caspase-8 or FADD. Ablation of ZBP1 in
Casp8~"~ MII™™ "% mice suppressed spontaneous MLKL phosphorylation in vivo.
ZBP1 expression and downstream activation of RIPK3 and MLKL in cells lacking
Caspase-8 or FADD relied on a positive feedback mechanism requiring the nucleic acid
sensors cyclic GMP-AMP synthase (cGAS), stimulator of interferon genes (STING),
and TBKI1 signaling pathways. Our study identifies a molecular mechanism whereby
Caspase-8 and FADD suppress spontaneous necroptotic cell death.
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Necroptosis is a regulated, necrotic cell death process that depends on the phosphoryla-
tion of the pseudokinase, mixed-lineage kinase-like (MLKL) by receptor interacting
kinase-3 (RIPK3) (1, 2). RIPK3 is activated by three known mechanisms. Under
conditions that permit necroptosis to proceed (see next paragraph), ligation of tumor
necrosis factor receptor-1 (TNFR1) activates RIPK1, which in turn binds to RIPK3 via
shared RIP homology interaction motifs (RHIM) present in both molecules (3, 4).
Similarly, engagement of Toll-like receptors (TLR)-3 and -4 recruits the adapter, TIR
domain-containing adapter-inducing interferon-p (TRIF), which has a RHIM that is
capable of binding and activating RIPK3 (5). Finally, the cytosolic nucleic acid sensor,
Z-DNA binding protein-1 (ZBP1) also contains a RIPK3-activating RHIM (6, 7).
Despite its name, ZBP1 senses Z-RNA rather than Z-DNA (8-10) and mediates cell
death upon infections with orthomyxoviruses (11, 12), herpesviruses (6), and poxvi-
ruses (8, 13).

Fas-associated death domain (FADD) is an adapter that is engaged by TNFR1 liga-
tion as well as by active RIPK1, and this functions to bind and activate the caspase
protease, Caspase-8 (14, 15). The FADD/Caspase-8 complex proteolytic activity inhib-
its necroptosis in each of the settings wherein RIPK3 can be activated. This inhibition
is important during embryogenesis and in adult tissues, as evidenced by the ability of
RIPK3 or MLKL ablation to protect mice from the catastrophic effects of deletion of
FADD or Caspase-8 during embryogenesis (15, 16) or upon acute deletion in adult
tissues (17). Cleavage of RIPK1 by Caspase-8 is essential for murine and human
homeostasis (18), as mice or humans in which the cleavage site is inactivated die during
embryogenesis (mice) or display lethal inflammatory disease after birth (humans)
(19, 20).

FADD/Caspase-8—mediated proteolytic cleavage of RIPKI1 prevents necroptosis
induced by ligation of TNFRI1 (15), as RIPK1 is required for the activation of RIPK3
in this setting. Unlike the induction of necroptosis by ligation of TNFR1, ZBP1 acti-
vates RIPK3 independently of RIPK1 (21). Therefore, how FADD/Caspase-8 prevents
ZBP1-induced necroptosis remains unresolved. Here we describe studies in which cells or
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animals lacking functional MLKL and either FADD or Caspase-8
sustain active RIPK3 activity that depends, in large part, on the
expression of ZBP1, which we found to be highly expressed in the
double-deficient cells and animal tissues. In the presence of FADD
and Caspase-8, this constitutive expression of ZBP1 is suppressed.
We identify the nucleic acids sensors cyclic GMP-AMP synthase
(cGAS) and stimulator of interferon genes (STING) as responsible
for ZBP1 expression in cells lacking FADD or Caspase-8.

Results

FADD/Caspase-8 Inhibits Spontaneous RIPK3-MLKL Pathway
Activity. Because ablaton of MLKL in mice lacking either
Caspase-8 or FADD allows these otherwise embryonically lethal
genotypes to mature into adults (16), it is reasonable to assume that
one or more signaling pathways that activate RIPK3 (and therefore

MLKL and necroptotic death) are active during embryogenesis.
Similarly, tissue damage to the gut or skin by acute ablatdon of
casp8 in adult animals is prevented by ablation of either RIPK3 or
MLKL (16, 17, 22), further suggesting that the RIPK3 activation
signals are present in these adult tissues (16, 23). To identify these
signals, we generated mouse embryonic fibroblasts (MEF) from
Casp8"~ Milkl™" or Fadd~"~ Mlkl~"~ embryos and examined the
phosphorylation of RIPK3 (Fig. 14 and S/ Appendix, Fig. S1A). In
the absence of either FADD or Caspase-8, RIPK3 was constitu-
tively phosphorylated. Ectopic reexpression of FADD or Caspase-8
suppressed phospho-RIPK3 (Fig. 14 and S/ Appendix, Fig. S1A).
Phosphorylation of RIPK1 showed a similar pattern (Fig. 14). We
then engineered these immortalized MEF to inducibly express
MLKL with a C-terminal FLAG (MLKL-FLAG) in response to
doxycycline (Dox) (23). Treatment with Dox rapidly induced cell
death that was suppressed by enforced expression of FADD or
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Fig. 1. Fadd or Casp8 absence promotes constitutive RIPK3-MLKL pathway activity. (A) Fadd~"~Mikl~"~ or Casp8~’~MIkl~"~ MEF were reconstituted with empty
vector (CTRL), FADD, or Caspase-8 (Casp8), respectively. Cell lysates were collected and phosphorylation of RIPK1, RIPK3, and all reconstituted components
were assessed by immunoblotting. (B) Cells as shown in A were reconstituted with Dox-inducible MLKL-FLAG (C terminal; iMLKL-FLAG) and incubated with Dox
(1 pg/mL) in the absence or presence of GSK'872 (1 uM) or TNF (10 ng/mL) plus zVAD (50 uM). Kinetics of cell death was monitored by propidium iodide (PI* %)
uptake using an Incucyte Kinetic Live Cell Imager. (C) Cells as shown in A were reconstituted with Dox-inducible FLAG-MLKL (N terminal). Cell lysates were ana-
lyzed by immunoblotting using indicated antibodies. (D) Expected Mendelian ratios and observed numbers of offspring from MikI"“F4%Casp8*/~ intercrosses.
All observed genotypes reached adulthood. () Tissues from 4- to 6-wk-old MIkI'%FAGCasp8** or MIkIPASFACCasp8~~ mice were examined by immunoblotting
using indicated antibodies. (F) Immunofluorescence analysis of phospho-MLKL (pMLKL) from cryopreserved lung sections from animals as shown in E. (Scale

bars, 10 pm.)
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Caspase-8 in the corresponding cell line (Fig. 1B). The latter cells,
which did not die in response to MLKL expression, nevertheless
died upon treatment with Dox plus the caspase inhibitor carboben-
zoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone ~ (zVAD)
and either TNF (Fig. 1B and SI Appendix, Fig. S1D) or poly I:C
(SI Appendix, Fig. S1E), as expected (23).

To examine the phosphorylation of MLKL in these settings,
we took advantage of the ability of an N-terminal FLAG to
block the necroptotic function of MLKL without affecting its
phosphorylation by RIPK3 (Fig. 1C and SI Appendix, Fig.
S1A) (24). The phosphorylation of MLKL, as well as cell death
induced in Fadd™"~Mikl~"~ MEF upon reexpression of
MLKL, was blocked by the RIPK3 inhibitor, GSK'872 (Fig.
1B and SI Appendix, Fig. S1 B and O), but not by the RIPK1
inhibitor, Necrostatin-1s (Nec-1s) (SI Appendix, Fig. S1 B
and C). Fadd™" Mikl™" or Casp8 "~ Mikl™" cells reconsti-
tuted with a Dox-inducible FLAG-MLKL (iFLAG-MLKL)
were treated with Dox and the expressed MLKL was assessed
with an antibody to Phospho-S3#> (24) by immunoblot (Fig.
1C and ST Appendix, Fig. S1B) and immunofluorescence (S
Appendix, Fig. S1F). The phosphorylation of MLKL in these
settings was blocked by the RIPK3 inhibitor GSK'872 and was
not enhanced by further addition of either TNF or poly I:C (57
Appendix, Fig. S1G). Thus, MEF lacking either FADD or
Caspase-8 display constitutive RIPK3 activity capable of phos-
phorylating MLKL and driving necroptosis.

We generated a mouse in which a FLAG tag was appended
onto the N terminus of endogenous MLKL (87 Appendix, Fig.
S1H). To formally test the idea that FLAG-MLKL is inactive,
but can still be phosphorylated and form a complex with
RIPK3 (23, 24), we crossed these animals with mice harboring
a null allele of casp8. The intercross of Casp&8t'~ Mlkl"-ACFLAC
mice resulted in homozygous Casp8 '~ MIkIFLAG/FLAG mice
that weaned at the expected Mendelian frequency (Fig. 1D).
Thus, FLAG-MLKL acts as a null allele to prevent embryonic
death of caspé’*/* mice (16). This mouse model allowed
us to examine the phosphorylation status of MLKL in
Casp8~"~ MIRIFLACFLAG tissues ex vivo. Strikingly, every tissue
we examined accumulated high levels of phospho-MLKL (Fig.
1E), although we cannot conclude that this was the case for all
cell types in those tissues. However, immunohistochemistry of
the lung (Fig. 1F) revealed robust phospho-MLKL staining
in alveolar cells that was absent in the lungs of Casp8**
Mp[FLAGIFLAG mjce,

The Absence of Caspase-8 or FADD Promotes Expression of
ZBP1. In an effort to identify the source of the RIPK3-
activating signal, we performed RNA-sequencing (RNA-seq)
using Fadd ="~ Mlkl™"™ or Casp8 '~ Mlkl~"~ MEF with or
without ectopically expressed FADD or Caspase-8, respectively.
Among the mRNAs suppressed by FADD and Caspase-8, we
noted the presence of ZbpI (Fig. 24), whose product, ZBP1, is
known to bind and activate RIPK3 (25). We confirmed that
expression of both Zbpl mRNA (Fig. 2B) and protein (Fig.
20 is present in cells lacking FADD or Caspase-8, and it was
indeed suppressed by respective reconstitution of FADD or
Caspase-8. This constitutive expression of ZBP1 was also
observed in immortalized MEF lacking FADD and RIPK3
(Fig. 2D) or from adult tissues from Cﬂ:p8+/7Rz'p/e3 "~ inter-
crosses (Fig. 2E), but not in cells or tissues lacking only
RIPK3. We similarly examined tissues from Casp8*™*, or
Casp8~'"~ MIRIPAACTLAG mice, and observed high ZBP1 expres-
sion in all examined tissues (Fig. 2F). We then examined the
role of RIPK1 in these effects. Primary MEF lacking RIPK3
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Fig. 2. Fadd or Casp8 absence results in increased Zbp1 expression.
(A) RNA-seq analysis from Fadd~~MIkI~~ or Casp8~~MIkl~"~ MEF reconsti-
tuted with empty vector (CTRL), FADD, or Caspase-8 (Casp8), respectively.
The red bold dot is Zbp1. (B) Detection of Zbp7 mRNA by qRT-PCR from cells
as described in A. Zbp1 expression was normalized using Gapdh mRNA
levels and standardized against control (CTRL). (C) Cell lysates from
cells described in A, (D) immortalized WT, Ripk3~~, or Fadd~’~Ripk3~'~
MEF, and (F) ZBP1 expression in liver, kidney, lung, or heart tissues
from Casp8*~Ripk3~~ intercrosses. Casp8*(C8*'*);, Casp8~(C8"") or
Casp8~/~(C87'7), respectively. (F) ZBP1 expression in kidney, liver, heart, or
lung tissues from MIkI"“ASACCasp8** or MIKITASFACCasp8~"~ mice was
examined by immunoblotting. Numbers above panels (1 to 3) denote indi-
vidual animals. (G) Primary Ripk3~~, Ripk1~'~ Ripk3~'~, Casp8~' Ripk3~"",
Ripk1~/~ Ripk3~'~Casp8~/~, and Fadd~"~MIkl~"~ MEF were analyzed by immu-
noblotting using the indicated antibodies. (H) Immunoblotting in lung
tissues from  MIkITACFACZpp 14+ Casp8*'*,  MIKIFACFACZbp 1+ Casp8",
MIKIFACFAS Zhn 1~/ Casp8**, and MIKI"%FACZbp1~/~Casp8~/~ mice (Left).
Densitometric quantification of pMLKL/MLKL ratios from three separate ani-
mals (numbers 1 to 3) (Right). Significance in B was calculated with unpaired
Student's t test or (H) two-way ANOVA analysis including a Tukey’'s multiple
comparison test, ***P < 0.001.
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with or without RIPK1 did not show expression of ZBP1, but
cells lacking Caspase-8, with or without RIPKI, expressed
ZBP1 (Fig. 2G). Therefore, RIPK1 is not required for the
expression of ZBP1 in the absence of Caspase-8 or FADD, nor
is it required for suppression of such expression.

We then tested the effects of ZBP1 ablation in these settings.
Using CRSPR/cas9, we ablated ZbpI in immortalized MEF
lacking FADD and MLKL and observed that this decreased
the constitutive phosphorylation of RIPK1 and RIPK3 (S7
Appendix, Fig. S2A). In addition, ablation of ZBP1 in these
cells prevented cell death in response to MLKL expression,
although the cells remained sensitive to treatment with poly I:
C plus zVAD (SI Appendix, Fig. S2A4). We then crossed
ZbpI™"~ mice with MikI™ "4 mice, with or without casp8.
Strikingly, the lack of ZBPI reduced the phosphorylation of
MILKL observed in lungs (Fig. 2H and SI Appendix, Fig. S2B)
and livers (87 Appendix, Fig. S2C) of animals lacking both
alleles of Casp8. Based on these findings, we suggest that the
expression of ZBP1 and its activation of RIPK3 in adult tissues
of Cmp87/7Ml/elFLAG/FLAG mice is a major driver of MLKL
phosphorylation in these tissues.

Nucleic Acid Sensing by ZBP1 Is Essential for RIPK3-MLKL Path-
way Activity. Using our immortalized Faddf/fMl/d*/*Zépl -
MEF, we ectopically expressed zbp! and observed that the
constitutive phosphorylation of RIPKI and RIPK3 seen in
Fadd™"~ Mikl™"~ cells was restored (Fig. 3A4). ZBP1 contains
two Za domains (Zal and Za2) (Fig. 3B), required for nucleic
acid sensing (26), as well as an RHIM required for binding
and activation of RIPK3 (6). We found that while expression of
wild-type  ZBP1  restored RIPK3  phosphorylation in
Fadd ™ _Ml/el_/_prI_/_ cells, deletion mutants lacking the
RHIM or Za2 did not (Fig. 3C). Consistent with this, we found
that Dox-induced MLKL rapidly caused cell death in MEF
expressing wild-type, but not the deletion mutants of ZBP1, and
this cell death was prevented by inhibition of RIPK3 by
GSK'872 (Fig. 3D). The Fadd "~ Milkl™" Zbpl™"~ cells were
nevertheless sensitive to induction of cell death (S7 Appendix,
Fig. S34) and phospho-RIPK3 (S/ Appendix, Fig. S3B) by treat-
ment with TNF or poly I:C. We then expressed FLAG-ZBP1 in
Fadd™" Mlkl™" Zbp1™"~ cells reconstituted with wild-type or
mutant ZBP1. We found that only in the presence of wild-type
ZBP1 did phospho-RIPK3, RIPK3, and RIPK1 coprecipitate
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Fig. 3. ZBP1 nucleic acid sensing is required to activate RIPK3 in the absence of FADD. (A-E) Fadd~"~MIkI~’~ or Fadd~'~MIkl~'~ Zbp1~/~ MEF were reconsti-
tuted with iIMLKL-FLAG (C terminal). (A) Fadd~"~MIkl~’~ MEF reconstituted with empty vector or FADD, and Fadd~'~MIki~~Zbp1~~ MEF reconstituted with
ZBP1. Immunoblot analysis of pRIPK1 or pRIPK3 (Left). Densitometric quantification of pRIPK3 (Upper Right) and pRIPK1 (Lower Right). Ratios (pRIPKs/RIPKS)
were normalized to Fadd~"~MIkl~~ cells, which was set at 100%. (B) Structure of mouse ZBP1 wild-type or mutants (WT, RHIM mutant [mutRHIM], Za2
mutant [mutZa2], and deleted Za1/2 domains [AZa1/2]). (C) Immunoblot analysis of reconstituted ZBP1 constructs shown in B in Fadd’/’Mlkl’/’pr1’/’MEF.
(D) Cells described in C were incubated with Dox (1 pg/mL) or in combination with GSK'872 (1 uM). Kinetics of cell death was monitored with Sytoxgreen
(Sytoxgreen®, %) uptake. (E) Immunoprecipitation of FLAG-ZBP1 in MEF. Immunoblot of pRIPK3, RIPK3, and RIPK1 coprecipitates. Representation of two

(C and E) or three independent experiments (A and D).
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with ZBP1 (Fig. 3E). Therefore, ZBP1 appears to be responsible
for activating RIPK3 in cells lacking FADD or Caspase-8.

The failure of ZBP1 lacking Za2 to activate RIPK3 and nec-
roptosis, despite the presence of the RHIM domain, suggests that
ZBP1 must be engaged by its ligand to perform this function. As
the Za domains of ZBP1 sense Z-form nucleic acids, such as
Z-RNA (26), we asked if levels of endogenous Z-RNA species
are regulated by the FADD/Caspase-8 complex. We employed
antibodies specific for Z-RNA or A-RNA and examined FADD-
and Caspase-8—deficient cells for the presence of these double-
stranded RNA species by confocal microscopy, as described
previously (10, 27). We found that both Fadd ™"~ Mikl~"~ and
Casp8 "~ Mikl™" cells displayed elevated expression of Z-RNA
and A-RNA that was suppressed by FADD or Caspase-8, respec-
tively (Fig. 4). Although it has been suggested that ZBP1 recog-
nizes mRNA from endogenous retroviruses, we did not detect
such transcripts in our RNA-seq data (Gene Expression Omnibus
[GEO] GSE208744). Nevertheless, based on our findings, it is
likely that RNA transcripts suppressed by FADD/Caspase-8
include those capable of forming Z-RNA.

Fadd-MiIkF-
CTRL

FADD

Il Z-RNA H A-RNA

Fluorescence intensity (MFI)

Merge

B Casp8--Mikl"-
CTRL

Il Z-RNA Hl A-RNA

*kk

Casp8

Z-RNA

A-RNA

Fluorescence intensity (MFI)

Merge
DAPI

Fig. 4. Cells lacking FADD or Caspase-8 contain constitutive expression of
Z-RNA. (A) Fadd~"~MIkI~= or (B) Casp8~/~MIki”~ MEF were reconstituted
with empty vector (CTRL), FADD, or Caspase-8 (Casp8), respectively. Repre-
sentative images of Z-RNA (red) or A-RNA (green) for Fadd~"~MIkl~"~ (A) and
Casp8~~MIkl~"~(B). Columns are quantification of MFI compiled from three
independent experiments. Dots represent individual cells (S/ Appendix, SI
Materials and Methods). Significance was calculated with two-way ANOVA
analysis including a Tukey’'s multiple comparison test, ***P < 0.001.
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A Positive Feedback Loop Involving the cGAS-STING-TBK1
Pathway and ZBP1 in Cells Lacking Caspase-8 or FADD. Zbpl
is an interferon response gene (28) and ZBP1 is also capable of
inducing type I interferon expression via activation of TANK-
binding kinase-1 (TBK1) (29). We therefore examined the phos-
phorylation status of TBK1 and signal transducer and activator of
transcription-1 (STAT1) in our cells. Fadd™"~ MlkI~~ MEF
exhibited robust phospho-TBKI1 and phospho-STAT1 signal, as
shown by immunoblotting, which was reduced upon expression of
FADD or by ablation of z6pI (Fig. 5A). Expression of ZBP1, but
not ZBP1 lacking the Zo domains, restored both phospho-TBK1
and phospho-STAT1 expression in the Fadd ™"~ Mikl™"~ Zbp1~"~
MEF (Fig. 5A). Inhibition of TBKI kinase activity reduced ZBP1
expression (SI Appendix, Fig. S44), suggesting the possibility of a
positive feedback effect wherein ZBP1 activates TBK1, which in
turn enforces ZBP1 expression.

To identify how the interferon response, leading to ZBP1
expression, might be triggered in our Fadd '~ Mikl~"~ MEF,
we silenced several genes using siRNA (Fig. 5B and ST Appendix,
Fig. S4B). In agreement with our observations using a TBK
inhibitor, we observed decreased ZBP1 expression upon silencing
TBK1 or the type I interferon receptor IFNAR. We also found
that silencing of ¢cGAS or STING expression reduced ZBP1 lev-
els in these cells. We observed a slight reduction in the levels of
these proteins upon expression of FADD or Caspase-8, respec-
tively, in Fadd ™"~ Mlkl™" or Casp8 "~ Milkl™"" cells (Fig. 5D
and SI Appendix, Fig. S4C). Accordingly, we found that the lev-
els of cGAMP, the product of cGAS, were reduced by FADD/
Caspase-8 expression (Fig. 5E).

We therefore ablated ¢cGAS in Casp8 Mk cells (Fig. 5 F
and G). We found that induced e);pression of MLKL resulted in
rapid cell death in casp8 " milkl™" cells that was prevented by
ablation of ¢GAS (Fig. 5F). Expression of Caspase-8 or ablation of
cGAS reduced the levels of ZBP1, phospho-TBKI1, and phospho-
RIPK3. Reexpression of cGAS in the Casp8~/~ Mikl~'~ Cgas—"~
cells reversed these effects (Fig. 5 Fand G). Similarly, ablation of
STING in Fadd~""Mlkl~"~ MEF reduced the levels of ZBP1,
phosphorylated TBK1 and RIPK3, and prevented cell death upon
reexpression of MLKL (S Appendix, Fig. S5 A and B).

Interestingly, immunoprecipitation of ZBP1 in Casp8 "~ Mikl~"
MEF coprecipitated TBK1, cGAS, and IRF7, as well as RIPK1,
RIPK3, and FADD. This coprecipitation was not observed in
wild-type MEF overexpressing a previously described (12) ZBP1
fusion protein. Restoration of Caspase-8 completely abolished
coprecipitation of these proteins from the Casp8 "~ Mikl™"~
MEF (Fig. 50).

Discussion

We found that cells lacking Caspase-8 or FADD, as well as
MLKL, have constitutive activation of RIPK3 as evidenced by
the presence of autophosphorylated RIPK3. Consistent with
this, induced expression of ectopic MLKL rapidly triggers cell
death in these cells. Mice with inactive MLKL because of inser-
tion of an N-terminal FLAG are fully protected from embryonic
lethality caused by Caspase-8 ablation, as are Casp8 '~ Mikl™"~
mice (16, 30). In these animals, p-MLKL was identified in all
tissues examined, although this should not be interpreted as
MLKL activation of all cell types within these tissues. For exam-
ple, deletion of Caspase-8 in hepatocytes (31), or cardiac
myocytes (15), does not cause developmental abnormalities, sug-
gesting that MLKL is not activated in these cell types, despite
our observation that liver and heart showed p-MLKL in our
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Fig. 5. The absence of FADD or Caspase-8 promotes a positive feedback
loop involving the cGAS-STING and TBK1 pathways inducing ZBP1 expres-
sion. (A) Fadd~~MIkI~/~ MEF expressing empty vector (CTRL) or FADD, and
Fadd~"~MIkI~’~Zbp1~~MEF expressing WT, or AZa1/2-ZBP1 were harvested
under untreated conditions. Cell lysates were examined by immunoblotting
analysis using the indicated antibodies. (B) Fadd~"~MIkI~~ MEF were tran-
siently transfected with the indicated siRNA. Forty-eight hours after transfec-
tion, cell lysates were immunoblotted for ZBP1 and actin as loading control.
(O Immunoprecipitation of FLAG-ZBP1 in Zbp1~/~ MEF reconstituted with
empty vector (CTRL) or a Dox-inducible FLAG-ZBP1 (used as internal control),
and Casp8~~MIkI~’~ MEF expressing empty vector (CTRL) or Casp8. Endoge-
nous coprecipitated proteins were assessed by immunoblotting with the
indicated antibodies. (D and E) Fadd~"~MIkI~"~ or Casp8~'~MIki~’~ MEF recon-
stituted with empty vector (CTRL), FADD, or Casp8, respectively, were
harvested for liquid-chromatography/mass spectrometry quantification of
cGAMP (SI Appendix, SI Materials and Methods). (D) Immunoblots of cells in
(E, Left). (F) Dots represent cGAMP peak relative to its respective control cells
(SI Appendix, SI Materials and Methods). Compiled from three independent
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Casp8™"~ MIRI™“" S mice. Presumably, other cell types in
these tissues were responsible for our observations.

The phosphorylation of MLKL on its activation loop is
mediated by active RIPK3 (24). RIPK3 is activated by dimer-
ization via binding of upstream RHIM-containing adaptors to
its RHIM, and to date, the only proteins known to do this are
RIPK1, TRIF, and ZBP1 (32). We found that in cells or tissues
lacking Caspase-8 or FADD, together with the absence of func-
tional MLKL, the constitutive activation of RIPK3 was depen-
dent on ZBP1. Therefore, while TNF-induced RIPKI activity
and TLR-induced TRIF activation are presumably active
in vivo, these appear to have at best a minor contribution to
the constitutive activity of RIPK3, as evidenced by phosphory-
lation of the endogenous FLAG-MLKL, when Caspase-8 is
globally ablated in those tissues examined (lung and liver).
Recent studies support roles for ZBP1 in necroptosis induced
by ablation of Caspase-8 in intestinal epithelium (33), and in
skin and intestines of mice with mutations in RIPK1 (9). It
remains possible, however, that RIPK3 may be active in our
Zbpl™" Casp8~"~ MIkI™ "% animals in other tissues than
we examined, perhaps due to the engagement of RIPKI1 or
TRIF, and indeed, other studies support roles for such stimuli
in necroptosis induced by ablation of Caspase-8 in skin and
intestine (17, 34).

Zbpl is an interferon responsive gene (29), and we found
that Zbpl mRNA and ZBP1 protein are expressed in cells and
tissues lacking FADD or Caspase-8. This expression was sup-
pressed upon ectopic restoration of FADD/Caspase-8 in cells.
In MEF, this expression was largely dependent on ¢GAS and
STING, the latter of which induces type I interferon (35),
which presumably drove ZBP1 expression. Both c¢GAS and
STING have been described to be targets of caspase cleavage
(36, 37). We observed a slight reduction in ¢GAS upon reex-
pression of FADD-Caspase-8 in the corresponding deficient
MEF, and it is possible that this represents the small proportion
of c¢GAS responsible to produce its product, cGAMP, we
observed in cells lacking FADD or Caspase-8.

Intriguingly, while ¢cGAS-STING appeared to be required
for ZBP1 expression, the ablation of ZBP1 decreased interferon
signaling, as evidenced by loss of constitutive p-STAT1. Both
STING and ZBP1 induce type I interferon by the activation of
TBK1 (28, 38), and inhibition of TBK1 prevented both ZBP1
expression and STAT1 phosphorylation. This suggests the pos-
sibility that induction of ¢cGAS-STING induces ZBP1, that in
turn generates positive feedback via interferon production that
sustains ZBP1 expression (SI Appendix, Fig. S4D). How cGAS
is initiated in this pathway, however, is unclear. FADD and
Caspase-8 have been described to promote DNA repair (39,
40), and cells and tissues lacking Caspase-8 accumulate DNA
damage (39). It is possible that a defect in DNA repair may
contribute to c¢GAS activation in cells lacking FADD or
Caspase-8, although this is unproven.

Although ZBP1 is expressed in cells and tissues lacking
FADD or Caspase-8, the function of ZBP1 to promote RIPK3
activation and MLKL phosphorylation requires the Za
domains of ZBP1, suggesting that the protein must sense its
cytosolic ligand, Z-RNA, to promote RIPK3 activation (11). In
line with this, we detected an elevation in both Z-RNA and

experiments. (F) Quantification of cell death and (G) immunoblot analysis of
endogenous components in Casp8~""MIkl~'~ or Cgas~'~Casp8~"~MIkI~"~ MEF
versus reconstituted cells with control (CTRL), Casp8, or GFP-cGAS,
respectively.
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A-RNA in MEF lacking FADD or Caspase-8, which was sup-
pressed upon reexpression of these proteins. While retroviruses
are known to express mRNAs that can attain Z-RNA confor-
mation (41), we did not detect retroviral transcripts that were
regulated by Caspase-8 (GEO GSE208744). It remains possible
that Z-RNA expressed in our FADD- or Caspase-8—deficient
cells are due to activation of unknown, endogenous viruses, or
represent transcripts of murine genes, perhaps those induced by
interferon signaling.

While ZBP1 is largely considered a sensor of viral infection
(8), there is evidence that it functions in other settings. For exam-
ple, one study investigated MLKL-dependent necrosis in breast
cancers and concluded that ZBP1 was responsible for driving the
activation of MLKL (42). Our findings support the idea that
the expression of ZBP1 and its activation are tightly regulated by
the function of Caspase-8 under homeostatic conditions.

Materials and Methods

Generation of MIkIFA5/F1AS Mice. All animal use was approved by the
St. Jude Children’s Research Hospital institutional animal care and use commit-
tee. Insertion of FLAG tag at amino-terminal of MLKL (N-terminal FLAG-MLKL)
was engineered by using CRISPR/Cas9 technology. The single-guide RNAs
(sgRNAs) and Cas9 mRNA transcripts were designed and generated as described
previously (43). The target site for each sgRNA is unique in the mouse genome,
and no potential off-target site with fewer than two mismatches was found using
the Cas-OFFinder algorithm (44). Briefly, the St. Jude Transgenic/Gene Knockout
Shared Resource injected pronuclear-staged C57BL/6J zygotes with a SgRNA (5’
CTTTCAGCTATGGATAAATT-3'; 125 ng/pl) introducing a DNA double-stranded
break into exon 1 of the MlkI gene, human codon-optimized Cas9 mRNA
transcripts (50 ng/uL), and a 154- nucleotide single-stranded DNA molecule con-
taining the desired insertion of the FLAG tag sequence immediately after the
initiator methionine (N-terminal FLAG-MLKL-HDR [homology-directed repair],
5'Cgactgaataacagatacacaggggattgtggtatttcaacca gtctatgcatctctttcagctatgGattataaa-
gacgatgacgataaggataaattgggacagatcatcaagttagge cagctcatctatgaacagtgtgaaaagat-
gaaa-3'). To facilitate the identification of founder mice and genotyping, silent
substitutions generating a Psil restriction site (5'-TTATAA-3') were also intro-
duced. Zygotes were surgically transplanted into the oviducts of pseudopregnant
(D1 females, and newborn mice carrying the N-terminal FLAG-MIk/ allele were
identified by PCR, Psil-restriction digestion, and Sanger sequencing by using for-
ward 5'-gctectctecttgeaaacct-3' and reverse 5'-ctggctggctgacatctgaa-3' primers,
respectively.

Tissue Immunofluorescence for pSer345-MLKL. Lung tissues were freshly
collected following intratracheal inflation using 50% OCT in PBS, and immedi-
ately frozen in OCT embedding media. Tissues were cryosectioned onto charged
slides and allowed to dry at room temperature for 10 min. Slides were rehy-
drated in PBS for 10 min at room temperature prior to blocking of endogenous
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biotin with an avidin/biotin kit (SP-2001; Vector Labs) followed by blocking of
endogenous mouse IgG using a Mouse-on-Mouse blocking kit (Vector Labs;
BMK-2202) following the manufacturer's directions. Slides were incubated over-
night at 4 °C in buffer containing 4 pg/mL of monoclonal anti-pSer345-MLKL
(MABC1158; Sigma). Sections were washed in PBS followed by incubation
with dylight 488-labeled tomato lectin (Vector Labs; DL-1174) and Alexa Fluor
568-labeled streptavidin (S11226; ThermoFisher). Slides were washed and
mounted with hard-set mounting media (P36981; Thermofisher) and imaged
using a Marianas spinning disk confocal microscope (Intelligent Imaging Innova-
tions) comprised of a CSU-W with SoRa (Yokogawa), Prime95B ¢cMOS camera
(Photometrics), 40x 1.3 NA oil objective, and Slidebook acquisition and analysis
software (Intelligent Imaging Innovations).

Detection of Z-RNA/A-RNA by Immunofluorescence. Cells were plated on
eight-well glass slides (EMD Millipore) and allowed to adhere for at least 24 h
before use in experiments. As previously described (45), cells were fixed for
10 min with freshly prepared 4% (wt/vol) paraformaldehyde in PBS, permeabi-
lized in 0.5% (volivol) 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 h 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.
Thirty cells from duplicated wells were selected randomly and detected the fluo-
rescence intensity of Z-RNA (red channel) and A-RNA (green channel). Mean fluo-
rescence intensity was quantified using Leica LAS X software. Primary antibodies
were used for immunofluorescence studies: Z-RNA (clone 722, Absolute Anti-
body; dilution: 1:200), A-RNA (clone 9D5; Millipore; dilution: 1:50).

Data, Materials, and Software Availability. RNA-seq data have been
deposited in the National Center for Biotechnology GEO database, https://www.
ncbi.nlm.nih.gov/geo (accession no GSE208744) (46). All other study data are
included in the main text and S/ Appendiix.
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