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Introduction
Innate immune sensors activate programmed cell death 
pathways as an antiviral and antibacterial mechanism to 
exert host defense (Man and Kanneganti, 2016; Jorgensen 
et al., 2017). Influenza A virus (IAV) is a negative sense 
single-stranded RNA virus that belongs to the family  
Orthomyxoviridae. IAV infection initiates when the virus 
infects epithelial lining of the respiratory tract. Various in-
nate immune receptors play a central role in the recogni-
tion of IAV infection (Iwasaki and Pillai, 2014; Kuriakose 
and Kanneganti, 2017). IAV sensing by innate receptors 
trigger concerted activation of intracellular signaling path-
ways that regulate type I IFN induction, proinflammatory 
responses, and induction of cell death (Iwasaki and Pillai, 
2014; Kuriakose and Kanneganti, 2017). Lung epithelial 
cell death is a consequence of IAV infection to control 
virus replication; however, uncontrolled epithelial cell 
death compromises lung function (Sanders et al., 2013). 
Apoptosis and necroptosis in lung epithelial cells affect 
pneumonia, morbidity, and mortality during IAV infection 
(Herold et al., 2008; Rodrigue-Gervais et al., 2014). Al-
though IAV RNA recognition by innate sensors is known 
to induce proinflammatory cytokine responses, the innate 
receptors and viral ligands that contribute to innate sen-

sor-induced cell death are not known. We have recently 
identified ZBP1, also known as DAI (DNA-dependent 
activator of IFN regulatory factors), as an innate sensor 
of IAV infection (Kuriakose et al., 2016). We showed that 
ZBP1 regulates NLRP3 inflammasome activation, apop-
tosis, necroptosis, and pyroptosis in response to IAV in-
fection (Thomas et al., 2009; Kuriakose et al., 2016). Two 
recent studies also demonstrate that ZBP1-induced cell 
death contributes to perinatal lethality in RIPK1-RHIM 
(RIP homotypic interaction motif) mutant mice (Lin et 
al., 2016; Newton et al., 2016).

The ZBP1 constitutes RHIM domain, which en-
able its physical interaction with other RHIM-containing 
proteins. Unlike other RHIM-containing proteins, ZBP1 
also contains nucleic acid–binding domains at its N ter-
minus called Zα domains. Although the critical role of 
ZBP1 in inducing programmed cell death is well estab-
lished, the activation mechanisms of ZBP1 are not estab-
lished. Moreover, the involvement of other known IAV 
sensors in regulating cell death responses has not been in-
vestigated in detail. In this study, we show that retinoic 
acid inducible gene I (RIG-I) acts as an apical regulator 
of ZBP1-mediated cell death during IAV infection. Im-
portantly, viral RNP (vRNP) complexes of IAV generated 
during virus replication and ubiquitination activate ZBP1 
for execution of cell death in infected cells.

Innate sensing of influenza virus infection induces activation of programmed cell death pathways. We have recently identified 
Z-DNA–binding protein 1 (ZBP1) as an innate sensor of influenza A virus (IAV). ZBP1-mediated IAV sensing is critical for 
triggering programmed cell death in the infected lungs. Surprisingly, little is known about the mechanisms regulating ZBP1 
activation to induce programmed cell death. Here, we report that the sensing of IAV RNA by retinoic acid inducible gene I 
(RIG-I) initiates ZBP1-mediated cell death via the RIG-I–MAVS–IFN-β signaling axis. IAV infection induces ubiquitination of 
ZBP1, suggesting potential regulation of ZBP1 function through posttranslational modifications. We further demonstrate that 
ZBP1 senses viral ribonucleoprotein (vRNP) complexes of IAV to trigger cell death. These findings collectively indicate that 
ZBP1 activation requires RIG-I signaling, ubiquitination, and vRNP sensing to trigger activation of programmed cell death 
pathways during IAV infection. The mechanism of ZBP1 activation described here may have broader implications in the context 
of virus-induced cell death.
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Results and discussion
RIG-I–MAVS signaling regulates ZBP1-induced cell death 
in response to IAV infection
Our previous study demonstrated that type I IFN is essential 
for ZBP1-mediated cell death during IAV infection (Kuria-
kose et al., 2016). RIG-I and TLR signaling pathways regulate 
type I IFN response and programmed cell death pathways 
such as necroptosis and apoptosis (Blander, 2014; Pasparakis 
and Vandenabeele, 2015). However, contribution of these re-
ceptors to IAV-induced cell death is not thoroughly inves-
tigated. Fibroblasts lacking MyD88 (myeloid differentiation 
primary response gene 88) and TRIF (TIR domain–contain-
ing adapter inducing IFN-β) underwent cell death similar 
to WT fibroblasts after mouse-adapted influenza A/Puerto 
Rico/8/34 (PR8; H1N1) virus infection (Fig. S1, A and B). 
Interestingly, cells lacking MAVS (mitochondrial antiviral sig-
naling protein) were resistant to cell death, suggesting a role 
for MAVS in IAV-induced cell death (Fig. 1, A and B). The 
cells lacking ZBP1 or IFN​AR1 (type I IFN receptor I) were 
also resistant to IAV-induced cell death (Fig. 1 A and Fig. S1 
A). RIG-I is an upstream innate sensor that engages the adap-
tor MAVS at mitochondrial outer membrane upon IAV RNA 
recognition (Kawai et al., 2005; Meylan et al., 2005; Seth et 
al., 2005; Xu et al., 2005). Resistance of Mavs−/− fibroblasts 
to cell death prompted us to investigate the role of RIG-I in 
IAV-induced cell death. Whereas fibroblasts generated from 
WT-BALB/c mice were susceptible to IAV-induced cell 
death, fibroblasts from BALB/c-Rig-I−/− mice were com-
pletely resistant (Fig. 1, A and B). These results suggest that 
RIG-I–MAVS signaling regulates IAV-induced cell death, 
whereas TLR adaptors (MyD88 and TRIF) are dispensable.

IAV infection up-regulates ZBP1 expression to induce 
cell death (Fig. S1 C). MyD88 and TRIF were dispensable 
for ZBP1 up-regulation after IAV infection (Fig. S1 C). 
Ifnar1−/− cells lacked ZBP1 expression, demonstrating the 
critical role of type I IFN signaling in ZBP1 production 
(Fig. S1 C). Moreover, lack of MAVS or RIG-I expression 
abolished IAV-induced up-regulation of ZBP1 expression 
(Fig. S1 C). The absence of ZBP1 induction in RIG-I– and 
MAVS-deficient cells was not a result of defective IAV rep-
lication because similar levels of IAV NS1 protein were ob-
served among the compared genotypes (Fig. S1 C). These 
results further confirm the specific role of RIG-I–MAVS sig-
naling in regulating ZBP1 expression.

RIG-I, upon sensing IAV RNA, engages its adaptor 
protein, MAVS, to drive IFN-β expression (Hornung et al., 
2006; Pichlmair et al., 2006; Baum et al., 2010; Rehwinkel et 
al., 2010; Iwasaki and Pillai, 2014). We observed a complete 
lack of IFN-β production by Mavs−/− and Rig-I−/− fibroblasts 
during IAV infection, confirming the requirement of RIG-I/
MAVS signaling for type I IFN responses during IAV infec-
tion (Fig. S1 D). However absence of MyD88 and TRIF did 
not abolish IFN-β production. Absence of ZBP1 also did not 
alter IFN-β production in response to IAV infection (Fig. S1 
D). Consistent with the requirement of IFN feedback sig-

naling for type I IFN production (Honda et al., 2005), lack 
of IFN​AR1 expression significantly reduced IFN-β release 
compared with WT cells upon IAV infection (Fig. S1 D).

Based on these observations, we hypothesized that 
RIG-I–MAVS–dependent regulation of cell death is medi-
ated through IFN-β production. To confirm this, we sup-
plemented IFN-β to the cells lacking MAVS or RIG-I after 
IAV infection. Addition of IFN-β did not affect cell death in 
WT, Ifnar1−/−, and Zbp1−/− cells and indeed increased cell 
death in WT cells (Fig. 1, C and D). Interestingly, Mavs−/− 
and Rig-I−/− cells, which were resistant to IAV-induced cell 
death, underwent robust cell death that was comparable to 
WT cells when exogenous IFN-β was provided during IAV 
infection (Fig. 1, C and D). Furthermore, addition of IFN-β 
restored IAV-dependent activation of caspase-8 and caspase-3 
in Mavs−/− and Rig-I−/− cells similar to WT cells after IAV 
infection (Fig. S1 E). We conclude that addition of IFN-β to 
the Mavs−/− or Rig-I−/− fibroblasts bypasses the requirement 
of RIG-I/MAVS signaling for the up-regulation of ZBP1 
expression. We observed restoration of ZBP1 expression in 
Mavs−/− or Rig-I−/− cells, but not in Zbp1−/− or Ifnar1−/− 
cells, when IFN-β was supplemented during IAV infection 
(Fig. 1 E). These results indicate that the activation of RIG-I 
by IAV RNA is an apical event, which promotes type I IFN 
production to license ZBP1-mediated cell death.

To examine whether RIG-I–MAVS–dependent cell 
death is specific to PR8 virus, we further tested the role 
of RIG-I–MAVS signaling in cell death induced by other 
mouse-adapted and human strains of IAV. Fibroblasts lack-
ing MAVS or RIG-I expression did not undergo cell 
death in response to mouse-adapted influenza A/HK/X31 
(H3N2) or non–mouse-adapted seasonal strain influenza 
A/Brisbane/59/2007 (H1N1; Fig. S1 F). These results in-
deed suggest that RIG-I–MAVS signaling broadly regulates 
IAV-induced cell death.

Nogusa et al. (2016) reported that RIG-I/MAVS sig-
naling and IFN​AR1 are dispensable for IAV-induced cell 
death (Nogusa et al., 2016). Our results demonstrate that the 
absence of RIG-I–MAVS abolishes IAV-induced cell death 
and that RIG-I–mediated type I IFN response is required 
for ZBP1 up-regulation. Indeed, lack of IFN​AR1 expression 
abolished IAV-induced cell death corroborating the RIG-I–
MAVS data and our previous study (Kuriakose et al., 2016). 
The striking differences between Nogusa et al. (2016) and 
our studies with regard to the role of RIG-I–MAVS–IFN​
AR1 could be due to differences in experimental conditions 
or type of cells used for infections. Nogusa et al. (2016) per-
formed IAV infections in the presence of zVAD, a pan-caspase 
inhibitor, which biases IAV-induced cell death toward necro-
ptosis. However, we infected cells with IAV without any ad-
ditional components in an unbiased manner and showed that 
IAV infection triggers apoptosis, necroptosis, and pyroptosis 
(Kuriakose et al., 2016). It is well established that IAV in-
duces apoptosis and necroptosis in vivo (Herold et al., 2008;  
Rodrigue-Gervais et al., 2014; Kuriakose et al., 2016; Nogusa 
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Figure 1. R IG-I–MAVS signaling regulates ZBP1-dependent cell death in response to IAV infection. (A) Microscopic analysis of cell death in 
unprimed primary fibroblasts infected with IAV (MOI, 10). Microscopic images were collected 20 h after IAV infection (n = 4). Arrows indicate dead cells 
after IAV infection. Bar, 100 µm. (B) Quantification of cell death by LDH release in unprimed primary fibroblasts infected with IAV (MOI, 10) after 20 h. 
LDH release was normalized to IAV-infected WT cells, which was considered 100% in individual experiments (n = 4). ****, P = 0.0001 (one-way ANO​VA).  
(C) Microscopic analysis of cell death in unprimed primary fibroblasts infected with IAV (MOI, 10) or IAV in combination with 100 U/ml IFN-β after 20 h. 
For IFN-β supplementation experiments, IFN-β was added to the cells after 2 h of IAV infection (n = 3). Arrows indicate dead cells after IAV infection. Bars, 
100 µm. (D) Quantification of cell death by LDH release in unprimed primary fibroblasts infected with IAV (MOI, 10) or IAV in combination with 100 U/ml 
IFN-β after 20 h. LDH release was normalized to IFN-β–supplemented, IAV-infected WT cells (n = 3). (E) Immunoblot analysis of ZBP1, NS1 proteins of IAV 
and GAP​DH (loading control) in fibroblasts infected with IAV or IAV in combination with 100 U/ml IFN-β (n = 3). Data are representative of three indepen-
dent experiments (mean ± SEM).
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et al., 2016; Thapa et al., 2016). Multiple studies, including 
ours, have demonstrated the critical role of IFN signaling in 
up-regulation of ZBP1 in primary fibroblasts, macrophages, 
and keratinocytes (Takaoka et al., 2007; Kuriakose et al., 2016; 
Lin et al., 2016; Newton et al., 2016). Our results also demon-
strate that RIG-I–MAVS–induced type I IFN production is 
essential to induce ZBP1-dependent cell death during IAV 
infection in primary cells.

RIG-I–MAVS and TLR signaling regulates ZBP1-induced 
inflammasome activation and pyroptosis in 
macrophages during IAV infection
Our previous study demonstrated that ZBP1 also induces 
NLRP3 inflammasome activation and pyroptosis in primary 
BMDMs after IAV infection (Kuriakose et al., 2016). It was 
also suggested that type I IFN signaling triggers NLRP3 in-
flammasome activation during IAV infection (Pothlichet et 
al., 2013). These studies prompted us to study specific roles of 
RIG-I and TLR signaling in ZBP1-induced inflammasome 
activation and cell death in BMDMs. Absence of ZBP1 or 
IFN​AR1 conferred complete protection from IAV induced 
cell death in BMDMs (Fig.  2, A and C). We observed a 
modest but significant reduction in cell death of BMDMs 
lacking MyD88–TRIF or RIG-I–MAVS signaling com-
pared with WT BMDMs after IAV infection (Fig. 2, A–C). 
However, BMDMs lacking MAVS, RIG-I, or MyD88–TRIF 
still exhibited robust cell death compared with the BMDMs 
lacking ZBP1 (Fig. 2, A–C). Importantly, lack of MAVS or 
RIG-I, but not MyD88–TRIF, abolished IFN-β production 
in BMDMs in response to IAV infection (Fig. 2 D). Immu-
noblot analysis of caspase-1 cleavage suggested that absence 
of RIG-I–MAVS or MyD88–TRIF signaling pathways sig-
nificantly reduced caspase-1 activation in BMDMs after IAV 
infection (Fig. 2 E). In addition, activation of caspase-8 was 
partly reduced in the absence of RIG-I (Fig.  2 E). Similar 
expression levels of NS1 proteins of IAV indicate that the lack 
of RIG-I–MAVS signaling or MyD88–TRIF signaling did 
not affect IAV replication (Fig. 2 F). These results suggest that 
RIG-I and TLR signaling in BMDMs are indispensable for 
ZBP1-mediated inflammasome activation and consequent 
pyroptosis. Although type I IFN expression was abolished 
in the absence of RIG-I–MAVS, a significant up-regulation 
of ZBP1 was observed in BMDMs lacking these molecules 
(Fig. 2 F). This suggests that apart from RIG-I–MAVS signal-
ing pathway, other signaling cascades might exist in BMDMs 
for up-regulating ZBP1 expression during IAV infection. 
Overall, both RIG-I and TLR signaling contribute to the 
activation of NLRP3 inflammasome and pyroptosis during 
IAV infection, whereas RIG-I–MAVS signaling regulates 
IAV-induced type I IFN responses.

IAV infection triggers ubiquitination of ZBP1
Although RIG-I activation by IAV regulates ZBP1 
up-regulation, the posttranslational modifications required 
for ZBP1 activation are not known. Protein modifications, 

such as ubiquitination, create docking sites for association 
of other signaling molecules to modulate their function. 
RHIM-containing proteins, such as RIPK1 and RIPK3, are 
known to undergo extensive ubiquitination and phosphoryla-
tion to regulate proinflammatory and programmed cell death 
functions. To understand the role of protein modifications in 
ZBP1 activation, we characterized the ubiquitination pattern 
of ZBP1 in response to IAV infection. Using bioinformatics, 
we predicted that ZBP1 has multiple potential ubiquitination 
sites (Fig. 3 A). To confirm that ZBP1 is ubiquitinated during 
IAV infection, we isolated ubiquitinated protein fraction from 
whole-cell lysates after IAV infection. Immunoblotting with 
ubiquitin specific antibody confirmed the enrichment of 
ubiquitinated protein fraction after isolation (Fig. 3 B). We in-
deed observed ubiquitinated ZBP1 in the polyubiquitinated 
protein fraction from IAV infected cells, but not in uninfected 
cells (Fig. 3 B). IFN​AR signaling is essential for IAV-induced 
ZBP1 up-regulation. Although IFN-β stimulation in WT 
cells induced robust ZBP1 expression, a marginal induction 
of ZBP1 ubiquitination was observed compared with IAV 
infection (Fig. 3 B). This suggests that both type I IFN in-
duced up-regulation of ZBP1 and recognition of IAV ligands 
induces ubiquitination of ZBP1. Mass spectrometry analy-
sis demonstrated that K17 and K43 positions of the ZBP1 
were ubiquitinated after IAV infection (Fig.  3, C and D). 
Mass spectrometry analysis corroborated the prediction tool 
by identifying ubiquitination at K17 within ZBP1 (Fig. 3, A 
and C). These results demonstrate that IAV infection induces 
polyubiquitination of ZBP1, which might be required for the 
assembly of cell death signaling complex. K17 and K43 are 
located in Zα region of ZBP1. We speculate that ubiquiti-
nation of ZBP1 at Zα region might trigger conformational 
changes in ZBP1 to expose its RHIM domain for induction 
of cell death. Collectively, RIG-I–MAVS signaling–induced 
type I IFN signaling and ubiquitination of ZBP1 are required 
for IAV-induced cell death.

Purified IAV RNA or NP ligands are not sufficient to trigger 
ZBP1-dependent cell death
Although RIG-I sensing of IAV genomic RNA induces type 
I IFN response, the identity of a specific ligand for ZBP1 acti-
vation has remained ambiguous. We demonstrated that ZBP1 
interacts with the IAV proteins nuclear protein (NP) and 
polymerase (PB1; Kuriakose et al., 2016). However, Thapa et 
al. (2016) reported that ZBP1 recognizes IAV RNA genome 
to promote RIPK3 necrosome formation. To resolve this 
ambiguity, we immunoprecipitated ZBP1 from IAV-infected 
cells and probed for coprecipitated molecules. Consistent 
with our previous study, pull-down of ZBP1 precipitated the 
IAV proteins NP and PB1 after IAV infection (Fig. S2 A).

Structural studies suggest that N-terminal Zα domains 
of ZBP1 interact with Z-DNA and double-stranded Z-RNA 
(Schwartz et al., 2001; Placido et al., 2007; Ha et al., 2008; 
Kim et al., 2011). We predicted the RNA interaction po-
tential of ZBP1 protein based on its amino acid sequence 
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Figure 2. TLR  and RIG-I–MAVS signaling regulate inflammasome activation and cell death in response to IAV infection. (A and B) Microscopic 
analysis of cell death in BMDMs infected with IAV (MOI, 25). Microscopic images were collected 20 h after IAV infection (n = 3). Arrows indicate dead cells 
after IAV infection. Bars, 45 µm. (C) Quantification of cell death by LDH release in BMDM cultures infected with IAV after 20 h. LDH release was normalized 
to IAV-infected WT cells, which was considered 100% in individual experiments (n = 3). *, P = 0.016; **, P = 0.0012; and ****, P = 0.0001 (one-way ANO​VA or 
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because of the lack of structural information for full-length 
ZBP1 (Wang and Brown, 2006 Agostini et al., 2013; Li et al., 
2014). Predictions indicate that the different regions of ZBP1 
protein show high RNA-binding propensities (Fig. S2 B). All 
the prediction servers indicated Zα domains as RNA-binding 
domains (Fig. S2 B). We immunoprecipitated endogenous 
ZBP1 in IAV-infected cells, and RNA species were puri-
fied from ZBP1 immunoprecipitates. Immunoprecipitation 
of ZBP1 from WT fibroblasts resulted in robust association 
with IAV RNA in comparison to Zbp1−/− cells, indicating 
specificity of IAV-RNA and ZBP1 interaction (Fig. S2 C). 
The amount of IAV RNA isolated from ZBP1 was signifi-
cantly higher than the RNA associated with the control IgG 
pull-down (Fig. S2, D and E). Overall, these results suggest 
that IAV NP and PB1 proteins and the RNA genome are 
functional interacting partners of ZBP1 during IAV infection.

To investigate whether RNA or viral proteins act as the 
ligands for ZBP1, we performed in vitro ligand transfection 
assays and assessed whether the cell death was ZBP1 depen-
dent. Cells were treated with IFN-β to up-regulate ZBP1 lev-
els before RNA transfection. WT cells transfected with either 
WT-RNA (RNA isolated from untreated cells) or IAV-RNA 
(RNA isolated from IAV-infected cells) showed increased cell 
death compared with mock-transfected cells (Fig. 4, A and B). 
Cell death was increased after IAV-RNA transfection in all 
genotypes compared with WT-RNA transfections (Fig. 4, A 
and B). However, there was no repression of cell death in the 
cells lacking ZBP1 after transfection with either RNA (Fig. 4, 
A and B). In addition, absence of RIG-I did not alter the cell 
death response induced by both WT-RNA and IAV-RNA in 
comparison to WT cells (Fig. 4, A and B). These observations 
suggest that RNA isolated from IAV-infected cells did not en-
gage ZBP1-mediated cell death. Although IAV-RNA serves 
as a vital pathogen-associated molecular pattern for the type 
I IFN response, it is not sufficient to drive ZBP1-dependent 
cell death during IAV infection.

We also transfected NP of IAV into the cytosol to in-
vestigate whether the protein can activate ZBP1-dependent 
cell death (Fig. 4 C). As a negative control, we transfected IAV 
HA (hemagglutinin) protein separately, which does not inter-
act with ZBP1 (Kuriakose et al., 2016). Transfection of NP or 
HA did not induce cell death in WT cells and the cells lack-
ing ZBP1 or RIG-I (Fig. 4 C). These results demonstrated 
that neither IAV RNA nor viral proteins alone could engage 
ZBP1-mediated cell death during IAV infection.

ZBP1 spatially colocalizes with vRNP 
complexes in IAV-infected cells
vRNP complexes are composed of IAV RNA genome 
packed with multiple copies of NP and a trimeric polymerase 

complex (PB1, PB2, and PA; Eisfeld et al., 2015). These 
vRNP complexes display IAV RNA, NP, and PB1 in a single 
scaffold. vRNP complexes are generated in the nucleus after 
replication of IAV RNA genome and exported from nucleus 
to the cytosol for assembly of progeny virions (Eisfeld et al., 
2015). To investigate the requirement of IAV replication and 
vRNP generation for ZBP1-dependent cell death, we made 
replication incompetent IAV by UV irradiation. We observed 
a significant decrease in IAV-induced cell death when cells 
were infected with UV-radiated IAV in comparison to un-
treated IAV (Fig. S2 F). Nuclear export of vRNP complexes 
is a critical step to assemble viral particles. Previous studies 
showed that leptomycin-B (LMB), a nuclear export inhibi-
tor, inhibits nuclear export of vRNP complexes during IAV 
infection (Elton et al., 2001; Paterson and Fodor, 2012). To 
study the contribution of vRNP export from the nucleus 
to activate ZBP1-mediated cell death, cells were subjected 
to LMB treatment after IAV infection. The cells treated with 
LMB showed significant decrease in IAV-induced cell death 
in comparison to untreated cells (Fig. S2 G). These results 
suggest that replication of IAV to generate vRNP complexes 
and nuclear export of the vRNP complexes are crucial for 
ZBP1-mediated cell death.

Structural studies of IAV RNP complexes indicate that 
the IAV vRNPs are stabilized by unique twisted, antiparallel 
helices of vRNA–NP complexes that could potentially rep-
resent an IAV-associated molecular pattern for recognition by 
innate sensors (Arranz et al., 2012; Moeller et al., 2012; Eisfeld 
et al., 2015). To further probe and visualize the association 
of ZBP1 with vRNP complexes, we used three-dimensional 
stochastic optical reconstruction microscopy (STO​RM) 
to visualize vRNP complexes. STO​RM imaging enables 
three-dimensional view of IAV vRNP complexes with en-
hanced spatial resolution upon NP staining (Liedmann et al., 
2014). Consistent with previous studies, we observed vRNP 
complexes of IAV as elongated helical or spiral structures in 
the cytosol (Fig. 5, A and B; Arranz et al., 2012; Moeller et 
al., 2012; Liedmann et al., 2014). Staining of ZBP1 further 
indicated that it is spatially localized to the vRNP complexes 
(Fig. 5 B and Fig. S3 A). It appeared that ZBP1 was distrib-
uted along the elongated structure of the vRNP complex 
(Fig. 5, B and E; and Fig. S3 A). PB1 was also closely associated 
with ZBP1 after IAV infection (Fig. 5, C and D), suggesting 
vRNPs as ligands for ZBP1. The estimated length of the IAV 
vRNP complex is 110 nm (Arranz et al., 2012; Moeller et al., 
2012). Mouse ZBP1 protein constitutes 411 amino acid res-
idues. The mean diameter of the predicted full-length ZBP1 
protein structure is 6 to 7 nm, which is much smaller than 
the IAV vRNP complex (Fig. S3 B). Furthermore, the close 
proximity of multiple ZBP1 fluorescence puncta on vRNP 

two tailed t test). (D) Levels of IFN-β in cell culture supernatants 16 h after infection with IAV (n = 3). (E) Immunoblot analysis of the pro- and cleaved forms 
of caspase-1, caspase-8, and caspase-3 in BMDMs 20 h after infection with IAV (n = 3). (F) Immunoblot analysis of ZBP1, RIG-I, NS1, and GAP​DH (loading 
control) in BMDMs infected with IAV (n = 3). Data are representative of three independent experiments (mean ± SEM).



2223JEM Vol. 214, No. 8

Figure 3.  IAV infection induces ZBP1 ubiquitination. (A) Schematic representation of predicted ubiquitination (Ub) sites in ZBP1. UbPred and UbiSite 
servers were used to predict potential ubiquitination sites in ZBP1. (B) ZBP1 was ubiquitinated after IAV infection. WT and Zbp1−/− cells were infected with 
IAV or treated with IFN-β (100U/ml). Whole cell lysates were harvested after 8 h of infection, to purify polyubiquitinated protein fraction by using TUBEs 
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complexes in STO​RM images support the notion that mul-
tiple ZBP1 monomers or an oligomer of ZBP1 might be 
required for the sensing of IAV vRNP complex (Fig. 5, B–E; 
and Fig. S3 A). This collectively suggests that ZBP1 activation 
requires its spatial association with vRNP complexes during 
IAV infection. Further studies are needed to understand the 
precise cellular compartment and other protein cargo re-
quired for ZBP1–vRNP complex formation and subsequent 
modulations in this complex to induce cell death.

Previous studies showed that ZBP1 regulates murine 
cytomegalovirus (MCMV)–induced necroptosis (Upton et 
al., 2012). MCMV infection in WT primary fibroblasts in-
duced cell death within 2–3  h after infection. In addition, 
we also observed that fibroblasts lacking ZBP1 expression 
were resistant to MCMV induced cell death (Fig. S3 C). 
This suggest that basal expression of ZBP1 is sufficient to 
recognize MCMV infection where as replication and type 
I IFN signaling are necessary for ZBP1-dependent cell 
death during IAV infection.

Zα domain-containing proteins are known to be local-
ized to cytosolic stress granules where translationally repressed 
RNP complexes are accumulated (Weissbach and Scadden, 
2012; Ng et al., 2013). In support of these studies, our results 
also show that ZBP1 recognizes IAV viral RNP complexes. 
However, unlike IAV, MCMV is a double-stranded DNA 
virus. The mechanism of ZBP1 activation during MCMV in-
fection is not known. Based on our observations, we presume 
that ZBP1 might sense unique patterns in RNP complexes 
formed during the transcription of MCMV genes to activate 
cell death. Structural studies showed that Zα domain physi-
cally interacts with Z-DNA or Z-RNA (Schwartz et al., 2001; 
Placido et al., 2007; Ha et al., 2008; Kim et al., 2011). Z-DNA 
and Z-RNA exist in left-handed form with similar structural 
features, unlike right-handed DNA and RNA (Rich and 
Zhang, 2003). In addition, previous studies also suggest that 
cytosolic RNAs in fixed cells can exist as Z-RNAs (Zarling 
et al., 1987; Rich and Zhang, 2003). These observations sug-
gest that the viral RNA that appears as vRNP during the rep-
lication cycle might attain Z-RNA conformation, and ZBP1 
could be recognizing this unique Z-RNA conformation in 
RNPs. However, knowledge of the existence of Z-RNA in 
physiological conditions is primitive.

Multiple innate immune receptors are activated in re-
sponse to IAV infection. Although RIG-I has been studied 
well for its role in IAV infection, ZBP1 was only recently 
identified as an innate sensor of IAV. The insights gained 
from the current study established apical RIG-I signaling and 
ubiquitination as regulators of ZBP1-mediated cell death. We 

further showed that vRNPs of IAV activate ZBP1-mediated 
cell death, which resolves the ambiguity regarding the spe-
cific viral ligands activating ZBP1 (Fig. S3 D). ZBP1 contains 
RHIM domain similar to RIPK1 and RIPK3. Although the 
mechanisms of RIPK1 and RIPK3 activation in microbial 
infections are well studied, the activation of ZBP1 is largely 
unexplored. Identification of the vRNP complexes as ligands 
for ZBP1 activation and ubiquitination of ZBP1 advances the 
understanding of molecular mechanisms of innate immune 
recognition of IAV and creates new therapeutic opportunities 
to prevent IAV infection.

Materials and methods
Cell culture
Fibroblasts were generated from pinnae of adult mice. Pin-
nae were minced and digested with 100 mg/ml collagenase 
type IV (Worthington Biochemical Corporation) for 3  h, 
followed by filtration through 70-µm strainers to obtain fi-
broblasts. Cells were cultured in 50% FBS (EMD Millipore) 
in DMEM (Gibco) supplemented with Hepes, 1% penicillin 
and streptomycin, l-glutamine, sodium pyruvate, nonessential 
amino acids, and β-mercaptoethanol for the first 3 or 4 d. 
Cells were then subcultured in 10% FBS in DMEM supple-
mented with 1% penicillin and streptomycin. Primary lung 
fibroblasts were cultured as described previously (Yamamoto 
et al., 2003; Tzeng et al., 2016). All primary fibroblasts were 
used before to reaching sixth passage. Fibroblasts were seeded 
onto six-well plates at a density of 2 × 105 or 12-well plates at 
a density of 105 cells per well and incubated overnight.

Primary BMDMs were grown for 7 d in DMEM 
(Gibco) supplemented with 10% FBS (Atlanta Biologicals), 
30% L929 conditioned media, and 1% penicillin and strep-
tomycin (Sigma-Aldrich). BMDMs were seeded in antibiot-
ic-free media at a concentration of 106 cells onto 12-well 
plates and incubated overnight before infection.

IAV infection and cell death studies
Cells were cultured overnight in antibiotic-free media be-
fore infection. The PR8 virus generated by an eight-plasmid 
reverse genetics system was propagated in allantoic cavity of 
9- to 11-d-old embryonated SPF (specific pathogen free) 
chicken eggs and viral titers were enumerated by plaque as-
says. For cell death studies, primary fibroblasts (MOI [multi-
plicity of infection], 10) were infected with PR8 virus for 2 h. 
DMEM media containing 20% FBS was added after 2 h of 
infection and samples were collected at indicated time points. 
Cell supernatants were collected at indicated time points of 
lactate dehydrogenase (LDH) release assays. For IFN-β sup-

(tandem ubiquitin-binding entities). Purified fractions were subjected to Western blot analysis for ubiquitin and ZBP1 to detect its ubiquitination (n = 4). 
Poly-Ub, polyubiquitinated protein. (C) Peptide spectrum match of the ubiquitinated peptide at K17 and K43 positions. ZBP1 was immunoprecipitated from 
IAV infected cells and subjected to protein fragmentation. Peptides were separated by a reverse phase liquid chromatography using a Proxeon Nano-UPLC 
system and analyzed on a Q-Exactive HF mass spectrometer. Asterisk represents ubiquitination detected by mass spectrometry. (D) Amino acid sequence 
context for detected ubiquitinated ZBP1 fragments indicating K17 and K43 positions as ubiquitination sites.
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plementation studies, 100 U/ml IFN-β was added to the 
cells after 2 h of IAV infection. For pharmacological studies, 
10–20 ng/ml LMB (Sigma-Aldrich) was added to the cells 
1 h after IAV infection.

Mice
Zbp1−/−, Ifnar1−/−, Mavs−/−, Myd88−/−, and Trif −/− mice 
have been described previously (Kuriakose et al., 2016).  
Rig-I−/− mice (129SvXC57BL/6XICR) were a gift from 
S. Akira (Osaka University, Osaka, Japan; Kato et al., 2006). 
These mice were backcrossed with BALB/c mice for 10 gen-
erations to generate BALB/c-Rig-I−/− mice. Animal study 
protocols were approved by the St. Jude Children’s Research 
Hospital committee on the use and care of animals.

Immunoblotting analysis
For immunoblotting of proteins, cells were lysed in RIPA buffer 
and sample loading buffer containing SDS and 100 mM DTT 
after washing with cold PBS. Proteins were separated on 8–12% 
polyacrylamide gels and transferred onto polyvinylidene diflu-
oride (PVDF) membranes. Membranes were blocked in 5% 
skim milk followed by incubation with the following primary 

antibodies and secondary HRP antibodies: caspase-8 (#1492, 
1:1,000 dilution; Cell Signaling Technology), cleaved caspase-8 
(#8592, 1:1,000 dilution; Cell Signaling Technology), caspase-3 
(#9662, 1:1,000 dilution; Cell Signaling Technology), cleaved 
caspase-3 (#9661, 1:1,000 dilution; Cell Signaling Technol-
ogy), ZBP-1 (AG-20B-0010-C100, 1:3,000 dilution; Adipo-
gen), IAV NS1 (NS1-23-1: sc-130568, 1:2,000 dilution; Santa 
Cruz Biotechnology, Inc.), PB1 (sc-17601, 1:500; Santa Cruz 
Biotechnology, Inc.), NP (PA5-32242, 1:1,000; Thermo Fisher 
Scientific), GAP​DH (#5174, 1:10,000 dilution; Cell Signaling 
Technology), and HRP antibodies (1:1,000 dilution; Jackson 
ImmunoResearch Laboratories).

Coimmunoprecipitation
For immunoprecipitation, cell lysates were incubated with 4 
µg of indicated primary antibodies on a rocking platform for 
4 to 5h at 4°C. Protein A/G PLUS-Agarose (Santa Cruz Bio-
technology, Inc.) was added to the samples and incubated for 
another 2 h on the rocking platform. Agarose was centrifuged 
and washed three times with lysis buffer. Immunoprecipitates 
were eluted in sample buffer after three washes in lysis buffer 
and then subjected to immunoblotting analysis.

Figure 4.  IAV RNA or IAV protein alone is 
not sufficient to trigger ZBP1-dependent 
cell death. (A) Microscopic analysis of cell 
death in IFN-β primed primary fibroblasts 
transfected with total RNA isolated from un-
infected cells (WT-RNA) or IAV-infected cells 
(IAV-RNA). Arrows indicate dead cells after 
IAV infection. Bars, 100 µm. (B) Quantification 
of cell death by LDH release in IFN-β primed 
primary fibroblasts transfected with WT-RNA 
or IAV-RNA. LDH release was normalized 
for IAV RNA-transfected WT cells (n = 4).  
(C) Quantitation of cell death by LDH release 
in IFN-β primed primary fibroblasts trans-
fected with IAV NP or IAV HA protein. LDH re-
lease was normalized to IAV-infected WT cells  
(n = 3). Data are representative of three inde-
pendent experiments (mean ± SEM).
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Real-time quantitative RT-PCR analysis
RNA was extracted using TRIzol according to the manufac-
turer’s instructions (Thermo Fisher Scientific). Isolated RNA 
was reverse transcribed into cDNA using the First-Strand 
cDNA Synthesis kit (Thermo Fisher Scientific). Real-time 
quantitative PCR was performed on an ABI 7500 real-time 
PCR instrument with 2× SYBR Green (Applied Biosys-
tems). Sequences for quantitative RT-PCR primers are as fol-
lows: IAV-M1 forward primer, 5′-TGA​GTC​TTC​TAA​CCG​
AGG​TC-3′; IAV-M1 reverse primer, 5′-GGT​CTT​GTC​
TTT​AGC​CAT​TCC-3′; IAV-NP forward primer, 5′-CTC​
GTC​GCT​TAT​GAC​AAA​GAAG-3′; IAV-NP reverse primer, 
5′-AGA​TCA​TCA​TGT​GAG​TCA​GAC-3′.

RNA or protein transfections
4 µg RNA was incubated with Lipofectamine-2000 trans-
fection reagent and incubated at room temperature for 15 

min. Cells were washed in PBS, and reduced serum media 
was added. The transfection mix was added to the cells, and 
cell death was monitored. Cell supernatants were collected 
after 20 h of transfection for LDH release assays. Microscopic 
pictures were collected after 20 h of transfection. For pro-
tein transfection studies, 2–3 µg purified NP or HA proteins 
of IAV (Sino Biological) were mixed with 20  µl DOT​AP 
(Sigma-Aldrich) transfection reagent following 15 min incu-
bation. The cells were washed three times with HBSS/mod-
ified/calcium-magnesium media (Sigma-Aldrich), and the 
transfection mix was added. Cell supernatants were collected 
after 15 h of transfection for LDH release assays.

STO​RM
Primary fibroblasts were seeded 24 h before IAV infection. 
Cells were infected with IAV (MOI, 5) and incubated at 
37°C for 8 h. IFN-β was supplemented after 4 h of infection 

Figure 5.  ZBP1 recognizes IAV ribonucleo-
protein (vRNP) complexes during IAV infec-
tion. (A–D) Primary fibroblasts were infected 
with IAV and subjected to three-dimensional 
stochastic optical reconstruction microscopy 
(STO​RM) 8  h after infection. STO​RM revealed 
the association of ZBP1 (red) with vRNPs 
(green; n = 3). (A) A wide shot of cellular 
context of fibroblasts viewed by microtubule 
tracker (light gray), NP (green), and ZBP1 (red). 
Bar, 5 µm. (B) Zoom-in version showing NP 
stained vRNPs (green) in close proximity to 
ZBP1 (red). Bars, 100 nm. (C) A wide shot of 
cellular context viewed by microtubule tracker 
(light gray), PB1 (green), and ZBP1 (red). Bar, 5 
µm. (D) Zoom-in images showing PB1 (green) 
in close proximity to ZBP1 (red). Bars, 100 nm. 
(E) Model representing vRNP-associated ZBP1.



2227JEM Vol. 214, No. 8

to increase ZBP1 expression levels. After 8 h of infection, cells 
were processed for STO​RM imaging as described previously 
(Liedmann et al., 2014). The following antibodies were used 
for labeling: NP (1:2,000; PA5-32242; Thermo Fisher Scien-
tific), PB1 (1:1,000; sc-17601; Santa Cruz Biotechnology, Inc.), 
ZBP1 (1:1,000; AG-20B-0010; Adipogen Life Sciences), and 
tubulin (1:1,000; clone YOL1/34; Thermo Fisher Scientific).

Tandem ubiquitin binding entity (TUBE) 
assays for ubiquitination
Agarose-TUBEs are available through LifeSensors. Primary 
lung fibroblasts were infected with IAV, and whole-cell lysates 
were harvested in cell lysis buffer (50 mM Tris-HCl, pH 7.5, 
0.15 M NaCl, 1 mM EDTA, and 1% NP-40) supplemented 
with 10 mM N-ethylmaleimide (Sigma-Aldrich) and a Com-
plete Protease Inhibitor Cocktail tablet (Roche). Lysates were 
cleared by centrifugation, and protein concentration was de-
termined using BCA assay (Thermo Fisher Scientific). TUBE 
1 Agarose (LifeSensors) beads were prewashed in TBS-T 
buffer (20 mM Tris-HCl, pH 8.0, 0.15 M NaCl, and 0.1% 
Tween-20) according to the manufacturer’s guidelines and in-
cubated with 1 mg total protein lysate overnight on a rotating 
platform at 4°C. The next day, beads were washed three times 
before being resuspended in 1× Laemmli buffer and boiled 
for 10 min. Eluted samples were analyzed by SDS-PAGE.

Mass spectrometry
Immunoprecipitation samples were run on a 4–20% gradi-
ent gel. The bands corresponding to ZBP1 and the putative 
ubiquitinated form of ZBP1 were cut out, cysteines reduced, 
blocked with iodoacetamide, and in-gel digested with a cock-
tail of LysC and trypsin. The digested peptides were separated 
with a reverse-phase liquid chromatography using a Prox-
eon Nano-UPLC system and analyzed on a Q-Exactive HF 
mass spectrometer. Raw data were searched against mouse 
UniProt protein database using Andromeda running under 
MaxQuant using default settings, except for peptide modifi-
cations (Cox et al., 2011).

RNA isolation for transfection experiments
L929 cells were infected with IAV in 150-mm plates and in-
cubated for 8 h. Cells were harvested in TRIzol reagent for 
RNA purification. 200 µl chloroform was added to the tubes, 
mixed well, and centrifuged at 13,500 rpm for 5 min to sep-
arate the organic and aqueous phase. The aqueous phase was 
gently aspirated out and 1 vol isopropanol was added. The 
solution was incubated at room temperature for 10 min and 
centrifuged at 13,500 rpm for 30 min at 4°C to precipitate 
the RNA. The RNA pellet was washed twice with 75% eth-
anol, air dried, and solubilized in pure water.

Prediction methods
RNA-binding properties of ZBP1 were predicted using pro-
tein-RNA–binding prediction analytical tools BindN, ca-
tRAP​ID, and aaRNA (Wang and Brown, 2006; Agostini et al., 

2013; Li et al., 2014). UbPred and UbiSite servers were used 
to predict potential ubiquitination sites in ZBP1 (Radivojac 
et al., 2010; Huang et al., 2016). i-TAS​SER server was used to 
predict full-length ZBP1 structure (Roy et al., 2010).

Statistical analysis
GraphPad Prism 7.0 software was used for data analysis. Sta-
tistical significance was determined by a paired two-tailed t 
test or one-way ANO​VA, where P < 0.05 was considered 
statistically significant. Data presented mean ± SEM.

Online supplemental material
Fig. S1 shows the role of TLR and RIG-I signaling cascades 
and type I IFN responses in ZBP1-regulated cell death after 
IAV infection. It also display the role of the RIG-I–MAVS 
signaling pathway during cell death induced by human and 
mouse adapted IAV strains. Fig. S2 shows ZBP1’s association 
with the RNA genome and the IAV proteins NP and PB1. 
Fig. S3 shows ZBP1’s spatial localization with vRNPs, the 
role of ZBP1 during MCMV-induced cell death, and a model 
representing ZBP1 activation in response to IAV infection to 
trigger programmed cell death.
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