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The Journal of Immunology

ZBP1/DAI Drives RIPK3-Mediated Cell Death Induced by

IFNs in the Absence of RIPK1

Justin P. Ingram,*,1 Roshan J. Thapa,*,1 Amanda Fisher,† Bart Tummers,‡

Ting Zhang,* Chaoran Yin,* Diego A. Rodriguez,‡ Hongyan Guo,† Rebecca Lane,†

Riley Williams,* Michael J. Slifker,* Suresh H. Basagoudanavar,* Glenn F. Rall,*

Christopher P. Dillon,‡ Douglas R. Green,‡ William J. Kaiser,† and Siddharth Balachandran*

Receptor-interacting protein kinase 1 (RIPK1) regulates cell fate and proinflammatory signaling downstream of multiple innate

immune pathways, including those initiated by TNF-a, TLR ligands, and IFNs. Genetic ablation of Ripk1 results in perinatal

lethality arising from both RIPK3-mediated necroptosis and FADD/caspase-8–driven apoptosis. IFNs are thought to contribute to

the lethality of Ripk1-deficient mice by activating inopportune cell death during parturition, but how IFNs activate cell death in

the absence of RIPK1 is not understood. In this study, we show that Z-form nucleic acid binding protein 1 (ZBP1; also known as

DAI) drives IFN-stimulated cell death in settings of RIPK1 deficiency. IFN-activated Jak/STAT signaling induces robust expres-

sion of ZBP1, which complexes with RIPK3 in the absence of RIPK1 to trigger RIPK3-driven pathways of caspase-8–mediated

apoptosis and MLKL-driven necroptosis. In vivo, deletion of either Zbp1 or core IFN signaling components prolong viability of

Ripk12/2 mice for up to 3 mo beyond parturition. Together, these studies implicate ZBP1 as the dominant activator of IFN-driven

RIPK3 activation and perinatal lethality in the absence of RIPK1. The Journal of Immunology, 2019, 203: 1348–1355.

R
eceptor-interacting protein kinase 1 (RIPK1) was discov-

ered as a serine/threonine kinase that interacted with the

cytoplasmic tails of death receptors Fas/CD95 and TNFR1

(1). Subsequently, RIPK1 was also found to regulate NF-kB and

mediate cell-survival responses downstream of TNFR1 (2). In

support of a survival function for RIPK1 in vivo, germline ablation

of the Ripk1 gene resulted in abrupt perinatal lethality; mice ho-

mozygously null for Ripk1 were born at expected Mendelian fre-

quencies but died within 48 h of birth (3).

The perinatal lethality of Ripk1-deficient mice remained largely

unexplained for 15 y, until three studies demonstrated that this

lethal phenotype could be rescued by the concurrent ablation

of both FADD/caspase-8–mediated apoptosis and RIPK3-driven

necroptosis pathways (4–6). Mice triply deficient in Ripk1,

Ripk3, and either Fadd or Caspase-8 exhibit no overt develop-

mental defects, matured into adulthood, are fertile, and mount

robust immune responses to virus challenge (4–6). Of note,

whereas activation of necroptosis in Ripk12/2 mice is solely

reliant on RIPK3, activation of FADD/caspase-8–mediated ap-

optosis in these mice can be either RIPK3 dependent or

independent (4). The RIPK3-independent apoptotic signal is

predominantly mediated by TNF-a (4, 6). However, the signal(s)

responsible for activating RIPK3-mediated cell death (both

necroptosis and apoptosis) in these mice are unclear. In cells,

multiple innate immune signaling pathways, including those

initiated by TLR3/TRIF2 and type I/II IFN signaling, have been

shown to activate RIPK3 in settings of Ripk1 deficiency (4, 5).

As these pathways are stimulated during innate immune re-

sponses to viruses and microbes, a current model explaining the

postnatal lethality of Ripk1-deficient mice suggests that RIPK1

restrains RIPK3-independent apoptotic death signaling by

TNF-a as well as RIPK3-dependent death signaling by numer-

ous stimuli, including type I/II IFNs, upon exposure to viruses

and microbes during and after the process of mammalian par-

turition. It is, however, currently unclear how IFNs activate

RIPK3 to drive apoptosis and necroptosis in Ripk12/2 cells

and the contribution of IFN-mediated cell death to the perinatal

lethality of Ripk12/2 mice.

In this study, we show that the ISG product ZBP1 is responsible

for IFN-induced activation of RIPK3 and consequent apoptotic

and necroptotic cell death in Ripk12/2 cells. In wild-type cells,

a basal RIPK1/RIPK3 complex prevents ZBP1 from associating

with RIPK3, restrains RIPK3 activity, and protects cells from

IFN-induced death. However, when RIPK1 expression is compro-

mised, exposure to IFNs results in the formation of a ZBP1/RIPK3

complex that activates parallel pathways of apoptosis and nec-

roptosis. Apoptosis is mediated by caspase-8 and proceeds inde-

pendently of the kinase activity of RIPK3, whereas necroptosis is
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reliant on MLKL and RIPK3 activity. In vivo, the combined

elimination of ZBP1 and caspase-8 extended the lifespan of

Ripk12/2 mice by over 1 mo. Furthermore, we show that elimination

of components required for IFN signaling (e.g., STAT1, IFNGR1,

IFNAR1, and IFNGR1+IFNAR1) phenocopy to various degrees

the rescue conferred by ablation of ZBP1. Together, these results

implicate ZBP1 as the dominant instigator of IFN-driven cell

death during RIPK1 deficiency and identify the IFN/ZBP1 axis as

an essential contributor to RIPK3 activation and perinatal lethality

in Ripk1
2/2 mice.

Materials and Methods
Cells and reagents

Early-passage Ripk1
2/2 (3), Ripk12/2

Ripk3
2/2 (4, 5), Zbp12/2 (7), and

Ripk12/2Zbp12/2 murine embryo fibroblasts (MEFs) were generated in-
house from E14.5 embryos and used within five passages in all experi-
ments. Cell viability was determined by trypan blue exclusion or on an
IncuCyte Kinetic Live Cell Imaging System. Cytokines and chemicals
were from the following sources: mIFN-b (PBL), mIFN-g (R&D Sys-
tems), mTNF-a (R&D Systems), mTRAIL (R&D Systems), mGITRL
(Sigma-Aldrich), z-VAD-fmk (Calbiochem), z-IETD-fmk (R&D Systems),
cycloheximide (Sigma-Aldrich), actinomycin D (Maryland Biochemical),
RIPK3 inhibitor GSK’843 (GlaxoSmithKline) (8), and JAK inhibitor I (Cal-
biochem). Abs for immunoblot analyses were obtained from MilliporeSigma
(anti-MLKL and anti-JAK1), BD Biosciences (anti-STAT1 and anti-RIPK1),
ProSci (anti-RIPK3 and anti–c-FLIP), Genentech (anti–p-RIPK3), Santa
Cruz Biotechnology (anti-MnSOD and anti-PKR), Cell Signaling Tech-
nology (anti–caspase-8, anti–cleaved caspase-8, anti-TRAF2, and anti–
p-STAT1), Abcam (anti–p-MLKL), AdipoGen Life Sciences (anti-ZBP1),
and Sigma-Aldrich (anti–b-actin). The anti–p-MLKL used for immuno-
fluorescence (IF) studies has been described before (9). The anti–cleaved
caspase-8 for IF was obtained from Cell Signaling Technology. HRP-
conjugated secondary Abs were obtained from Jackson ImmunoResearch
Laboratories. Secondary Abs for IF were procured from Thermo Fisher
Scientific. All other reagents were from Sigma-Aldrich, unless otherwise
noted. All cells were cultured in high-glucose DMEM containing 10–15%
FBS and antibiotics.

Mice

Zbp12/2 (7), Ripk12/2 (3), Ripk32/2 (10), Casp82/2 (11), Tnfr12/2 (12),
Ifnar12/2 (13), Ifngr12/2 (14), Stat12/2 (15), Sting2/2 (16), and Mavs2/2

(17) mice have been previously described. Crosses were produced and
genotyped by tail clip PCR, as described earlier (5). Wild-type (C57BL/6J)
mice were obtained from The Jackson Laboratory. Mice were bred and
maintained at the Fox Chase Cancer Center, UT Health Science Center at
San Antonio, and St. Jude Children’s Research Hospital in accordance
with protocols approved by the respective institutional animal care and use
committees of these institutions.

RNA interference

For acute RNA interference (RNAi), wild-type MEFs (5 3 105 per con-
dition) were seeded into six-well plates and transfected with pools of four
proprietary small interfering RNAs (siRNAs) (SMARTpool; Dharmacon)
to the specific target mRNA at 25 nM using Oligofectamine (Invitrogen) as
a transfection reagent. Nontargeting (scrambled) siRNAs (Dharmacon)
were used as controls. Cells were used 72 h postinfection for experiments.
For stable RNAi, prepackaged short hairpin RNA (shRNA)–expressing
lentiviral particles (Sigma-Aldrich) were used. At least four distinct
shRNAs per target were tested for knockdown efficiency by immunoblot
analysis. The most efficient shRNAs were used to generate at least two
individual stable populations of MEFs for experimental use.

Coimmunoprecipitation

MEFs (5 3 105 per condition) were harvested in lysis buffer [1% (v/v)
Triton X-100, 150 mM NaCl, 20 mM HEPES (pH 7.3), 5 mM EDTA,
5 mM NaF, 0.2 mM NaVO3 (ortho), and complete protease inhibitor
mixture (Roche)]. After clarification of lysates by centrifugation, 2 mg of
Ab was added to each sample, followed by rotating incubation at 4˚C
overnight. Samples were then supplemented with protein A/G agarose
slurry (40 mL), incubated for 2 h, and washed four times in ice-cold lysis
buffer, and bound proteins were eluded by boiling in SDS sample buffer.
Eluted proteins were resolved by SDS-PAGE and analyzed by immuno-
blotting, as described previously (18).

IF microscopy

MEFs were plated on eight-well glass slides (MilliporeSigma) and allowed
to adhere for at least 24 h before use in experiments. Following
IFN treatment, cells were fixed with freshly prepared 4% (w/v) parafor-
maldehyde, permeabilized in 0.2% (v/v) Triton X-100, blocked with
MAXblock BlockingMedium (Active Motif), and incubated overnight with
primary Abs at 4˚C. After three washes in PBS, slides were incubated
with fluorophore-conjugated secondary Abs for 1 h at room temperature.
Following an additional three washes in PBS, slides were mounted in
ProLong Gold Antifade Reagent (Invitrogen) and imaged by confocal
microscopy on a Leica SP8 instrument. Primary Abs were used at the
following dilutions: anti–p-mMLKL (1:7000) and anti–cleaved caspase-8
(1:500).

Statistics

Statistical significance was determined by use of Student t test. Any p values
#0.05 were considered significant. Graphs were generated using GraphPad
Prism 6.0 software.

Results
IFN-g activates RIPK3-driven parallel pathways of

necroptosis and apoptosis in Ripk12/2 MEFs

We and others have previously demonstrated that IFN-g is toxic

to primary MEFs lacking RIPK1, but the mechanism by which

IFN-g activated cell death was unclear (4, 5, 19). To examine this

phenomenon further, early-passage Ripk12/2 MEFs and wild-type

littermate control MEFs were treated with IFN-g (10 ng/ml). Cell

death was monitored over a time course of 48 h, by which time

Ripk1
2/2 MEFs were mostly dead, whereas wild-type MEFs were

largely unaffected (Fig. 1A). IFN-g triggered cell death at dosages

as low as 1 ng/ml (Fig. 1B). Similar results were observed with type

I IFNs (IFN-a/b; Supplemental Fig. 1A). Acute siRNA-mediated

knockdown of RIPK1 expression in wild-type MEFs sensitized

these cells to IFN-g–induced cell death at levels comparable to

those seen in Ripk12/2 MEFs (Fig. 1C). Combined inhibition of

caspase activity and RIPK3 kinase function protected Ripk1
2/2

MEFs from IFN-g (Fig. 1D), as well as from type I IFNs

(Supplemental Fig. 1B), whereas neither caspase inhibition nor

RIPK3 kinase blockade were singly capable of fully rescuing

Ripk12/2 MEFs from IFN-g–induced cell death. In agreement

with these observations, IFN-g was found to activate both caspase-

8 and MLKL in Ripk1
2/2 MEFs (Fig. 1E). Interestingly, a kinetic

analysis of caspase-8 and MLKL activation in IFN-exposed

Ripk12/2 MEFs showed that MLKL was activated more rapidly,

and to a greater extent, than caspase-8 (Supplemental Fig. 1C, 1D).

The pan-caspase inhibitor zVAD on its own efficiently prevented

caspase-8 activation, and a RIPK3 kinase inhibitor blocked MLKL

phosphorylation; expectedly, the combination of these agents pre-

vented activation of both caspase-8 and MLKL (Fig. 1E). Notably,

Fadd2/2 MEFs are also very susceptible to IFN-induced cell

death, but in these cells, zVAD had no protective effect, whereas

RIPK3 kinase blockade was singly capable of fully protecting

against IFN-g (Supplemental Fig. 2A). In agreement, IFN-g

treatment of Fadd2/2 MEFs induced phosphorylation of MLKL

but did not detectably activate caspase-8 (Supplemental Fig. 2B).

Thus, IFNs activate both necroptosis and apoptosis in Ripk12/2

MEFs, but only necroptosis in Fadd2/2 MEFs. It is noteworthy that

Fadd2/2 MEFs were also protected from IFN-induced cell death by

the RIPK1 inhibitor necrostatin-1 (Supplemental Fig. 2A), sug-

gesting that IFNs activate necroptosis by different mechanisms

depending on the presence or absence of RIPK1 (see Discussion).

Although it is known that IFN-induced necroptosis requires

RIPK3 and MLKL (4, 5, 19), it remains unclear whether apoptosis

induction also relies on RIPK3. In other scenarios, for example,

upon IAV infection, RIPK3 can simultaneously activate both ap-

optosis and necroptosis (20). To test if RIPK3 was upstream of

The Journal of Immunology 1349
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both cell death modalities in Ripk1
2/2 MEFs exposed to IFN-g,

we treated primary MEFs doubly deficient in RIPK1 and RIPK3

with IFN-g and evaluated their capacity to undergo cell death over

a 36 h timeframe. Ripk12/2Ripk32/2 double-knockout MEFs

were almost completely (∼80%) protected from IFN-g–induced

cell death; their viability was comparable to Ripk12/2 single

knockouts treated with a RIPK3 kinase inhibitor and either pan-

caspase inhibitor zVAD or the caspase-8 inhibitor zIETD

(Fig. 1F). Coablating RIPK3 effectively nullified both IFN-g–

induced phosphorylation of MLKL and cleavage of caspase-8

(Fig. 1G, Supplemental Fig. 1C, 1D). Of note, diminished basal

levels of MLKL are detected in the Ripk12/2 MEFs, as was

previously observed in Fadd2/2 MEFs (21), and likely represent a

compensatory response to unrestrained RIPK3 activity in these cells.

In agreement with this possibility, codeleting RIPK3 in Ripk12/2

MEFs restored MLKL expression (Fig. 1G, Supplemental Fig. 1E).

Together, these results demonstrate that IFNs activate RIPK3 and

drive both apoptosis and necroptosis in the absence of RIPK1.

Apoptosis induced by IFNs requires caspase-8 and RIPK3 scaffold

function, whereas necroptosis is mediated by MLKL and relies on

RIPK3 kinase activity (Fig. 1H).

Induction of cell death by IFN-g in Ripk12/2 MEFs requires

active Jak/STAT-mediated transcription and translation

IFN-g typically mediates its cellular effects by activating a Jak/

STAT-driven transcriptional program that induces the expression

of hundreds of genes, called ISGs. After verifying that activa-

tion of Jak/STAT signaling, as measured by immunoblotting for

p-STAT1, was unaltered in Ripk12/2 MEFs (Fig. 2A), we tested if

this signaling axis was necessary for IFN-g–driven cell death re-

sponses in these cells. Pharmacological inhibition of Jak kinase

activity (Fig. 2B, Supplemental Fig. 1B) or RNAi-mediated ab-

lation of Jak1 or STAT1 expression efficiently protected Ripk12/2

cells from IFN-triggered death (Fig. 2C). In agreement with a role

FIGURE 1. IFNs activate RIPK3-dependent apo-

ptosis and necroptosis in the absence of RIPK1. (A)

Photomicrographs of Ripk1+/+ and Ripk12/2 MEFs

treated with murine rIFN-g (10 ng/ml) for 36 h. (B)

Ripk1
+/+ and Ripk1

2/2 MEFs were treated with the

indicated doses of mIFN-g, and cell viability was de-

termined at 36 h. RIPK1 protein expression was con-

firmed by immunoblotting (inset). (C) Ripk1+/+ MEFs

were transfected with nonspecific or RIPK1-specific

siRNAs. After 48 h of transfection, cells were treated

with IFN-g (10 ng/ml), and cell viability was deter-

mined 36 h posttreatment. Knockdown of RIPK1 ex-

pression was confirmed by immunoblotting (inset). (D)

Ripk1
2/2 MEFs were treated with IFN-g (10 ng/ml) in

the presence or absence of pan-caspase inhibitor

z-VAD (25 mM) and/or 5 mM RIPK3 kinase inhibitor

(GSK’843). Cell viability was determined 36 h post-

treatment. (E) Ripk12/2 MEFs treated with IFN-g

(10 ng/ml) in the presence of zVAD (50 mM), GSK’843

(5 mM), or both inhibitors together were examined

for cleaved caspase-8 p18 subunit (CC8) or p-MLKL

by immunoblot analysis at the indicated times. (F)

Ripk12/2 and Ripk12/2Ripk32/2 double-knockout

MEFs were treated with IFN-g (10 ng/ml), and cell vi-

ability was determined after 36 h. In parallel, Ripk12/2

MEFs were treated with IFN-g in the presence of pan-

caspase inhibitor zVAD (50 mM) or the caspase-8

inhibitor zIETD (50 mM) and 5 mM RIPK3 kinase in-

hibitor (GSK’843). (G) Whole-cell lysates extracted

from IFN-g–treated Ripk12/2 and Ripk12/2Ripk32/2

double-knockout MEFs were examined for p-MLKL or

CC8 (p18 subunit) by immunoblot analysis at the indi-

cated times. (H) Schematic of IFN-induced cell death

via RIPK3-dependent activation of both caspase-8–

mediated apoptosis and MLKL-driven necroptosis in

cells lacking RIPK1. In panels showing quantification

of cell-survival data, viability of cells in untreated

cultures was arbitrarily set to 100%. Molecular

masses (in kiloDaltons) are shown to the left of im-

munoblots. Error bars represent mean 6 SD of

technical replicates from a single experiment. In (B)

and (C), statistical significance was determined by

comparing IFN-g–treated groups to untreated con-

trols. In (D) and (F), these comparisons were made

between inhibitor-treated groups to their untreated

(but IFN-g–exposed) controls. Viability and immu-

noblot experiments shown in this figure were per-

formed at least three times each with similar results.

*p , 0.05, **p , 0.005.
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for ongoing transcription and translation in IFN-induced cell death,

pretreatment with the RNA polymerase II inhibitor actinomycin D

or the translation elongation inhibitor cycloheximide also rescued

Ripk1
2/2 MEFs from IFN-induced death (Fig. 2D, Supplemental

Fig. 1B). These results strongly indicate that IFNs, in contrast to

TNF, do not activate RIPK3 directly, but, rather, do so by inducing

the expression of gene(s) that are then capable of triggering RIPK3

in Ripk12/2 cells. These findings are consistent with our previous

observations in the setting of FADD deficiency, in which IFN-induced

Jak/STAT-mediated transcription and consequent activation of PKR

served to initiate RIPK1/3-dependent necroptosis (19).

As IFNs induce expression of select members of the TNF su-

perfamily (TNFSF) of cytokines, and as some TNFSFs (including

TNF-a and TRAIL) are known activators of RIPK3 (22), we next

asked if IFN-induced RIPK3 activation was mediated by spe-

cific TNFSFs. To test this possibility, we first carried out DNA

microarray analyses to identify which TNFSF cytokines were

inducible by IFNs in MEFs. From this analysis, we determined

that only TRAIL (encoded by Tnfsf10) and GITR ligand (Tnfsf18)

were induced to any significant extent by either IFN-g or IFN-b

(Fig. 2E). Exposure of Ripk12/2 MEFs to rTRAIL or GITR li-

gand, however, did not induce any appreciable cell death in these

cells, even at a dosage (1 mg/ml) that was 100-fold higher than

a potently cytotoxic dosage (10 ng/ml) of IFN-g (Fig. 2F).

IFN-triggered cell death in Ripk12/2 MEFs is thus unlikely to

be mediated by an IFN-inducible member of the TNFSF.

FIGURE 2. IFN-induced cell death requires Jak/STAT-mediated transcription and translation. (A) Ripk1+/+ and Ripk12/2 MEFs were treated with IFN-g

(10 ng/ml) for 0.5, 1, or 2 h and were examined for p-STAT1 and STAT1 by immunoblot analysis. b-Actin was used as a loading control. In parallel, Ripk1+/+

and Ripk12/2MEFs were treated with IFN-g (10 ng/ml) for 12, 24, or 36 h and were examined for STAT1 induction by immunoblot analysis. b-Actin was used

as a loading control. (B) Ripk12/2 MEFs were pretreated with increasing concentrations (250 and 500 nM) of JAK inhibitor I for 1 h prior to IFN-g treatment

(10 ng/ml), and cell viability was determined at 36 h. (C) Ripk12/2MEFs were transfected with nontargeting shRNAs (control) or with JAK1 or STAT1-specific

shRNAs. Two distinct shRNAs (no. 1 and no. 2) were used in each case. After 48 h of transfection, cells were treated with IFN-g (10 ng/ml), and cell viability

was determined 36 h posttreatment. Knockdown of JAK1 and STAT1 expression was confirmed by immunoblotting (inset). (D) Ripk12/2 MEFs were treated

with IFN-g (10 ng/ml) in the presence of actinomycin D (ActD; 25 ng/ml) or cycloheximide (CHX; 250 ng/ml), and cell viability was determined 36 h

posttreatment. (E) TNFSF genes induced at least 2-fold by IFN-g or IFN-b within 6 h of treatment in Ripk1
2/2 MEFs were determined by DNA

microarray analysis as described earlier (37). Heat bar = log2 scale. Signal in untreated MEFs was normalized to 1 (white). (F) Ripk1+/+ and Ripk1
2/2

MEFs were treated with mTRAIL (1 mg/ml), mGITRL (1 mg/ml), or mIFN-g (10 ng/ml), and cell viability was determined after 36 h. In panels showing

quantification of cell-survival data, viability of cells in untreated cultures was arbitrarily set to 100%. Molecular masses (in kiloDaltons) are shown to

the left of immunoblots. Error bars represent mean 6 SD of technical replicates from one experiment. In (B) and (D), statistical significance was

determined by comparing inhibitor-treated groups to their untreated (but IFN-g–exposed) controls. In (F), statistical significance was determined by

comparing cytokine-treated groups to untreated controls. Viability and immunoblot experiments shown in this figure were performed at least three times

each, with similar results. **p , 0.005.
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The transcription factor NF-kB is activated by IFNs and can

protect against IFN-induced necroptosis by inducing a tran-

scriptional cell-survival program (19). As NF-kB activation by

TNF-a requires RIPK1, we next tested if IFNs also activated

NF-kB via RIPK1, and if this requirement for RIPK1 in IFN

signaling might explain the susceptibility of Ripk12/2 MEFs to

IFNs. We found that, unlike the case with TNF-a, NF-kB acti-

vation (Supplemental Fig. 3A) and induction of the NF-kB

target gene product MnSOD (Supplemental Fig. 3B) by IFN-g

was largely intact in Ripk1
2/2 MEFs. Moreover TRAF2 and

c-FLIP levels, shown previously to function as determinants of

susceptibility to TNF-a in Ripk12/2 MEFs (4, 6), were also un-

altered by IFN-g treatment (Supplemental Fig. 3C). These results

suggest that the sensitivity of Ripk12/2 MEFs to IFNs does not

arise from defects in NF-kB signaling.

ZBP1 activates RIPK3 after IFN stimulation of Ripk12/2 MEFs

Having implicated JAK/STAT-driven transcription of ISGs as

necessary for death of Ripk12/2 MEFs, and having ruled out ISG-

encoded TNFSF members or diminished NF-kB transcriptional

activity as possible drivers of IFN-induced cell death in these

cells, we then examined if IFN-regulated innate immune sensor

pathways known to stimulate RIPK3 were responsible for activat-

ing this kinase upon exposure to IFNs. Multiple innate pathways

have been shown to trigger necroptosis, including those initiated

by TLR3/4, cGAS, RLRs, ZBP1, and PKR (19, 22, 23), and

signaling nodes in each of these pathways are ISGs (Fig. 3A). We

therefore screened each of these pathways by CRISPR and genetic

approaches to test if they accounted for RIPK3 activation in

Ripk12/2 MEFs. We found that elimination of PKR (encoded by

eif2ak2) was able to only modestly protect Ripk12/2 MEFs from

IFNs (Supplemental Fig. 4A), in contrast to our previous results

implicating this kinase in IFN-activated necroptosis in Fadd2/2

MEFs (19) (see Discussion). However, we discovered that deletion

of the gene Zbp1 was able to almost completely prevent IFN-

induced cell death Ripk12/2 MEFs (Fig. 3B, 3D). Ripk12/2Zbp12/2

double-knockout MEFs from two separate crosses remained

∼80% viable 48 h after exposure to IFN-g or IFN-b, whereas

,40% Ripk12/2 MEFs were alive at this time (Fig. 3B, 3D).

Ripk12/2Zbp12/2 double-knockout MEFs remained as sus-

ceptible to TNF-a–mediated apoptotic death as Ripk1
2/2

MEFs, demonstrating that, in the absence of RIPK1, ZBP1 is

uniquely required to activate cell death upon stimulation by

IFNs, but not TNF-a (Fig. 3B). RIPK1 and protein levels

in each of the MEF populations used in this study are shown in

Fig. 3C. Although IFN-g induced MLKL phosphorylation in

Ripk12 /2 cells, Ripk12 /2Zbp12 /2 double-knockout MEFs

had almost-undetectable levels of p-MLKL following IFN

FIGURE 3. ZBP1 mediates IFN-induced RIPK3 activation and cell death in Ripk12/2 MEFs. (A) Heatmap showing IFN inducibility of necroptosis-

activating innate pathway genes. MEFs were treated with IFN-b or IFN-g for 3 or 6 h, and the indicated genes ranked by fold induction following treatment

in Ripk1
+/+ MEFs. Heat bar = log2 scale. Signal in untreated MEFs was normalized to 1 (white). (B) Wild-type, Ripk12/2, Zbp12/2, and two differ-

ent Ripk12/2Zbp12/2 MEFs were treated with IFN-g (10 ng/ml), IFN-b (10 ng/ml), or TNF-a (10 ng/ml), and cell viability was determined 36 h

posttreatment. (C) Wild-type, Ripk12/2, Zbp12/2, and Ripk12/2Zbp12/2 MEFs from two different embryos were examined for ZBP1 and RIPK1 by

immunoblotting. (D) Photomicrographs of wild-type, Ripk12/2, Zbp12/2, and Ripk1
2/2Zbp12/2 MEFs treated with IFN-g (10 ng/ml) or IFN-b (10 ng/ml)

for 36 h. Original magnification3100. (E) Ripk12/2 and Ripk12/2
Zbp1

2/2 MEFs were treated with IFN-g (10 ng/ml) for 18 or 24 h and were examined for

p-MLKL by immunoblot analysis. (F) Anti-RIPK3 immunoprecipitates from IFN-g (10 ng/ml) treated Ripk1+/+ and Ripk12/2 MEFs were examined for the

presence of ZBP1. Whole-cell extract (5% input) was examined in parallel for RIPK1 and RIPK3 proteins. Immunoblotting for b-actin was used as a

loading control (C, E, and F). In panels showing quantification of cell-survival data, viability of cells in untreated cultures was arbitrarily set to 100%.

Molecular masses (in kiloDaltons) are shown to the left of immunoblots. Error bars represent mean 6 SD of technical replicates from one experiment.

In (B), statistical significance was determined by comparing cytokine-treated Ripk12/2Zbp12/2 groups to cytokine-treated Ripk12/2 controls. Viability

and immunoblot experiments shown in this figure were performed at least three times each, with similar results. **p , 0.005.
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treatment (Fig. 3E). The deletion of Zbp1 did not significantly

impact levels of either MLKL or RIPK3 (Fig. 3E). In Ripk12/2

cells, IFN-g robustly promoted association of ZBP1 with RIPK3,

whereas an association was not seen in Ripk1
+/+ cells (Fig. 3F),

although Zbp1 was induced by IFN to the same extent in both

Ripk1+/+ and Ripk12/2 cells (Supplemental Fig. 4B). Instead, in

cells containing RIPK1, a basal RIPK1/RIPK3 complex was ob-

served that did not alter in abundance with IFN treatment (Fig. 3F). p-

RIPK3 was only seen in Ripk12/2 cells, but not in cells containing

RIPK1 (Fig. 3F). As the p-RIPK3 signal in Ripk1
2/2 MEFs was

basally present and unaltered by exposure to IFN, it likely

represents a form of autophosphorylated RIPK3 that is normally

restrained by constitutive association with RIPK1 (24). To-

gether, these results demonstrate that ZBP1 mediates cell death

in IFN-exposed cells lacking RIPK1 and that RIPK1 normally

functions to inhibit such death by complexing with RIPK3,

preventing its autophosphorylation, and blocking its association

with ZBP1.

Zbp1 deletion partially rescues RIPK3-dependent perinatal

lethality of Ripk12/2
mice

Ripk12/2 mice fail to survive beyond birth because of the aberrant

activation of both caspase-8–mediated apoptosis and RIPK3-mediated

necroptosis (4–6). Ripk12/2
Casp8

2/2
Ripk3

2/2mice are weaned at the

expected frequencies and develop normally but eventually manifest

an acute lymphoproliferative syndrome because of defects in Fas-

induced apoptosis of T cells (4–6). TNF-a mediates aberrant

RIPK3-independent caspase-8 activation in Ripk12/2 mice, as

evidenced by the ability of Ripk12/2Tnfr12/2Ripk32/2 triple-

knockout mice, but neither Ripk12/2
Tnfr1

2/2 nor Ripk12/2
Ripk3

2/2

double-knockout mice, to survive to adulthood (4, 6). However,

the signals that drive RIPK3-dependent necroptosis (and apopto-

sis) in settings of RIPK1 deficiency are currently unclear. Given

that IFNs activate RIPK3-driven cell death in Ripk12/2 cells

(Fig. 1) and that ZBP1 mediates this cell death (Fig. 3), we next

determined the contribution of ZBP1 to the RIPK3-dependent

lethality of Ripk12/2 mice. To this end, we examined the effect

of Zbp1 loss on the survival of Ripk12/2 mice, in which the TNF-a–

mediated RIPK3-independent apoptosis signal was neutralized (via

codeletion of Caspase-8). We found that Ripk12/2
Casp8

2/2
Zbp1

2/2

mice were born at the expected Mendelian frequency and survived for

up to 5 wk (Fig. 4A). Thus, similar to RIPK3 deficiency, the absence

of Zbp1 suppresses the lethality of Ripk12/2
Casp8

2/2 mice at par-

turition; however, in contrast to Ripk12/2Casp82/2Ripk32/2 mice,

which develop into fertile adults, Ripk12/2Casp82/2Zbp12/2 mice

become severely runted within the first 3 wk and ultimately fail to

thrive. Notably, a single allele of Zbp1 is tolerated in Ripk12/2Casp82/2

mice and extends the lifespan by up to 2 wk (Fig. 4B), high-

lighting the survival benefit of reducing ZBP1 levels below a

lethal threshold. Together, these data demonstrate that ZBP1 is

a dominant, but not sole, instigator of inopportune RIPK3 activity

in Ripk12/2 mice.

Eliminating IFN signaling delays RIPK3-dependent lethality of

Ripk12/2 mice

As ZBP1 is an ISG, and as both type I and type II IFNs drive RIPK3

activation via ZBP1 in Ripk12/2 cells, we next evaluated the

contribution of IFNs to aberrant RIPK3 activation in, and conse-

quent perinatal lethality of, Ripk12/2 mice. In these studies, ab-

errant TNF-induced RIPK3-independent caspase-8 activity was

nullified by deletion of Tnfr1, which, in this context, is func-

tionally equivalent to deleting caspase-8 (4, 6). Elimination of

type I IFN signaling (Ripk12/2
Tnfr1

2/2
Ifnar1

2/2) prolonged

lifespan or Ripk12/2mice by up to a month, and abolishing both type

I and type II IFN signaling (Ripk12/2Tnfr12/2Ifnar12/2Ifngr12/2)

extended the viability of Ripk12/2 mice for up to almost 3 mo

(Fig. 4C). Interestingly, eliminating the key downstream IFN signal

transducer STAT1 in this setting did not extend viability beyond

1 mo, indicating that alternate STAT1-independent IFN signals may

operate to drive RIPK3 activation in Ripk12/2Tnfr12/2Stat12/2 an-

imals during adolescence (Fig. 4C).

Three pathogen-sensing pathways, those initiated by TLR3/4,

RLRs, and cGAS, are considered the primary triggers of type

I IFN production in response to viral and microbial infections, as

well as to endogenous ligands during sterile inflammation, in most

cell types (25). To examine if any of these pathways were re-

sponsible for lethal IFN production during parturition of Ripk12/2

mice, we eliminated genes encoding key nodes in each of these

pathways (Trif for TLR3/4 signaling, Mavs for RLRs, and Sting

for cGAS) in Ripk12/2Tnfr12/2 mice and monitored progeny for

viability. Singly eliminating either Mavs or Sting did not provide

any survival benefit to Ripk12/2Tnfr12/2 mice, indicating that

RLRs and cGAS are each redundant for RIPK3 activation and

consequent lethality in Ripk1
2/2

Tnfr1
2/2 mice. Interestingly,

deleting Trif extended the lifespan of Ripk12/2Tnfr12/2 mice by

about 1 mo, phenocopying deletion of Ifnar1 in these animals

(Fig. 4C). Although these results are suggestive of an important role

for TLR3/4 signaling in production of lethal IFN in Ripk12/2Tnfr12/2

mice, an alternative, and indeed more likely, explanation for the

protective effects conferred by deleting Trif is that TRIF can directly

activate RIPK3 independently of its role in IFN production (26, 27).

Altogether, these data implicate IFNs as key instigators of lethal

RIPK3 activation in Ripk12/2 mice.

FIGURE 4. ZBP1 and IFN signaling contribute to perinatal lethality of

RIPK1-deficient mice. (A) Kaplan–Meier survival plots of comparing the

survival of the indicated Ripk1
2/2-

Casp8
2/2 mice lacking one or both

alleles of Zbp1. (B) Representative images of the indicated mice at 13 d

postparturition. (C) Survival table for the indicated compound mutant mice

showing number of pups weaned and age (in days) of oldest mouse at

death.
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Discussion
We have previously shown that IFNs can activate RIPK3-

dependent cell death in the absence of RIPK1 (4, 5), but the

molecular mechanisms by which IFN signaling stimulates RIPK3

activity have remained unclear. In this study, we identify ZBP1

as the dominant upstream activator of IFN-induced RIPK3-

dependent cell death in settings of RIPK1 deficiency. IFNs, via

canonical Jak/STAT signaling, induce the expression of ZBP1,

which, if RIPK1 is absent, associates with RIPK3 and triggers cell

death signaling. Under steady-state conditions in wild-type MEFs,

a basal association between RIPK1 and RIPK3 restrains RIPK3 to

prevent association with ZBP1. Even when ZBP1 levels are

boosted by IFN stimulation, RIPK1 can prevent formation of the

ZBP1/RIPK3 complex and wild-type MEFs survive IFN exposure.

When RIPK1 is absent, or when its RHIM is deleted (24, 28),

RIPK3 is no longer restricted and is licensed to associate with

ZBP1 (this study). Under these conditions, elevation of ZBP1

mRNA and protein levels following exposure to IFNs results in

formation of a ZBP1/RIPK3 complex that induces both nec-

roptosis, mediated by MLKL, and delayed apoptosis via caspase-

8. It will interesting to test if IRF-1, shown previously to mediate

Zbp1 induction during virus infections (29), and to synergize with

STAT1 in the induction of a subset of ISGs (30), is required for

IFN-induced Zbp1 expression.
How does ZBP1 activate RIPK3 in the absence of RIPK1? The

simplest explanation is that merely elevating ZBP1 levels in

Ripk1
2/2 MEFs is sufficient to promote association with free

RIPK3 (i.e., RIPK3 no longer held in check by RIPK1), and this

association now clusters sufficient amounts of RIPK3 to trigger

kinase activation, phosphorylation of MLKL, and, ultimately, cell

death. In this regard, it is noteworthy that Ripk12/2 MEFs display

constitutively autophosphorylated RIPK3, as do MEFs expressing

a RHIM-mutant version of RIPK1 (24). These observations indi-

cate that RIPK1, via a RHIM/RHIM interaction with RIPK3,

suppresses RIPK3 activity. In the absence of RIPK1, RIPK3

autophosphorylates and becomes available for interaction with

other RHIM-containing proteins, including ZBP1. Under these

circumstances, stimuli (such as IFNs) that boost levels of ZBP1

promote RHIM-dependent oligomerization between ZBP1 and

RIPK3 to trigger death signaling.
ZBP1 also has direct nucleic acid sensing capacity (20, 31–34),

so an alternate, albeit more complex, explanation is that IFN in-

duction of Zbp1 expression alone is insufficient to trigger nec-

roptosis, and that ZBP1 is instead (or additionally) activated by

endogenous or pathogen-derived nucleic acids at parturition. Zbp1

mutant knock-in mice that cannot bind nucleic acid (e.g., by

mutations in the Za nucleic acid–sensing domains) but still retain

the ability to associate with RIPK3 will help distinguish between

these alternatives.

An unanticipated outcome from these studies was the finding

that, in primary MEFs, IFNs activated necroptosis by notably

different mechanisms depending on whether RIPK1 was absent or

present. In Fadd2/2 MEFs, for example, IFNs drove a pathway of

necroptosis that was reliant on PKR and, in remarkable contrast to

Ripk1
2/2 MEFs, required the kinase activity of RIPK1. Moreover,

Fadd2/2 MEFs did not display either significant basal levels of

autophosphorylated RIPK3 or evidence of an IFN-stimulated

RIPK3 complex (data not shown); instead, Fadd2/2 MEFs con-

tained a preformed necrosome complex, composed of phosphor-

ylated forms of RIPK1 and RIPK3, that drove necroptosis upon

exposure to IFNs (19). Downstream of RIPK3 activation, we were

surprised to observe that, in addition to necroptosis, a pathway of

apoptosis reliant on caspase-8 was also induced in Ripk12/2

MEFs. Although RIPK3 has been previously shown to activate

caspase-8, such activation was found to require RIPK1 as a

bridging adaptor protein necessary for recruitment of caspase-8 to

RIPK3. How RIPK3 can activate caspase-8 in the absence of

RIPK1 is currently unclear, but suggests the involvement of an as-

yet unidentified adaptor(s) that substitutes for RIPK1 in linking

RIPK3 to caspase-8. Of interest in this study, RIPK3 was found to

interact with not just caspase-8, but with several other caspases,

including caspases-2, -9, and -10 (35). All these caspases have

large prodomains, but some [such as caspase-9, with which RIPK3

associates robustly (35)] do not possess the death effector domains

(DEDs) required for association with FADD and RIPK1. Thus,

RIPK3 can associate with caspases by DED-independent (and,

therefore, likely FADD/RIPK1-independent) mechanisms. In this

regard, we observed that RIPK3 activated caspase-8 with notably

slower kinetics than it did MLKL (Supplemental Fig. 1D), indi-

cating that a secondary transcriptional event may be required for

caspase-8 activation by RIPK3.

It is noteworthy that, although ablating ZBP1 expression ex-

tended the life of Ripk12/2Caspase-82/2 mice for up to 5 wk,

eliminating RIPK3 in these mice can protect against lethality for

more than a year (4–6). These observations indicate that ZBP1-

independent signals later in life trigger RIPK3 when RIPK1 is

absent. Activation of the TLR3/4 pathway might represent one

such signal, as the TLR3/4 adaptor protein TRIF can directly

engage RIPK3 via a RHIM/RHIM association, independent of its

capacity to stimulate IFN production (26, 27). It is also likely that

other as-yet undescribed mechanisms of RIPK3 activation likely

exist; in this regard, Silverman and colleagues (36) have shown

the existence of RHIM-like sequences in the Drosophila proteins

PGRP-LC, PGRP-LE, and IMD that can functionally reconstitute

RHIM-based signaling in mammalian cells. Whether mammalian

proteins with similar cryptic RHIMs function to trigger RIPK3 in

adulthood awaits discovery.

In aggregate, our results implicate IFNs as dominant triggers of

RIPK3 activation when RIPK1 is absent, and demonstrate that IFNs

activate RIPK3 by inducing expression of ZBP1. RIPK1 protects

cells form IFN-mediated toxicity by restraining RIPK3 activity

and preventing RIPK3 from associating with ZBP1. Thus, RIPK1

functions in development as a homeostatic harbor by protecting

against lethal IFN-mediated cell death signaling without impeding

beneficial host defense responses induced by these cytokines upon

exposure to viruses and microbes during and after parturition.
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