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PKR and TLR3 trigger distinct signals that coordinate the

induction of antiviral apoptosis
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RIG-I-like receptors (RLRs), protein kinase R (PKR), and endosomal Toll-like receptor 3 (TLR3) sense viral non-self RNA and are
involved in cell fate determination. However, the mechanisms by which intracellular RNA induces apoptosis, particularly the role of
each RNA sensor, remain unclear. We performed cytoplasmic injections of different types of RNA and elucidated the molecular
mechanisms underlying viral dsRNA-induced apoptosis. The results obtained revealed that short 5'-triphosphate dsRNA, the sole
ligand of RIG-I, induced slow apoptosis in a fraction of cells depending on IRF-3 transcriptional activity and IFN-I production.
However, intracellular long dsRNA was sensed by PKR and TLR3, which activate distinct signals, and synergistically induced rapid
apoptosis. PKR essentially induced translational arrest, resulting in reduced levels of cellular FLICE-like inhibitory protein and
functioned in the TLR3/TRIF-dependent activation of caspase 8. The present results demonstrated that PKR and TLR3 were both
essential for inducing the viral RNA-mediated apoptosis of infected cells and the arrest of viral production.
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INTRODUCTION

During viral infection, viruses produce RNA species that are distinct
from those of the host. Viral double-stranded RNA (dsRNA) is
representative of non-self RNA and is recognized by sensor
molecules belonging to the family of pattern recognition receptors
(PRRs). dsRNA in the cytosol or extracellular space is recognized by
different PRRs, resulting in type | interferon (IFN-I) production,
and in some cases, apoptosis, which are considered to serve as
antiviral innate immune responses [1, 2]. Retinoic acid-inducible
gene | (RIG-)-like receptors (RLRs), including RIG-l, melanoma
differentiation-associated protein 5 (MDAS5), and laboratory of
genetics and physiology (LGP2), sense cytosolic dsRNA [3-7]. Long
and short dsRNA are sensed by MDA5 and RIG-, respectively [8].
Some viruses produce 5'-triphosphate-containing dsRNA (5-ppp-
RNA), which is preferentially sensed by RIG-I in the cytoplasm; host
RNA species are processed to avoid the 5-ppp structure [9, 10].
Upon sensing dsRNA, RIG-I and MDAS5 alter their conformation and
relay signals to the mitochondrial adaptor, interferon-3 promoter
stimulator 1 (IPS-1, also known as MAVS/VISA/Cardif). IPS-1 activates
TANK-binding kinase 1 (TBK1), which catalyzes the activation of
interferon regulatory factor 3 (IRF-3). IRF-3 is responsible for the
production of IFN-I and antiviral proteins that limit viral replication
[11-13]. Another PRR, Toll-like receptor 3 (TLR3), also senses dsRNA
in the endosome and extracellular space, and activates IRF-3
through the adaptor, TIR-domain-containing adapter-inducing
interferon-B (TRIF), and TBK1 to induce the common antiviral
program, including IFN-I production [14-16].

dsRNA is also sensed by protein kinase activated by RNA (PKR);
however, PKR has distinct functions from RLRs or TLR3. Upon
activation by cytosolic dsRNA, PKR induces the phosphorylation of
eukaryotic translation initiation factor 2 (elF2a), which results in
translational arrest, leading to the suppression of viral replication
and cellular stress responses, such as apoptosis [17-20]. This
process ensures viral eradication and the suppression of excessive
inflammation. Although PKR activation per se does not induce the
production of IFN-, it facilitates viral RNA sensing by RLRs by
inducing the formation of stress granules (SGs) [21].

The artificial dsSRNA mimic, poly I:C, has been used to stimulate
cells for IFN-I production due to its potent activity and common
availability. When poly I:C is added to culture medium, it is taken
up by cells into endosomes and activates TLR3. However, 5-ppp-
RNA or poly I:C has to be transfected into cells to activate RLRs and
PKR. These stimuli commonly induce the production of IFN-I;
however, the production of IFN-I and induction of apoptosis do
not necessarily coincide, suggesting that these phenomena are
regulated by distinct mechanisms. The intracellular delivery of
poly I:C was previously reported to strongly induce apoptosis by
undefined mechanisms in tumor cells [22-25]. However, the role
of 5-ppp-RNA in apoptosis remains unclear. Regarding the
involvement of IRF-3 in the induction of apoptosis, its transcrip-
tional activity-dependent and -independent mechanisms have
been reported in viral infection [26, 27]. PKR has also been shown
to regulate apoptosis through intrinsic and extrinsic pathways by
signaling the BCL-2 family proteins, Bak and Bax, or caspase 8
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[19, 28-32]. TLR3-TRIF signaling promotes the assembly of the
death-inducing signaling complex (DISC), in which the oligomer-
ization of caspase 8 induces apoptosis [33, 34]. Viral infection leads
to the simultaneous activation of multiple receptors; however, the
precise function of each receptor and component in dsRNA-
induced apoptosis has not yet been established.

Therefore, this study investigated the mechanisms underlying
dsRNA-induced cell death, particularly the involvement of RLRs,
TLR3, and PKR. We utilized microinjections to introduce RNA/
protein into the cytoplasm and observed sequential events in a
single cell. Microinjections induce rapid and undisputed cellular
responses in cells with limited transfection efficiency. We
generated knockout (KO) cell lines for critical signaling compo-
nents to elucidate their precise roles in programmed cell death.
We demonstrated that the collaboration of PKR and TLR3 was
essential in cytosolic dsRNA-induced apoptosis. The present
results also suggest that viral RNA-induced cell death is a host
mechanism that limits viral replication together with the direct
effects of the antiviral mechanism induced by IFN-I.

RESULTS

Induction of the nuclear translocation of IRF-3 followed by
IFNB gene expression after the cytoplasmic injection of RNA/
protein

The transfection of in vitro transcribed short 5-ppp-RNA (GG25)
and the dsRNA mimic (poly I:C) strongly induced IRF-3 activation
and subsequent IFNB gene expression in Hela cells [35]. We
generated Hela cells lacking endogenous IRF-3 and expressing
GFP-tagged IRF-3 to monitor the localization of IRF-3 in real-time
(“Materials and methods”). To analyze the outcomes of stimuli by
these RNAs in individual cells, we stimulated cells by microinjec-
tions and each cell was followed by the live cell imaging of GFP
(Supplementary Fig. S1a). A typical result of IRF-3 translocation
induced by the poly I:C injection is shown in Fig. 1a. GFP-IRF-3 Hela
cells were injected with stimulant RNA or proteins and monitored
for the nuclear translocation of IRF-3 (Fig. 1b). The injection of PBS
did not affect the cytoplasmic localization of IRF-3. Poly I:C strongly
induced the nuclear translocation of IRF-3 (89-96%). The GG25
injection induced nuclear IRF-3 in a fraction of cells (25%); however,
IFN-B priming prior to the GG25 injection markedly increased the
efficiency of IRF-3 activation (96%). Similarly, the injection of
recombinant RIG-I protein, which did not activate IRF-3, efficiently
promoted IRF-3 activation by the GG25 co-injection (93%). These
results are consistent with RIG-l being interferon-inducible and
increases in RIG-I levels promoting the sensing of GG25 to trigger
antiviral signaling. In addition, the injection of ATM-IPS-1 protein
efficiently activated IRF-3, which is consistent with previous
findings showing that an in vitro incubation of ATM-IPS-1 with a
cell extract activated the dimerization of IRF-3 [36]. IFNB gene
activation in cells with nuclear IRF-3 was confirmed by fluorescence
in situ hybridization (FISH) analysis (Fig. 1c). The injection of GG25
triggered IFNB gene expression in some cells expressing nuclear
IRF-3 (Fig. S1b); however, overall efficiency was enhanced by the
co-injection of RIG-I + GG25 (Fig. S1c). These results indicated that
the delivery of RNA/protein into the cell cytoplasm by microinjec-
tions triggered rapid and potent cellular responses, and, thus, is
suitable for single-cell analysis.

Induction of cell death by the cytoplasmic injection of RNA/
protein

We further investigated cell fate after the activation of IRF-3 by an
RNA injection. When poly I:C was injected into GFP-IRF-3 Hela cells,
cells exhibited efficient IRF-3 nuclear translocation at 3 h and these
cells underwent robust cell death at 6 h (Fig. 2a). The cell death
was not due to the mechanical stress of the injection because it
occurred 3-6 h after the injection and the PBS injection did not
induce cell death (Supplementary Fig. S2a). Moreover, mechanical
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damage resulted in the release of cytoplasmic contents, including
GFP-IRF-3 (Supplementary Fig. S2a, b). Cells were injected with
RIG-I + GG25 to analyze cell death by RIG-I signaling (Fig. 1b).
Injected cells exhibited the nuclear translocation of IRF-3 and cell
death; however, in contrast to the poly I:C injection, its kinetics
were slow, and with lower efficiency (Fig. 2b). Furthermore,
surviving cells that once exhibited nuclear IRF-3 at 3-12 h showed
its re-location back to the cytoplasm at 16-24h (Fig. 2b). To
examine the type of cell death observed, we treated cells with
Z-VAD, a pan-caspase inhibitor (Fig. 2c). Cells pre-treated with
Z-VAD and then injected with poly I:C exhibited the efficient
nuclear translocation of IRF-3; however, cell death was not induced
as late as 12 h after the injection. This result suggested that cell
death observed after the cytoplasmic poly I:C injection was
apoptosis. To establish whether the cytoplasmic introduction of
RNA by transfection resulted in a similar outcome, we transfected
these RNAs into GFP-IRF-3 Hela cells (Supplementary Fig. S3a). The
transfection of poly I:C induced massive apoptosis within 24 h,
whereas that of GG25 alone only induced limited cell death. IFN-3
priming, which induced the expression of RIG-I, enhanced cell
death upon the transfection of GG25 (Supplementary Fig. S3b).
Similarly, priming enhanced poly I:C transfection-induced cell
death (Supplementary Fig. S3c). However, the kinetics of cell death
induced by GG25 and poly I:C were slow and fast, respectively,
irrespective of priming. These results suggest that these RNAs
induce cell death through distinct mechanisms. In contrast to
injections, exogenous treatment of poly I:C induced nuclear IRF-3,
but no significant cell death in Hela cells (see below). Therefore,
the apoptosis observed was induced by a series of physiological
signals in response to different types of cytosolic RNA.

Diverse mechanisms underlying cell death induced by GG25

and poly I:C

To investigate the mechanistic differences in cell death induced
by poly IIC and RIG-I+ GG25 we examined the role of
transcriptional activation by IRF-3 in cell death. We expressed
GFP-A1-58IRF-3 in IRF-3 KO Hela cells (GFP-A1-58IRF-3 Hela)
(Supplementary Fig. S4a). A1-58IRF-3 did not exhibit transcrip-
tional activity (Supplementary Fig. S4a) and has been shown to
function as a dominant inhibitor [37]. GFP-IRF-3 HeLa and GFP-A1-
58IRF-3 Hela were injected with RIG-I + GG25 and cell death was
then examined (Fig. 3a). Cell death was limited in GFP-IRF-3 Hela
cells and absent in GFP-A1-58IRF-3 cells. Furthermore, cell death
induced by RIG-1 + GG25 was inhibited by deleting IFNART (GFP-
IRF-3 IFNAR1 KO Hela). Similarly, the transfection of GG25 induced
the prominent cleavage of PARP in GFP-IRF-3 Hela cells; however,
cleavage was markedly attenuated in GFP-A1-58IRF-3 and GFP-
IRF-3 IFNART KO Hela cells (Supplementary Fig. S4b). This result
suggested that cell death mediated by RIG-I was largely
dependent on the transcriptional activity of IRF-3 and the effects
of secreted type | IFN, and is consistent with the slow time course
of cell death after the RIG-1 + GG25 injection.

In contrast, when GFP-A1-58IRF-3 and GFP-IRF-3 IFNAR1 KO
Hela cells were injected with poly I:C, efficient cell death was
observed, suggesting that cell death induced by poly I:C was
independent of the activation of IRF-3 target genes and type | IFN
(Supplementary Fig. S4c). To further investigate the involvement
of signaling components in cell death, we used Hela cells lacking
RIG-, MDAS5, IPS-1, IRF-3, IFNART, or PKR (Fig. 3b). These cells,
except for PKR KO, exhibited efficient cell death upon the poly I:.C
injection, suggesting that cell death was dependent on PKR, but
independent of RLR or type | IFN signaling. Similar results were
obtained with the transfection of poly I:C (Supplementary Fig.
S4d). We confirmed that cell death was not due to the synthetic
nature of poly I:C by injecting natural rice Endornavirus dsRNA
(rb-dsRNA) extracted from rice bran (“Materials and methods” and
Supplementary Fig. S4e) [38]. We then investigated whether SG,
the formation of which is induced by activated PKR, was
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detectable after the introduction of different RNA by different transfection of poly I:C induced both nuclear translocation of IRF-3
methods (Fig. 3c). The efficient nuclear translocation of IRF-3 was and SG. These results further supported PKR being essential in cell
induced in Hela cells treated with poly I:C without a transfection death induced by the poly I:C injection or transfection and are
reagent. However, SG detected as cytoplasmic granules contain- consistent with the poly I:C treatment inducing neither cell death
ing TIAR and G3BP1 were not induced. In contrast, the injection or nor SG. GG25 induced the nuclear translocation of IRF-3, but not

RIG-I (1.0)+GG25 (1.0)

Poly I:C (1.0)

ATM-IPS-1
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Fig.1 The cytoplasmic RNA/protein injection induces prompt and potent cellular responses. a GFP-IRF-3 Hela cells were injected with poly
I:C (1 pg/pl) and observed live for the localization of IRF-3 at the indicated times after the injection. The injection was performed for a colony of
cells, each cell was followed for the nuclear translocation of IRF-3, and the % of nuclear IRF-3 was calculated (number of cells with nuclear IRF-
3/number of injected cells). b GFP-IRF-3 Hela cells were injected with the indicated RNA/protein. GG25: 5-ppp-RNA; poly I:C: long poly I:C;
RIG-I: recombinant RIG-I protein; ATM-IPS-1: recombinant IPS-1 protein devoid of the transmembrane domain. The amount of injected RNA or
protein (ug/pl) is indicated at the bottom of the graph. IFN-B priming indicates the pretreatment of cells with IFN-B (1000 U/ml for 12 h) prior
to the injection. At 3 h, injected cells were observed live for the localization of IRF-3, and % nuclear IRF-3 was calculated as in (a) and indicated
at the top of each bar. ¢ GFP-IRF-3 Hela cells were injected with the indicated RNA/protein. Cells were fixed after 3 h and observed for IRF-3

(green) or the expression of IFNB mRNA (FISH, red). Scale bar =25 pym.
<

SG, by injection or transfection, indicating that the mechanisms
underlying cell death induced by GG25 and poly I:C were distinct.
Since efficient and rapid cell death was induced, we thereafter
focused on the mechanisms underlying cell death induced by
poly I:.C.

Synergistic induction of cell death by PKR and the exogenous
poly I:C treatment

The strong apoptosis induced by cytosolic dsRNA in a PKR-
dependent and RLR-independent manner was of interest. To
further clarify the role of PKR, we utilized a system in which PKR
activity is inducible by the small molecule, coumermycin A1l
[39, 40]. We generated PKR KO Hela cells expressing the fusion
protein GyrB-PKR or GyrB-PKR K296H (kinase-dead mutant) to
examine the effects of the sole activation of PKR without using
dsRNA (Fig. 4a and Supplementary Fig. S5a). In GyrB-PKR, the
dsRNA-binding domain of PKR was replaced by the bacterial
Gyrase B subunit (Fig. 4a). When coumermycin A1 was added to
the cell culture, the GyrB subunit dimerized, and PKR was
activated (Fig. 4a). The activation of PKR by coumermycin A1l
was confirmed by the induction of SG in GyrB-PKR Hela, but not in
PKR KO HelLa or GyrB-PKR K296H Hela cells (Fig. 4b). A
quantitative analysis of cell survival (Fig. 4c) demonstrated that
the activation of PKR alone induced significant cell death;
however, it was less prominent (45%) than that induced by the
poly I:C injection (>95%) (Fig. 3b). A higher concentration of
coumermycin A1 (100 nM) did not promote further cell death
(Supplementary Fig. S5b). We then examined the effects of the
poly I:C treatment, which activates endosomal TLR3, but not PKR
(Fig. 3¢). As predicted, the poly I:C treatment did not induce major
cell death over time, while the coumermycin A1 treatment
resulted in partial cell death (Fig. 4d). The combined treatment of
cells with poly I:.C and coumermycin A1 induced nearly complete
cell death within 12 h (Fig. 4d). We also investigated whether the
combined activation of the PKR and RLR pathways exerted
synergistic effects on the induction of cell death. The FKBP fusion
system has been used to selectively activate RLR signaling
(Supplementary Fig. S5c) [41]. We expressed FK-IPS-1 in GyrB-
PKR Hela cells (Supplementary Fig. S5d) and treated them with
coumermycin A1, AP20187, or their combination (Fig. 4e). The
activation of RLR signaling by AP20187 was confirmed by the
efficient nuclear translocation of IRF-3 in AP20187-treated cells
and the activation of PKR was confirmed by the induction of SG
(Supplementary Fig. S5d). The lack of significant synergy by the
activation of PKR and IPS-1 was confirmed (Fig. 4e).

Involvement of TLR3 signaling in cell death induced by
cytoplasmic poly I:C

Since the activation of PKR and the poly I:.C treatment exerted
strong synergistic effects on the induction of cell death, we
hypothesized that PKR and TLR3 signaling cooperate to promote
cell death practically under the poly I:C injection. Since the
injection did not result in sufficient extracellular leakage of poly I.C
to trigger the translocation of IRF-3 in surrounding un-injected
cells, we assumed that cytosolically injected poly I:.C was also
captured by endosomal TLR3. We used chloroquine and NH,CI
to inhibit endosomal acidification, which is essential for the
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activation of TLR3 by dsRNA [42, 43]. These chemicals attenuated
cell death induced by the poly I:C injection (Fig. 5a). We then
generated TRIF KO cells from GyrB-PKR Hela cells (GyrB-PKR TRIF
KO Hela cells expressing GyrB-PKR lacking PKR and TRIF). GyrB-
PKR and GyrB-PKR TRIF KO Hela cells were exogenously
stimulated with poly I:C, coumermycin A1, or both (Fig. 5b).
Synergistic cell death in GyrB-PKR Hela cells induced by the poly
I:C and coumermycin A1 treatment was not observed in GyrB-PKR
TRIF KO Hela cells, suggesting the involvement of TRIF in cell
death. Hela cells and mutant cells lacking PKR, TRIF, or both PKR
and TRIF (double KO (DKO)) were generated (Supplementary Fig.
S6a) and subjected to stimulation by the poly I:C injection (Fig. 5c).
Prominent cell death in wild-type Hela cells was partially blocked
by the deletion of TRIF, and full inhibition was noted in DKO cells.
A similar result was obtained by the transfection of poly I:C in
these cells (Supplementary Figs. S6b and S7a). Note that TRIF KO
did not affect the activation of PKR based on the formation of SG
(Supplementary Fig. S6¢). This is consistent with our hypothesis
that cytoplasmic poly I:C activates PKR and endosomal TLR3/TRIF
signaling to strongly induce cell death.

PKR activation resulted in the downregulation of cFLIP and
promoted the endosomal poly I:C-induced activation of
caspases 8 and 9

Previous studies reported that the activation of TLR3 directly
induced the TRIF-FADD-caspase 8 cascade of apoptosis in certain
cell types [33, 44, 45]. However, FADD-caspase 8 signaling complex
(DISC) was previously shown to be inhibited by the expression of
cellular FADD-like inhibitory protein (cFLIP) in cancer cells, a
protein that is sensitive to cycloheximide (CHX) [46-48]. The
activation of PKR is known to induce the formation of SG, which
recruit the translational machinery to halt protein synthesis [20].
We hypothesized that the activation of PKR downregulates cFLIP to
promote cell death. To confirm this, we activated PKR by
coumermycin A1 and examined cFLIP levels (Fig. 6a). As expected,
CFLIP levels markedly decreased after the activation of PKR,
particularly those of the cFLIP S isoform. The effects of cellular
stimulation by endosomal poly I:C on cFLIP levels were then
examined (Fig. 6b). cFLIP L levels did not markedly decrease during
the poly I:C treatment for 12 h. In contrast, cFLIP S levels increased
after the poly I:C treatment and the induction of cFLIP mMRNA was
also detected upon the poly I:C treatment (Fig. 6¢). When cells were
treated with coumermycin A1, CHX, or poly I:C, the apoptosis
markers, PARP, caspase 8, and caspase 9 were partially cleaved
(Fig. 6d). However, when the poly I:C treatment was combined with
coumermycin A1l or CHX, cleavage was markedly accelerated. The
induction of cFLIP/S by the poly I:C treatment was canceled by the
co-treatment with coumermycin A1 or CHX. These results suggest
that cFLIP levels play a critical role in cell death.

To investigate the role of cFLIP in cell death mediated by PKR
and TRIF, we manipulated cFLIP levels by siRNA and over-
expression. The activation of PKR induced cell death, which was
weakly promoted by the knockdown of cFLIP (Fig. 6e). The
stimulation of TLR3 alone did not strongly induce cell death;
however, the same stimulus promoted cell death in cells with the
knockdown of cFLIP. The combined activation of PKR and
TLR3 strongly induced cell death, whereas the knockdown of

Cell Death and Disease (2022)13:707
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Fig.2 Induction of the nuclear translocation of IRF-3 and subsequent cell death by the cytoplasmic injection of RNA/protein. a GFP-IRF-3
Hela cells were injected with poly I:C (1 pg/pl) and observed live for the localization of IRF-3 at the indicated times after the injection. Injected
cells were numbered (white) and followed; cells with red numbers exhibited morphological cell death; % of dead cells was calculated (as
depicted in grayscale images). b GFP-IRF-3 Hela cells were injected with RIG-l and GG25 (1 pg/pl each) and observed as in (a). ¢ GFP-IRF-3 Hela
cells were injected with poly I:C (1 ug/pl) in the absence (DMSO) or presence of Z-VAD (20 uM) and observed as in (a). Z-VAD was added 3 h
prior to the injection and kept in the culture medium. Injected cells are indicated in the red dotted box. Scale bar =25 pm.
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Hela cells were injected with RIG-l and GG25 (1 pg/pl each), observed live for cell death, and quantified for % cell survival at the indicated time
points. b Hela cells and indicated KO Hela cells were injected with poly I:C (1 pg/pl), observed for cell death, and % cell survival was
quantified. ¢ GFP-IRF-3 Hela cells were mock treated, treated with poly I:C (5 pg/ml in culture medium for 3 h), injected with poly I:C (1 ug/pl
for 3 h), transfected with poly I:C (0.5 pg/ml in culture medium with lipofectamine for 3 h), injected with RIG-l and GG25 (1 pg/pl each for 3 h),
or transfected with GG25 (4 pg/ml in culture medium with lipofectamine for 3 h). Cells were fixed and stained for TIAR and G3BP1 with
respective antibodies for microscopy. Scale bar =25 ym.
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Fig. 4 Synergistic induction of cell death by PKR and the exogenous poly I:C treatment. a Schematic representation of PKR and GyrB-PKR
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CFLIP did not further promote cell death. The effects of the
overexpression of cFLIP were then examined (Fig. 6f). The
overexpression of cFLIP significantly protected cells from cell
death induced by different stimuli. Cell death induced by the
activation of PKR was partially restored by the overexpression of
cFLIP, but not to the level of non-stimulated cells. The strong
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induction of cell death by the activation of PKR and TLR3 was
significantly inhibited by the overexpression of cFLIP, albeit
incompletely. This result indicated that the activation of PKR
promoted cell death, at least in part, by downregulating cFLIP. PKR
has also been suggested to promote cell death independent of
cFLIP and TLR3. The roles of PKR and TLR3/TRIF in the regulation of
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Fig. 6 PKR activation resulted in the downregulation of cFLIP and promoted the endosomal poly I:C-induced activation of caspases 8
and 9. a GyrB-PKR Hela cells were treated with coumermycin A1 for the indicated times and examined for the levels of cFLIP L, cFLIP S, and
GAPDH by immunoblotting. b GyrB-PKR Hela cells were treated with poly I:C (5 pg/ml) and examined for the levels of cFLIP L, cFLIP S, and
GAPDH by immunoblotting. ¢ GyrB-PKR Hela cells were left untreated or treated with poly I:C (5 pg/ml, 6 h). Cells were harvested and the
relative expression of the cFLIP gene was examined by RT-qPCR. The means + SEM of three independent experiments are shown; data were
analyzed by an unpaired t test; ***P < 0.001. d GyrB-PKR Hela cells were treated with the indicated chemicals (10 nM coumermycin A1; 10 ug/
ml CHX; 5 pg/ml poly I:C) for 3 h and examined for the indicated proteins by immunoblotting. e GyrB-PKR HelLa cells were transfected with
control (ctl) or specific siRNA for cFLIP for 48 h, treated with the indicated chemicals as in (d), and examined for cell survival. f GyrB-PKR Hela
cells were transfected with the control (pEF-BOS vec) or expression vector for cFLIP (pEF-BOS cFLIP) for 48 h, treated with the indicated
chemicals as in (d), and examined for cell survival. g Wild-type, PKR KO, TRIF KO, and PKR TRIF DKO Hela cells were transfected with poly I:C
(0.5 pg/ml) for 12 h and examined for the indicated proteins by immunoblotting. Cell survival in (e, f) is presented as ABI relative to the mock,
and the means + SEM of three independent experiments are shown; data were analyzed by a two-way ANOVA followed by Tukey’s multiple

comparisons test; *P < 0.05, ****P < 0.0001; ns not significant. Refer to full-length western blot images in Supplemental Materials.

cFLIP and the further synergistic activation of apoptosis were
confirmed by the transfection of poly I:C in wild-type and KO Hela
cells (Fig. 6g). The downregulation of cFLIP was not observed in
cells lacking PKR, and the production of the apoptotic markers,
cleaved PARP, and caspases 8 and 9 was partially reduced in single
KO Hela cells and abrogated in DKO Hela cells. In comparison
with its injection, the transfection of poly I:C in wild-type and KO
Hela cells delayed the onset of apoptosis (Supplementary Fig.
S7a). In cells transfected with poly I:C, the levels of apoptosis
markers (Fig. 6g) were consistent with the degree of cell death
observed (Supplementary Figs. S7a and 12h).

Roles of PKR and TLR3/TRIF in virus-induced cell death and
viral yield

dsRNA is absent in normal mammalian cells, but occasionally
accumulates because of viral replication. Sendai virus (SeV), a
negative-strand RNA virus, produces large amounts of dsRNA
during infection. Therefore, we examined the roles of PKR and
TLR3/TRIF in SeV-induced cell death (Fig. 7a) and viral yield
(Fig. 7b). SeV-induced cell death was induced in wild-type Hela
cells, partially attenuated in TRIF KO Hela cells, and strongly
blocked in PKR KO and DKO Hela cells. Concomitant with the
inhibition of cell death, viral yield in the culture medium markedly
increased in PKR KO and DKO Hela cells (Fig. 7b). Importantly, the
inhibition of cell death by the Z-VAD treatment increased viral yield
in wild-type Hela cells (Fig. 7c). This result confirmed that the
induction of apoptosis directly contributed to viral inhibition. When
Sindbis virus (SINV), a positive-strand RNA virus, was also
examined, similar results were observed (Fig. 7d-f). Signaling by
PKR and TRIF promoted virus-induced apoptosis and the suppres-
sion of viral replication. A schematic view of the viral dsRNA-
induced antiviral apoptotic pathway is depicted in Fig. 8.

DISCUSSION

The accidental activation of programmed cell death is harmful for
a host; therefore, it is tightly regulated by multiple mechanisms.
The present study focused on the mechanisms underlying cell
death induced by intracellular dsRNA.

The viral RNA sensor, RIG-l, senses relatively short dsRNA and
induces signals to activate IFN-I. We used GG25, a 5'-ppp-dsRNA, to
selectively activate RIG-I. The cytoplasmic injection of RIG-l + GG25
induced the robust nuclear translocation of IRF-3 and subsequent
production of IFN-I (Fig. 1c). Among cells that exhibited nuclear IRF-
3, no major cell death was detected within 12 h, and a fraction of
cells (50-60%) underwent cell death 16h after the injection
(Fig. 2b). Our analyses revealed that the transcriptional activity of
IRF-3 and secondary activation of genes by IFN-I were essential for
the death signal induced by 5-ppp-RNA (Fig. 3a). This result
suggested that the activation of RIG-I essentially activated IFN-I, but
did not trigger cell death by itself (Fig. 8a).

The cytoplasmic injection of poly I:C triggered the efficient nuclear
translocation of IRF-3 (~100%) and strongly induced cell death within
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6 h (Figs. 1b and 2a). Poly I:C has been used to stimulate cells for [FN-I
via both transfection and exogenous treatments; however, the cell
fates markedly differ (Supplementary Fig. S6b). The base composition
of poly IC is distinct from that of viral dsRNA. To exclude the
possibility that cell death strongly induced by the poly I:C injection
was due to its base sequence, we used natural rb-dsRNA to confirm
the commonality of the cell death mechanism induced by dsRNA.
The efficient rb-dsRNA-induced nuclear translocation of IRF-3 and
rapid cell death were indistinguishable from those induced by poly
I:C (Supplementary Fig. S4e). We identified PKR as an important
regulator of cell death by examining a series of KO cell lines (Fig. 3b).
Furthermore, we demonstrated that the artificial activation of PKR
without using dsRNA was sufficient for the induction of cell death,
and its kinase activity was essential (Fig. 4). These results are
consistent with previous findings showing that PKR promoted a
death signal through mitochondrial components [18, 32]. However,
cell death promoted by PKR alone was less efficient (~50%, Fig. 4c)
than the poly IC injection (~100%, Fig. 3b). Therefore, we
hypothesized that another signal induced by intracellular poly I:C
cooperated with PKR.

We speculated that the third cell death pathway was from
cytoplasmic dsRNA sensed by endosomal TLR3. Poly I:C added to
the culture medium was taken up by endocytosis and activated
TLR3. Activated TLR3 induced the nuclear translocation of IRF-3
(Fig. 3c), but not prominent cell death in HelLa cells over time
(Fig. 4d). Rapid cell death was induced by the co-stimulation of
TLR3 and PKR (Fig. 4d). The KO of the TLR3 adaptor protein TRIF
attenuated apoptosis triggered by either the co-stimulation of
TLR3 and PKR or the poly I:C injection (Fig. 5b, c), suggesting that
injected poly I:C was also sensed by endosomal TLR3. A previous
study demonstrated that activated PKR phosphorylated elF2a and
promoted SG, and the translation of mRNA was halted [18].
Therefore, we hypothesized that an inhibitory protein with a short
half-life was involved in cell death induced by the poly I.C
injection. We focused on cFLIP and analyzed the effects of the
inhibition of translation by CHX and the activation of PKR on cFLIP
levels. As expected, cFLIP levels decreased after these treatments
(Fig. 6a, d). Moreover, the knockdown and overexpression of cFLIP
promoted and attenuated cell death, respectively (Fig. 6e, f),
suggesting that cFLIP is a negative regulator targeted by PKR.

Of note, reduced cFLIP L levels were also detected at an early
stage of the activation of TLR3 (3 h) (Fig. 6b, d), and a transient
reduction in cell viability was observed at 3-6 h (Fig. 4d). However,
further cell death was not induced (Fig. 4d) by further increases in
cFLIP S levels during the poly I:C treatment (Fig. 6b—d). These results
suggested that the downregulation of cFLIP by TLR3 was limited and
may be a result of the autocleavage of the cFLIP L/caspase 8
heterodimer during incomplete cell death signaling [49-51].

Caspases 8 and 9 are central executors of apoptosis. The activation
of PKR (by coumermycin A1) and TLR3 (by poly I:C treatment) weakly
promoted the cleavage of caspases 8 and 9, respectively, and
combined stimuli resulted in the marked cleavage of these caspases
(Fig. 6d). This is consistent with KO studies on PKR, TRIF, and their
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Fig. 7 Roles of PKR and TLR3/TRIF in virus-induced cell death and viral yield. a Wild-type, PKR KO, TRIF KO, and PKR TRIF DKO Hela cells
were mock treated or infected with Sendai virus (SeV) for 48 h, and quantified for cell survival. b HA yield in the culture supernatant of cells
infected in (a) were examined. ¢ Wild-type Hela cells were infected with SeV with or without Z-VAD (50 uM) in culture medium for 72 h, and
the culture supernatant was examined for HA yield. d The same set of cells in (a) were mock treated or infected with Sindbis virus (SINV) for
48 h and quantified for cell survival. e Viral titers in the culture supernatant of cells in (d) were examined by a plaque assay. f Wild-type Hela
cells were infected with SINV with or without Z-VAD (50 pM) in culture medium for 72 h, and viral titers in the culture supernatant were
examined by the plaque assay. The means + SEM of three independent experiments are shown; data in (b, d) were analyzed by a one-way
ANOVA followed by Dunnett’s multiple comparisons test; data in (c, f) were analyzed by an unpaired t test; *P < 0.05, **P < 0.01, ***P < 0.001,

**¥*P < 0.0001.

combination (Fig. 6g). Therefore, we concluded that cytosolic dsSRNA
triggered two pathways regulated by PKR and TLR3, both of which
are required for the full execution of apoptosis. The inhibition of
translation by CHX exerted similar effects to the activation of PKR on
the regulators of cell death (Fig. 6d), suggesting that the main
mechanism of action by PKR is translational arrest. Moreover, the
overexpression of cFLIP did not fully rescue PKR activation-induced
apoptosis (Fig. 6f), suggesting that a cFLIP-independent cell death
signal is activated by PKR, possibly via a mitochondrial pathway. The
regulation of cell death by two independent mechanisms may not
be limited to that induced by dsRNA. TNF-a, which alone did not
induce apoptosis, synergistically induced apoptosis when combined
with translational arrest by CHX or the activation of PKR
(Supplementary Fig. S7b). Since the phosphorylation of elF2a is
catalyzed by the stress-induced kinases, PKR, HRI, GCN2, and PERK,
cellular stress may be conditional for the induction of programmed
cell death. However, PKR-mediated signaling did not cooperate with
that triggered by RIG-I for cell death (Fig. 4e), further confirming that
the main function of RIG-l is to induce IFN-I and antiviral proteins.
We examined the impact of dsRNA-induced cell death on
virus production. The results obtained revealed that TRIF and
PKR were required for efficient cell death in infection by SeV

Cell Death and Disease (2022)13:707

and SINV, which are negative- and positive-strand RNA viruses
(Fig. 7a, d). Importantly, the viral titer was increased by the
inhibition of cell death via the deletion of TRIF and PKR or the
Z-VAD treatment (Fig. 7b, ¢, e, f). PKR and TRIF have each been
shown to play an important role in the process of antiviral
immunity. PKR inhibits viral protein translation and enhances
viral RNA recognition by forming SG [21, 31], while TRIF is
required for TLR3-dependent IFN-I production [15]. We herein
demonstrated their importance from the perspective of the
induction of cell death as well as the resulting inhibitory effects
on viral replication. We concluded that viral dsRNA induced
distinct signals in infected cells to initiate the antiviral program
mediated by antiviral protein production and the rapid death
program mediated by TRIF and PKR. Defects in PKR or TRIF
signaling allow the virus to make greater use of host cells for
proliferation and lead to more severe infections.

In addition, our research developed the application of micro-
injections, which allows investigations on the stimulatory effects
of nucleic acids, proteins, and their mixtures in single cells. This
method is advantageous for examining the immunostimulatory
features of in vitro transcribed nucleic acid products and the
function of native undenatured proteins.
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Fig. 8 Schematic view of cell death signaling induced by 5’-ppp-RNA, cytosolic dsRNA, and extracellular dsRNA. a Cytosolic short 5-ppp-
dsRNA is sensed by RIG-I and activates signaling, leading to the induction of IFN-l and limited apoptosis with slow kinetics. This apoptosis is
dependent on genes regulated by IRF-3 and IFN-I. b Cytosolic dsRNA introduced by the injection or transfection activates TLR3 through
endosomal entrapment as above. In contrast to endosomal dsRNA, cytosolic dsRNA activates PKR, which results in the induction of SG and
translational shutdown, leading to the downregulation of cFLIP and apoptosis through the activation of caspase 8. In addition, PKR was
reported to promote the mitochondrial pathway in order to activate caspase 9; therefore, robust apoptosis was induced via caspases 8/9.
c Extracellular dsRNA is incorporated by endocytosis and sensed by TLR3. TLR3 signals TRIF and activates signaling, leading to the induction of
IFN-I and the expression of cFLIP in order to negatively regulate caspase 8. The TLR3 signaling complex also recruits FADD to activate DISC
containing caspase 8; however, due to the effects of cFLIP, apoptosis is suppressed. When cells are treated with extracellular dsRNA and CHX,
caspase 8 promotes apoptosis because of the downregulation of cFLIP.

MATERIALS AND METHODS Hela cells with RIG-1 KO, MDA5 KO, IPS-1 KO, IRF-3 KO, IFNART KO, PKR
Cells KO, TRIF KO, and TRIF PKR DKO were generated by the CRISPR-cas9
Wild-type Hela cells (#CCL-2.2, ATCC) and derivatives were cultured with method using the backbone plasmid pSpCas9(BB)-2A-GFP (PX458), a gift
high glucose DMEM (Nacalai Tesque) containing 5% fetal bovine serum from Dr. Feng Zhang (Addgene plasmid #48138), sorted by GFP using
(FBS, Gibco) and 1% penicillin-streptomycin (P/S Nacalai Tesque) (c-DMEM) SH800S Cell Sorter (SONY), and subjected to single-cell selection. The

at 37°C in a 5% CO; incubator. Cell lines were regularly treated with sgRNA sequences for each target were:
plasmocin (InvivoGen) to avoid mycoplasma contamination. RIG-I sgRNA: forward 5'-GGATAAGATGGAAACTTCTGACA-3/,
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RIG-I sgRNA: reverse 5-GGCCTGAAGATCCTCCAAGT-3;

MDAS5 sgRNA: forward 5-TGGTTGGACTCGGGAATTCG-3',

MDA?S sgRNA: reverse 5-CGAATTCCCGAGTCCAACCA-3;

IPS-1 sgRNA: forward 5'-CCTGGTGCAGTGCCTTCTA-3',

IPS-1 sgRNA: reverse 5'-GTGACTACCAGCACCCCTGT-3}

IRF-3 sgRNA: forward 5-TCCACCATTGGTGTCCGGAG-3',

IRF-3 sgRNA: reverse 5-CTCCGGACACCAATGGTGGA-3;

IFNAR1 sgRNA: forward 5-CACCAAGCAGCACTACTTACGTCA-3,

IFNAR1 sgRNA: reverse 5-TGACGTAAGTAGTGCTGCTTCAAA-3';

PKR sgRNA: forward 5-CAGTGTGCATCGGGGGTGCAGTTT-3',

PKR sgRNA: reverse 5'-TGCACCCCCGATGCACACTGCGGTG-3';

TRIF sgRNA: forward 5-ATGAGGCCCGAAACCGGTGTGGG-3',

TRIF sgRNA reverse: 5-CCCACACCGGTTTCGGGCCTCAT-3".

GFP-IRF-3 and GFP-A1-58IRF-3 Hela cells were generated by transfecting
respective expression vectors into IRF-3 KO Hela cells. Forty-eight hours
after transfection, cells were collected for GFP fluorescence by cell sorting as
described above and selected by G418 (Nacalai Tesque) resistance in 10-cm
dishes for two weeks, followed by single-cell selection. GyrB-PKR and GyrB-
PKR K296H Hela cells were generated by co-transfection with respective
expression vectors and a selection marker (pIRES puro2, Clontech) into PKR
KO Hela cells. Forty-eight hours after transfection, cells were selected for
puromycin (InvivoGen) resistance for 2 weeks, followed by single-cell
selection. GyrB-PKR FK-IPS-1 Hela cells were generated by transfecting the
expression vector for FK-IPS-1 into GyrB-PKR Hela cells, followed by
G418 selection for 2 weeks and single-cell selection.

Plasmid constructs

GFP-IRF-3 and GFP-A1-58IRF-3 constructs were generated by inserting the
coding sequence of IRF-3 (1-427) and (59-427), respectively, into the
pACcGFP1-C1 expression vector (Clontech). The expression vectors pC939
GyrB-PKR and pC940 GyrB-PKR K296H were kindly provided by Dr. Tom
Dever [40]. The expression vectors for the FK-IPS-1 construct were
previously described [41]. The cFLIP expression vector was constructed
by inserting full-length cFLIP cDNA (amplified by primers, forward: 5'-
ATGTCTGCTGAAGTCATCCA-3' and reverse: 5-TTATGTGTAGGAGAGGA
TAAG-3') into the pEF-BOS(+ ) vector [52].

Microinjection and live cell imaging

(1) Cells subjected to microinjections were seeded at 1x10° on 35-mm
culture dishes (Greiner Bio-One) with a grid-imprinted cover glass (Matsunami
Glass #CS01885). Cells were cultivated for 48 h.

(2) Cover glasses were transferred using forceps into a pl-Dish 35 mm
high plate (ibidi) with 1 ml of 37 °C pre-warmed PBS. Colonies of 8-32 cells
were selected under a confocal microscope (Leica TCS SP8). Images taken
at this time point were annotated as (0 h).

(3) Cells were manually microinjected using Leica MICROSYSTEMS with a
self-made glass needle (radius <0.5 pm) at room temperature (RT). Cover
glasses carrying cells were placed on the injection glass plate and covered
with 400 pl of c-DMEM. Injection substrates were centrifuged at 12,000xg at
4°C for 10 min and 2 pl of the substrate was then collected and loaded into
the injection glass needle by micro-tips (Eppendorf). The glass needle
connected to the injection pump (FemtoJet, Eppendorf) was initially flushed
with ¢-DMEM to test the mobility of the substrate and remove the
remaining air bubbles. The appropriate injecting pressure for the presenting
substrate was optimized using neighborhood cells. A pressure that enables
a small stream of the substrate to flow into the cell cytoplasm without
stretching the cell body was selected and used for subsequent injections.
Selected colonies were injected into the cytoplasm in one shot. After the
injection, the cover glass was transferred back to the cell culture dish for
further cultivation.

(4) Cells were subjected to confocal imaging at the indicated time points
after the injection using grid numbers in the coverslip as a reference.

The workflow of microinjections is depicted in Supplementary Fig. S1a.

All injection experiments were independently performed at least three
times. In each repeat and for each substrate, 3-6 colonies were injected.
PBS was easily injected at a pressure of ~80 hundred pascals (hPa),
whereas concentrated poly I:C and proteins required higher injecting
pressures of ~150-180 hPa. An excessive injecting pressure caused cell
bursting, as described in Supplementary Fig. S2a. The average injection
volume was approximately one-tenth of the total cell volume. The radius of
a Hela cell is ~12.5 pm; therefore, considering the hemispherical shape of
the attached cell, the average volume of the injected substrate was
estimated to be (mx12.5%) x 1/2 x 1/10) = 24.5 fl.
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Preparation of injection substrates

The short 5-ppp-RNA, GG25 [35] was produced using the AmpliScribe™ T7-
Flash™ Transcription Kit (Epicentre) according to the manufacturer’s
protocol with the dsDNA template generated by annealing two synthetic
DNA: 5-TAATACGACTCACTATA-3' and: 5-CACTTTCACTTCTCCCTTTCA
GTTTCCTATAGTGAGTCGTATTA-3'. After incubation at 37°C for 4h, the
reaction was digested with DNase |, and RNA was purified by phenol/
chloroform extraction, Mini Quick Spin Columns (Roche), and ethanol
precipitation. Poly I:C was from GE Healthcare. Recombinant RIG-I was
produced in High Five cells using recombinant baculovirus and purified
[53]. Recombinant ATM-IPS-1 was produced from Escherichia coli expres-
sing ATM-IPS-1 and purified [54]. A mixture of RIG-l and GG25 was
prepared by mixing (1 pug/pl each) followed by incubation at 37 °C for
30min just prior to the injection. Rb-dsRNA, the genome of rice
Endornavirus, was extracted from rice bran as previously described [38].

Chemical reagents

Dimethyl sulfoxide (DMSO), Cycloheximide (CHX), and chloroquine were
purchased from Nacalai Tesque, coumermycin A1 from Promega, human
TNF-a from PeproTech, AP20187 from ARIAD Pharm, Z-VAD from R&D
Systems, NH,Cl from Sl Science, and human IFN-B from Sigma.

Immunoblotting

Cells were harvested in cold PBS and lysed with RIPA buffer (150 mM
NaCl, 50mM Tris-HCI pH 7.5, 1% NP40, 0.5% DOC, and 0.5% SDS)
containing protein inhibitor cocktail (1:1000) on ice. They were then
incubated at 4 °C for 30 min followed by centrifugation (16,000 x g, 4 °C,
10 min). The supernatant was collected and subjected to SDS-PAGE or
native-PAGE (IRF-3 dimerization). Proteins were transferred to an
Immobilon-P PVDF membrane (Millipore). The membrane was blocked
in TBS-T containing 5% skim milk (blocking buffer) at RT for 30 min.
Primary antibodies were diluted in blocking buffer at 1:1000 or 1:500
(cFLIP) and incubated at 4 °C overnight. Horseradish peroxidase (HRP)-
conjugated secondary antibodies were diluted at 1:3000 in blocking
buffer or TBS-T (cFLIP) and incubated at RT for 1 h. Protein signals were
visualized using Chemi-Lumi One Super (Nacalai Tesque) and the LAS-
4000 instrument (Fujifilm).

Antibodies were from: Cosmo Bio, anti-IRF-3 mouse mAb (CBX-
CBX00167); Enzo Life Sciences, anti-cFLIP mouse mAb (#ALX-8040961-
0100); Santa Cruz Biotechnology, anti-PKR mouse mAb (#sc-6282), anti-
GAPDH mouse mAb (#sc-32233); Cell Signaling Technology, anti-TRIF
rabbit mAb (#4596S), anti-PARP rabbit mAb (#9542S), anti-caspase 8 mouse
mADb (#9745S), anti-caspase 9 rabbit mAb (#9502S), HRP-linked anti-mouse
IgG (#7076S), and HRP-linked anti-rabbit I1gG (#7074S).

Transfection and siRNA

Cells were seeded at 50% confluency 24 h prior to transfection. Cells
were washed with PBS. Expression vector plasmids, GG25, and poly I:C
were transfected with Lipofectamine 2000 (Invitrogen) in Opti-MEM
(Gibco). siRNA was transfected with Lipofectamine RNAIMAX (Invitro-
gen) in Opti-MEM. siRNA for cFLIP and control RNA were from Applied
Biosystems.

Virus infection and titration

Cells were seeded on 12-well plates (2x10° cells/well) 24 h prior to
infection. Cells were washed with PBS and infected with SeV (3.2 x 102
HAu/ml) and SINV (MOI = 1), respectively. One hour after infection, the
virus was removed and replaced by 500 pl of fresh c-DMEM. Supernatants
were collected at the indicated time points for viral titration. A
hemagglutination assay was performed for SeV using chicken erythro-
cytes (Japan Bio Science Laboratory). The culture supernatant was serially
diluted two-fold in a round-bottomed 96-well microplate (50 pl) and
mixed with 50 pl of 0.5% erythrocyte suspension. The plate was incubated
at RT for 1h and aggregation was assessed. The titer of SINV was
measured by a plaque assay using Vero cells. In total, 1x 10° Vero cells
were seeded in a 24-well plate for 24 h and infected with the serially
diluted cell culture supernatant. One hour after infection, medium was
replaced with 1 ml of c-DMEM containing 1.5% Avicel (Sigma). Forty-eight
hours after SINV infection, c-DMEM containing Avicel was removed, cells
were gently washed by PBS, fixed with 4% PFA, and stained by crystal
violet (Nacalai Tesque) at RT for 20 min. Plates were washed, dried, and
subjected to plague counting.
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RNA fluorescence in situ hybridization (FISH)

Coverslips used for microinjection were transferred to a 24-well plate by
forceps, gently washed with 500 pl of PBS, and fixed in 300 pl of 4% PFA at
RT for 15 min. After removing PFA, coverslips were washed with 500 pl of
PBS twice. Cells were permeabilized with 300 pl of 0.1% Triton X-100 (PBS)
at RT for 15 min, followed by washing with PBS. FISH was performed using a
kit (Affymetrix) according to the manufacturer’s protocol. In brief, cells were
initially incubated with the human IFNB probe (1:100) in probe set buffer at
40°C for 3 h, followed by incubation with a pre-amplifier, amplifier, and
label probe (1:25) in the respective buffers. Cells were then washed three
times with FISH washing buffer between each step and stained with DAPI
(1:1000) in PBS for 10 min. Coverslips were mounted on a glass slide and
imaged with a Leica TCS SP8 confocal microscope.

Immunostaining
Cell fixation and permeabilization were conducted as described in the FISH
method.

Cells were blocked in PBS-T containing 1% BSA and 5% glycerol at 4 °C
for 30 min. The primary antibody was added (1:500) to 1% BSA-blocking
buffer and incubated at 4 °C overnight. Cells were washed three times with
PBS-T for 10 min. The secondary antibody (1:1000) in 1% BSA-blocking
buffer was added and incubated at 4 °C for 1 h, followed by three washes
with PBS-T. Nuclei were stained with DAPI (1:1000) in PBS-T at RT for 10 min
and cells were washed twice with PBS-T. Coverslips were mounted on a
glass slide and imaged with a Leica TCS SP8 confocal microscope. The
following antibodies were used: anti-IRF-3 rabbit pAb [37]. Santa Cruz
Biotechnology, anti-G3BP1 mouse mAb (#sc-365338), anti-TIAR goat pAb
(#sc-1749); Life Technologies, Alexa Fluor 488 donkey anti-rabbit, Alexa
Fluor 594 donkey anti-mouse, and Alexa Fluor 647 donkey anti-goat.

Cell survival quantification
% Survival of injected cells was calculated by the direct counting of dead
cells using the following formula:

b
Cell survival = (1 — E) x 100%

a = the total number of injected cells (deduct mechanical cell death)

b = the number of currently surviving cells.

Cells subjected to Amido black staining were gently washed with PBS and
fixed in 4% PFA for 15 min. Amido black was added at RT for 30 min and
then washed. Plates were dried overnight. Regarding quantification, cells
were washed with 0.3 M CH3;COONa (pH 5.6) to reduce the background, and
Amido black was extracted by an incubation (300 pl/well) with 50 mM
NaOH. The absorbance of Amido black was quantified by a microplate
reader (Bio-Rad) at 630 and 405 nm. ODg30—0D4o5 Was calculated as the
Amido black intensity (ABI) and used in the cell survival analysis.

RNA extraction and real-time qPCR
Total RNA was extracted from cells with TRIzol reagent according to the lab
protocol and reverse transcribed using the high-capacity cDNA reverse
transcription kit (Applied Biosystems). cDNA was amplified with the Fast
SYBR green master mix (Applied Biosystems) on a Step One Plus real-time
PCR system (Applied Biosystems).

SYBR green primers used in the present study were:

h-GAPDH forward: 5'-CTGCACCACCAACTGCTTAG-3'

h-GAPDH reverse: 5'-GTCTTCTGGGTGGCAGTGAT-3'

h-IFNB forward: 5'-AGTCTCATTCCAGCCAGTGC-3’

h-IFNB reverse: 5'-AGCTGCAGCAGTTCCAGAAG-3'

h-cFLIP forward 5-CTGGTTGCCCCAGATCAACT-3’

h-cFLIP reverse 5-CCCAGGGAAGTGAAGGTGTC-3'.

Statistical analysis

Statistical analyses were performed using GraphPad Prism, data represent
means = SEM, N =3, and significance is shown as *P<0.05, **P<0.01,
*#**p <0.001, ****P<0.0001, and ns: not significant. Microscopy and
immunofluorescence images are representative of at least three indepen-
dent experiments. All experiments shown were replicated in the laboratory
more than six times.

DATA AVAILABILITY
All data supporting the results reported in the article are available from the
corresponding author upon reasonable request.

SPRINGER NATURE

REFERENCES

1. Janeway CA, Medzhitov R. Innate immune recognition. Annu Rev Immunol.
2002;20:197-216.

2. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell.
2006;124:783-801.

3. Satoh T, Kato H, Kumagai Y, Yoneyama M, Sato S, Matsushita K, et al. LGP2 is a
positive regulator of RIG-I- and MDA5-mediated antiviral responses. Proc Natl
Acad Sci USA. 2010;107:1512-7.

4. Kang D, Gopalkrishnan RV, Wu Q, Jankowsky E, Pyle AM, Fisher PB. mda-5: an
interferon-inducible putative RNA helicase with double-stranded RNA-dependent
ATPase activity and melanoma growth-suppressive properties. Proc Natl Acad Sci
USA. 2002;99:637-42.

5. Yoneyama M, Kikuchi M, Natsukawa T, Shinobu N, Imaizumi T, Miyagishi M, et al.
The RNA helicase RIG-I has an essential function in double-stranded RNA-induced
innate antiviral responses. Nat Immunol. 2004;5:730-7.

6. Kato H, Takeuchi O, Sato S, Yoneyama M, Yamamoto M, Matsui K, et al. Differ-
ential roles of MDA5 and RIG-I helicases in the recognition of RNA viruses. Nature.
2006;441:101-5.

7. Yoneyama M, Kikuchi M, Matsumoto K, Imaizumi T, Miyagishi M, Taira K, et al.
Shared and unique functions of the DExD/H-Box helicases RIG-I, MDAS5, and LGP2
in antiviral innate immunity. J Immunol. 2005;175:2851-8.

8. Kato H, Takeuchi O, Mikamo-Satoh E, Hirai R, Kawai T, Matsushita K, et al. Length-
dependent recognition of double-stranded ribonucleic acids by retinoic acid-
inducible gene-l and melanoma differentiation-associated gene 5. J Exp Med.
2008;205:1601-10.

9. Hornung V, Ellegast J, Kim S, Brzézka K, Jung A, Kato H, et al. 5’-Triphosphate RNA
is the ligand for RIG-I. Science. 2006;314:994-7.

10. Pichlmair A, Schulz O, Tan CP, Naslund TI, Liljestrom P, Weber F, et al. RIG-I-
mediated antiviral responses to single-stranded RNA bearing 5-phosphates. Sci-
ence. 2006;314:997-1001.

11. Kawai T, Takahashi K, Sato S, Coban C, Kumar H, Kato H, et al. IPS-1, an adaptor
triggering RIG-I- and Mda5-mediated type | interferon induction. Nat Immunol.
2005;6:981-8.

12. Onomoto K, Onoguchi K, Takahasi K, Fujita T. Type | interferon production
induced by RIG-I-like receptors. J Interferon Cytokine Res. 2010;30:875-81.

13. Yoneyama M, Fujita T. RNA recognition and signal transduction by RIG-I-like
receptors. Immunological Rev. 2009;227:54-65.

14. Oshiumi H, Matsumoto M, Funami K, Akazawa T, Seya T. TICAM-1, an adaptor
molecule that participates in Toll-like receptor 3-mediated interferon-f induction.
Nat Immunol. 2003;4:161-7.

15. Yamamoto M, Sato S, Hemmi H, Hoshino K, Kaisho T, Sanjo H, et al. Role of
adaptor TRIF in the MyD88-independent toll-like receptor signaling pathway.
Science. 2003;301:640-3.

16. Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. Recognition of double-stranded
RNA and activation of NF-kB by Toll-like receptor 3. Nature. 2001;413:732-8.

17. Lemaire PA, Anderson E, Lary J, Cole JL. Mechanism of PKR activation by dsRNA. J
Mol Biol. 2008;381:351-60.

18. Garcia MA, Meurs EF, Esteban M. The dsRNA protein kinase PKR: virus and cell
control. Biochimie. 2007;89:799-811.

19. Jagus R, Joshi B, Barber GN. PKR, apoptosis and cancer. Int J Biochem Cell Biol.
1999;31:123-38.

20. Samuel CE. The elF-2 alpha protein kinases, regulators of translation in eukar-
yotes from yeasts to humans. J Biol Chem. 1993;268:7603-6.

21. Onomoto K, Jogi M, Yoo JS, Narita R, Morimoto S, Takemura A, et al.
Critical role of an antiviral stress granule containing RIG-I and PKR in viral
detection and innate immunity. PLoS ONE 2012;7; https://doi.org/10.1371/
journal.pone.0043031.

22. Palchetti S, Starace D, de Cesaris P, Filippini A, Ziparo E, Riccioli A. Transfected
poly(:C) activates different dsRNA receptors, leading to apoptosis or immu-
noadjuvant response in androgen-independent prostate cancer cells. J Biol Chem.
2015;290:5470-83.

23. Aznar MA, Planelles L, Perez-Olivares M, Molina C, Garasa S, Etxeberria |, et al.
Immunotherapeutic effects of intratumoral nanoplexed poly I:C. J ImmunoTher
Cancer 2019;7; https://doi.org/10.1186/540425-019-0568-2.

24. Bianchi F, Pretto S, Tagliabue E, Balsari A, Sfondrini L. Exploiting poly(l:C) to
induce cancer cell apoptosis. Cancer Biol Ther. 2017;18:747-56.

25. Yi L, Sun D, Han Q, Liu Z, Zeng Z, Wu Y, et al. Interferon regulatory factor 3
mediates Poly(l:C)-induced innate immune response and apoptosis in non-small
cell lung cancer. Int J Oncol. 2018;52:1623-32.

26. Raja R, Sen GC. The antiviral action of the RIG-I induced pathway of apoptosis
(RIPA) is enhanced by its ability to degrade Otulin, which deubiquitinates IRF3.
Cell Death Differ. 2021; https://doi.org/10.1038/541418-021-00870-4.

27. Boehmer DFR, Formisano S, de Oliveira Mann CC, Mueller SA, Kluge M, Metzger P,
et al. OAS1/RNase L executes RIG-I ligand-dependent tumor cell apoptosis. Sci
Immunol. 2021;6; https://doi.org/10.1126/sciimmunol.abe2550.

Cell Death and Disease (2022)13:707


https://doi.org/10.1371/journal.pone.0043031
https://doi.org/10.1371/journal.pone.0043031
https://doi.org/10.1186/s40425-019-0568-2
https://doi.org/10.1038/s41418-021-00870-4
https://doi.org/10.1126/sciimmunol.abe2550

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.

49.

50.

51.

52.

53.

Yeung MG, Liu J, Lau AS. An essential role for the interferon-inducible, double-
stranded RNA-activated protein kinase PKR in the tumor necrosis factor-induced
apoptosis in U937 cells. Proc Natl Acad Sci USA. 1996;93:12451-5.

Gil J, Esteban M. The interferon-induced protein kinase (PKR), triggers apoptosis
through FADD-mediated activation of caspase 8 in a manner independent of Fas
and TNF-a receptors. Oncogene. 2000;19:3665-74.

Hsu LC, Park JM, Zhang K, Luo JL, Maeda S, Kaufman RJ, et al. The protein kinase
PKR is required for macrophage apoptosis after activation of Toll-like receptor 4.
Nature. 2004;428:341-5.

Gal-Ben-Ari S, Barrera |, Ehrlich M, Rosenblum K. KR: a kinase to remember. Front
Mol Neurosci. 2018;11:480.

Gil J, Garcia MA, Esteban M. Caspase 9 activation by the dsRNA-dependent protein
kinase, PKR: molecular mechanism and relevance. FEBS Lett. 2002;529:249-55.
Salaun B, Coste |, Rissoan M-C, Lebecque SJ, Renno T. TLR3 can directly trigger
apoptosis in human cancer cells. J Immunol. 2006;176:4894-901.

Tummers B, Green DR. Caspase-8: regulating life and death. Immunological Rev.
2017;277:76-89.

Takahasi K, Yoneyama M, Nishihori T, Hirai R, Kumeta H, Narita R, et al. Nonself
RNA-sensing mechanism of RIG-l helicase and activation of antiviral immune
responses. Mol Cell. 2008;29:428-40.

Hou F, Sun L, Zheng H, Skaug B, Jiang Q-X, Chen ZJ. MAVS forms functional prion-
like aggregates to activate and propagate antiviral innate immune response. Cell.
2011;146:448-61.

Yoneyama M, Suhara W, Fukuhara Y, Fukuda M, Nishida E, Fujita T. Direct triggering
of the type | interferon system by virus infection: activation of a transcription factor
complex containing IRF-3 and CBP/p300. EMBO J. 1998;17:1087-95.

Kasumba DM, Hajake T, Oh S-W, Kotenko S v, Kato H, Fujita T. A plant-derived
nucleic acid reconciles type I IFN and a pyroptotic-like event in immunity against
respiratory viruses. J Immunol. 2017;199:2460-74.

Friedrich |, Eizenbach M, Sajman J, Ben-Bassat H, Levitzki A. A cellular screening
assay to test the ability of PKR to induce cell death in mammalian cells. Mol Ther.
2005;12:969-75.

Ung TL, Cao C, Lu J, Ozato K, Dever TE. Heterologous dimerization domains
functionally substitute for the double-stranded RNA binding domains of the
kinase PKR. EMBO J. 2001;20:3728-37.

Takamatsu S, Onoguchi K, Onomoto K, Narita R, Takahasi K, Ishidate F, et al.
Functional characterization of domains of IPS-1 using an inducible oligomeriza-
tion system. PLoS ONE. 2013;8:e53578.

Hart PD, Young MR. Ammonium chloride, an inhibitor of phagosome-lysosome
fusion in macrophages, concurrently induces phagosome-endosome fusion, and
opens a novel pathway: studies of a pathogenic mycobacterium and a non-
pathogenic yeast. J Exp Med. 1991;174:881-9.

Kuznik A, Bencina M, Svajger U, Jeras M, Rozman B, Jerala R. Mechanism of
endosomal TLR inhibition by antimalarial drugs and imidazoquinolines. J
Immunol. 2011;186:4794-804.

McAllister CS, Lakhdari O, Chambrun GP, de, Gareau MG, Broquet A, Lee GH, et al.
TLR3, TRIF and Caspase 8 determine double-stranded RNA-induced epithelial cell
death and survival in vivo. J Immunol. 2013;190:418.

Estornes Y, Toscano F, Virard F, Jacquemin G, Pierrot A, Vanbervliet B, et al. dsSRNA
induces apoptosis through an atypical death complex associating TLR3 to
caspase-8. Cell Death Differ. 2012;19:1482-94.

Safa AR. c-FLIP, a master anti-apoptotic regulator. Exp Oncol. 2012;34:176-84.
Chang DW, Xing Z, Pan Y, Algeciras-Schimnich A, Barnhart BC, Yaish-Ohad S, et al.
c-FLIP(L) is a dual function regulator for caspase-8 activation and CD95-mediated
apoptosis. EMBO J. 2002;21:3704-14.

Kreuz S, Siegmund D, Scheurich P, Wajant H. NF-kappaB inducers upregulate
cFLIP, a cycloheximide-sensitive inhibitor of death receptor signaling. Mol Cell
Biol. 2001;21:3964-73.

Micheau O, Thome M, Schneider P, Holler N, Tschopp J, Nicholson DW, et al. The
long form of FLIP is an activator of caspase-8 at the Fas death-inducing signaling
complex. J Biol Chem. 2002;277:45162-71.

Krueger A, Schmitz |, Baumann S, Krammer PH, Kirchhoff S. Cellular FLICE-
inhibitory protein splice variants inhibit different steps of caspase-8 activation at
the CD95 death-inducing signaling complex. J Biol Chem. 2001;276:20633-40.
Kataoka T, Tschopp J. N-terminal fragment of c-FLIP(L) processed by caspase
8 specifically interacts with TRAF2 and induces activation of the NF-kB signaling
pathway. Mol Cell Biol. 2004;24:2627-36.

Mizushima S, Nagata S. pEF-BOS, a powerful mammalian expression vector.
Nucleic Acids Res. 1990;18:5322.

Saito T, Hirai R, Loo Y-M, Owen D, Johnson CL, Sinha SC, et al. Regulation of
innate antiviral defenses through a shared repressor domain in RIG-I and LGP2.
Proc Natl Acad Sci USA. 2007;104:582-7.

Cell Death and Disease (2022)13:707

W. Zuo et al.

54. Takahasi K, Onomoto K, Horiuchi M, Kato H, Fujita T, Yoneyama M. Identification
of a new autoinhibitory domain of interferon-beta promoter stimulator-1 (IPS-1)
for the tight regulation of oligomerization-driven signal activation. Biochem
Biophys Res Commun. 2019;517:662-9.

ACKNOWLEDGEMENTS

We thank all lab members for their input and advice on the project. Special thanks to
Dr. Tom Dever for offering Gyrb-PKR plasmids and to Dr. Ryo Narita for generating KO
cell lines. Figure 8 is created with BioRender.com.

AUTHOR CONTRIBUTIONS

WZ performed the experiments, analyzed the data, and wrote the initial manuscript. NK,
SF, and HM helped with the establishment of the microinjection methodology. MW
assisted in GFP-A1-58IRF-3 plasmid design. YS and AK generated the KO Hela cell lines,
and SWO generated the GFP-IRF-3 Hela cell lines. MW, NK, YS, and SWO contributed to
the conceptualization of the experiments, and HK assisted in the study design. TF
conceived the project, supervised it, and wrote and revised the completed manuscript.

FUNDING

This study was supported by the Japan Agency for Medical Research and
Development (Research Program on Emerging and Re-emerging Infectious Diseases
[jp19fk0108081h1001 and jp20fk0108081h1202]) and the Japan Society for the
Promotion of Science Fund for the Promotion of Joint International Research,
Fostering Joint International Research [B] (18KK0232), and a Grant-in-Aid for
Scientific Research B (18H02344). It was also funded by the Deutsche Forschungs-
gemeinschaft (German Research Foundation) under Germany’s Excellence
Strategy-EXC2151-390873048 and TRR237, and Deutsche Forschungsgemeinschaft
(German Research Foundation) Grant No. 369799452—Project number 404459591.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICAL APPROVAL

This study does not require ethical approval.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-022-05101-3.

Correspondence and requests for materials should be addressed to Hiroki Kato or
Takashi Fuijita.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2022

SPRINGER NATURE

15


https://doi.org/10.1038/s41419-022-05101-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	PKR and TLR3 trigger distinct signals that coordinate the induction of antiviral apoptosis
	Introduction
	Results
	Induction of the nuclear translocation of IRF-3 followed by IFNB gene expression after the cytoplasmic injection of RNA/protein
	Induction of cell death by the cytoplasmic injection of RNA/protein
	Diverse mechanisms underlying cell death induced by GG25 and poly I:C
	Synergistic induction of cell death by PKR and the exogenous poly I:C treatment
	Involvement of TLR3�signaling in cell death induced by cytoplasmic poly I:C
	PKR activation resulted in the downregulation of cFLIP and promoted the endosomal poly I:C-induced activation of caspases 8 and 9
	Roles of PKR and TLR3/TRIF in virus-induced cell death and viral yield

	Discussion
	Materials and methods
	Cells
	Plasmid constructs
	Microinjection and live cell imaging
	Preparation of injection substrates
	Chemical reagents
	Immunoblotting
	Transfection and siRNA
	Virus infection and titration
	RNA fluorescence in�situ hybridization (FISH)
	Immunostaining
	Cell survival quantification
	RNA extraction and real-time qPCR
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




