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Detection of foreign RNA by the innate immune system can
trigger the induction of type I interferon (IFN) and apoptosis.
Important antiviral defense pathways that result in type I IFN
production following the recognition of foreign double-
stranded RNA (dsRNA) include the RIG-I family helicases and
IPS-1 adaptor cytosolic pathway and the Toll-like receptor 3 and
TIR domain-containing adaptor-inducing IFN-f (TRIF) adap-
tor membrane-associated pathway, both of which activate IFN
regulatory factor 3 (IRF3). In addition to triggering an innate
immune response, dsRNAs are widely used to mediate gene-
selective silencing in mammalian cells by the RNA interference
pathway. We investigated the ability of short interfering
RNAs, including T7 phage polymerase-synthesized RNA
(PRNA), which like some viral RNAs contains a 5’ -triphosphate,
to selectively silence gene expression and to cause induction of
IFN-B and apoptosis. We found that PRNA-mediated gene
silencing and associated nonspecific pro-apoptotic and IFN-in-
ducing effects were dependent on the cell line and RNA length.
Double-stranded PRNAs 50 nucleotides long as well as poly-
inosinic-polycytidylic acid activated the RNA-dependent pro-
tein kinase (PKR) and induced significant levels of IFN-f and
apoptosis, whereas shorter PRNAs and chemically synthesized
dsRNAs did not. Effector caspase activation and apoptosis follow-
ing RNA transfection was enhanced by pretreatment with IFN, and
removal of the 5’-phosphate from PRNAs decreased induction of
both IFN- 3 and apoptosis. PKR, in addition to IPS-1 and IRF3 but
not TRIF, was required for maximal type I IFN- 3 induction and the
induction of apoptosis by both transfected PRNAs and polyi-
nosinic-polycytidylic acid.

The mammalian innate immune system recognizes and
responds to a diverse array of pathogen-associated molecular
patterns, one of which is foreign RNA (1-6). Characterization
of viral RNAs that activate the innate immune response identi-
fied the retinoic acid-inducible protein (RIG-I)>-like receptor
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(RLR) and Toll-like receptor (TLR) signaling networks that
sense and respond to different viruses and RNAs in a selective
manner (6—12). The RLR- and TLR-mediated innate immune
responses include activation of the type I interferon (IFN) sys-
tem leading to the production of proteins with antiviral activi-
ties as well as the activation of pathways leading to apoptosis (3,
6). Although much has been learned about the biochemical
mechanism of IFN production following viral infection (11, 12),
the possible interplay between the IFN induction and apoptosis
induction processes in response to foreign RNA including rel-
atively short RNAs used for RNA interference (RNAi)-medi-
ated gene silencing (13, 14) is unclear.

RLR and TLR nucleic acid sensors localize differently within
cells and recognize specific characteristics of foreign RNA (4, 6,
11, 12, 15). The TLRs localize to the host cell surface or within
endosomes (2, 12). TLR3 recognizes double-stranded RNA
(dsRNA) and certain long single-stranded RNAs (ssRNAs) and
uses the Toll/IL-1 receptor (TIR) domain-containing adaptor-
inducing IFN- B (TRIF) protein to mediate downstream signal-
ing (16, 17). TLR7 and 8 detect ssRNAs in a sequence-depend-
ent manner and signal through the adaptor protein myeloid
differentiation factor-88 (4, 6, 12). Following RNA ligand rec-
ognition, these TLR proteins mediate activation of type I I[FN
production (12). The RLR class of RNA sensors are cytoplasmic
sensors that selectively recognize specific RNAs (7, 8, 11). For
example, RIG-I detects rhabdoviridae, flaviviridae, orthomyxo-
viridae, and paramyxoviridae RNAs and RNAs possessing a
5'-triphosphate, whereas melanoma differentiation-associated
gene 5 (MDAS5) RLR responds to picornaviridae and synthetic
polyinosinic-polycytidylic acid (pIpC) RNAs (7, 8, 10, 18 -20).
Recently, the RLRs have been shown to exhibit size-dependent
activity, with RIG-I activated by shorter dSRNA and MDAS5 by
longer dsRNA molecules including pIpC (21). Both RIG-I and
MDADS possess caspase activation and recruitment domains.
Following RNA-mediated activation, they signal through the
IEN-B promoter stimulator-1 (IPS-1, also known as MAVS/
VISA/Cardif) adaptor localized on the outer mitochondrial
membrane (9, 22—-24) to activate the NF-«B and IFN regulatory
factor 3 (IRF3) factors that transcriptionally induce type I [FN
production (11). An additional cytoplasmic RNA sensor, the
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RNA-activated protein kinase (PKR), also binds dsRNA as well
as structured ssRNAs that then mediate autophosphorylation
and activation of PKR (3, 25, 26). The best characterized sub-
strate of activated PKR remains eukaryotic translation initia-
tion factor elF-2a (27), which when phosphorylated on serine
51 subsequently inhibits cellular translation initiation and plays
an important role in apoptosis (3, 28 —30).

Although long dsRNA molecules are well established and
potent molecular triggers for the modulation of gene expres-
sion and function and the innate immune response (1, 3, 31),
within both plants and animals dsRNA also mediates the RNAi
process that permits sequence selective suppression of gene
expression (32—-34). Either short dsRNA molecules or plasmids
that express short dsRNAs as hairpins with homology to a tar-
get messenger RNA can selectively silence expression of a tar-
geted gene when introduced into mammalian cells by lipid-
based transfection (32-35). Although RNAIi represents a
powerful functional genomics tool and potential therapeutic
strategy including for viral infections, nonspecific effects have
been described even when short dsSRNAs were used to achieve
RNAI (13, 14, 36). Such nonspecific responses have the poten-
tial to cause misinterpretation of silencing data (13). An impor-
tant reason that short (~20 bp) dsRNAs are used to mediate
RNAI in mammalian cells is to minimize the activation of the
IFN system (3, 33, 35). However, experimental evidence directly
linking IFN system components to the nonspecific effects
sometimes observed with RNAi technology is limited.

Our initial observation of significant nonspecific gene silen-
cing caused by T7 phage polymerase-synthesized siRNAs
(PRNAS) in both human (HeLa) and mouse (MEF) cells led us to
investigate the potential causes of this effect. We examined
PRNA-mediated induction of type I IFN-B and apoptotic
responses and the relationship between these processes,
together with the specific PRNA characteristics required to
induce these effects. We found that PRNAs with sufficient
structure to activate PKR, including 50-bp and 50-nucleotide
(nt) PRNAs, induced IFN-f and triggered apoptosis, whereas
shorter PRNAs and chemically synthesized RNAs did not. The
5'-triphosphate of PRNAs, although required for maximal
induction of IFN-B and apoptosis, was not required for PKR
activation. Using transient and stable knockdown strategies, we
established that in addition to IPS-1 and IRF3, PKR is a key
mediator of both type I IFN induction and the induction of
apoptosis by both polymerase-synthesized RNAs and pIpC.
These results implicate PKR as an important component of the
cytosolic sensor-mediated response to dsRNA.

EXPERIMENTAL PROCEDURES

Cell Maintenance, Transfection, and Dual Luciferase Assay—
HeLa (PKR™), HeLa stably knocked down for PKR expression
(PKR*?), MEF, and Chinese hamster ovary (CHO) cells were
cultured as previously described (30, 37). For luciferase con-
struct transfection, cells were seeded into 24-well plates and
transfected with 190 ng of pGLS3 firefly (Promega) and 10 ng of
phRL Renilla (Promega) luciferase plasmid complexed with
Lipofectamine 2000 (Invitrogen) in Opti-MEM I (Invitrogen)
per well. Following transfection with the reporter constructs,
transfection complexes with 100 ng of RNA (CsiLUC, PLUC, or
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pIpC) and Lipofectamine 2000 in Opti-MEM I were added as
indicated. The cells were harvested after 24 h for dual lucif-
erase assay as described by the manufacturer (Promega)
using a Victor® V plate reader model 1420 with injectors
(PerkinElmer Life Sciences). The values were normalized to
four vector control wells (no silencing RNA) distributed
throughout each plate (38).

RNA Preparation and Transfection—The chemically synthe-
sized siRNA targeting firefly luciferase (35), CsiLUC20 with the
sequence ACUUACGCUGAGUACUUCGA and a UU 3’ over-
hang, was purchased from Dharmacon. The negative control
siRNA, CsiNEG1, was purchased from Ambion. T7 RNA poly-
merase synthesized siRNAs were prepared using the Silencer®
siRNA construction kit (Ambion) according to the manufac-
turer’s protocol. Single-stranded RNAs and dsRNA were not
treated with RNase T1 unless otherwise noted as treated (+T1).
For phosphatase treatment, 2 units CIP (New England Biolabs)
was used per ug RNA; incubation was at 37 °C for 1 h. Gel
purification of siRNAs synthesized with T7 polymerase was as
described by Ambion. The sequence of the PsiLUC20 was the
same as the chemically synthesized CsiLUC20 20-bp siRNA;
the sense sequence of the T7 transcribed 50-bp PsiLUC50 was
UUACAGAUGCACAUAUCGAGGUGGACAUCACUUACG-
CUGAGUACUUCGAA.

IFN-B Expression—Expression of IFN-B was measured by
real time PCR. The cells were seeded in 24-well plates and
transfected with 280 ng (560 ng for stable or transient knock-
down experiments) of RNA complexed with Lipofectamine
2000 in Opti-MEM L. RNA was purified at 5 h using an RNeasy
mini kit (Qiagen) following the manufacturer’s protocol. Ran-
dom-primed reverse transcription was carried out using 500 ng
of RNA and SuperScript II (Invitrogen) according to the man-
ufacturer’s protocol. The following primer pairs were used:
glyceraldehyde-3-phosphate dehydrogenase, forward primer
GCCTTCCGTGTCCCCACTG and reverse primer CGCCT-
GCTTCACCACCTTC; IFN-B, forward primer ACGCCG-
CATTGACCATCTATG and reverse primer CGGAGGTA-
ACCTGTAAGTCTGT. Real time PCR analyses were
performed in duplicate or triplicate with each reverse transcrip-
tion product, using IQ SYBR Green Supermix (Bio-Rad) and a
Bio-Rad MyIQ real time real time PCR machine (3-min hot
start followed by 30 s at 95 °C, 45 s at 58 °C, and 45 s at 72 °C,
repeated 40 times). IFN-3 values were normalized to glyceral-
dehyde-3-phosphate dehydrogenase values.

Caspase 3/7 Activation Assays—Effector caspase activation
was measured using the Caspase-Glo 3/7 assay (Promega) fol-
lowing the manufacturer’s recommendations. The cells in
96-well plates were analyzed 8 h following RNA transfection as
described above using a Victor® V plate reader (PerkinElmer
Life Sciences) to measure luciferase reporter activity as
described (30).

IPS-1, TRIF, IRF3, and PKR Knockdown—The target sequences
of the CsiRNAs prepared by Dharmacon with dTdT overhangs
for human cell studies were: IPS-1, UAGUUGAUCUCGCGG-
ACGA; TRIF, GACCAGACGCCACUCCAAG; IRF3, CCGCA-
AAGAAGGGUUGCGU; and PKR, GCAGGGAGUAGUACU-
UAAAUA. For transient knockdown experiments, HeLa cells
in 60-mm dishes at ~60% confluency were transfected with 50
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nMm of siRNA with Lipofectamine 2000 on days 1 and 3. On day
2 the cells were reseeded in 60-mm dishes for the second siRNA
transfection, and on day 4 the cells were seeded in 24-well plates
for RNA transfection on day 5.

Western Blot Analysis—Whole cell extracts were prepared
with extract buffer containing protease inhibitors (37); for
elF-2a and PKR phosphorylation, 50 nm NaF and 2 nm Na, VO,
were also present (30). Protein fractionation and immunoblot
analysis was as described (30, 37) using the following primary
antibodies: PKR (Santa Crux Biotechnology); IRF3 (Santa Cruz
Biotechnology); MAVS/VISA/IPS-1 (Bethyl Laboratories);
elF-2a (Cell Signaling Technology); phospho-elF-2a Ser®!
(Cell Signaling Technology); phospho-PKR Thr**® (Santa Cruz
Biotechnology), PARP (BD Pharmingen); TRIF (Alexis Bio-
chemicals); IkB-a (Santa Cruz Biotechnology); and a-tubulin
(Sigma). The blots were visualized using a Li-Cor Odyssey
infrared imager system (Li-Cor Biosciences).

Immunofluorescence—Cells grown on coverslips in 12-well
plates were transfected with 560 ng of RNA complexed with
Lipofectamine 2000, fixed at the indicated time following trans-
fection with Accustain 10% formalin solution (Sigma) for 1 h at
room temperature. Following PBS washes, the cells were
blocked and permeabilized with 3% bovine serum albumin con-
taining 0.1% Triton X-100 in PBS for 1 h at room temperature,
washed with PBS, and incubated with IRF3 primary antibody
(generously provided by M. David, University of California, San
Diego) at 4 °C overnight. The cells were then washed and incu-
bated with Alexa 488-conjugated anti-rabbit IgG (Invitrogen)
in 3% bovine serum albumin in PBS for 1 h with Prolong Gold
antifade reagent with 4’,6'-diamino-2-phenylindole (Invitro-
gen). The images were captured using an Olympus IX71 micro-
scope with Q-Capture PRO software (QImaging).

Electrophoretic Mobility Shift Assay—HeLa cells, PKR™ or
PKR"Y, were transfected as indicated and then harvested after
4 h. Nuclear extracts were prepared as previously described
(39). Aliquots of 5 ug of nuclear extracts were incubated in 20
wl of total reaction volume containing 10 mm Tris-HCI, 1 mm
dithiothreitol, 1 mm EDTA, 10% glycerol, 0.1% Triton X-100, 1
pg of poly(dI-dC), 0.1 mg/ml bovine serum albumin, and 50 mm
KCl for 5 min. The **P-labeled oligonucleotide probe with the
sense strand sequence AGTTGAGGCGACTTTCCCAGGC
was added to the reaction mixture and then incubated for 20
min. The reaction products were analyzed by electrophoresis in
a 5% polyacrylamide gel with 0.5X TBE buffer. The gels were
dried and analyzed by autoradiography.

RESULTS

Polymerase-synthesized siRNAs Induce Nonspecific Gene
Silencing—Because long dsRNAs are known to induce IFN sig-
naling and activate PKR (1, 3, 11, 13), we tested the effect on
gene silencing selectivity of increasing the length of an siRNA
from the commonly utilized 20 bp to 50 bp. A T7 RNA poly-
merase-based strategy was used to synthesize RNAs including a
20-bp siRNA (PsiLUC20) possessing the same nucleotide
sequence as a chemically synthesized 20-bp siRNA (CsiLUC20)
and also a 50-bp siRNA (PsiLUC50) that included the 20-bp
siRNA sequence along with additional target sequence. The
siRNAs targeted the message of a firefly luciferase reporter,
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FIGURE 1. Nonspecific gene silencing caused by transfection of PRNAs.
A, Hela; B, CHO. Cells were transfected with reporter plasmids expressing
firefly (FF) and Renilla (RL) luciferase and either chemically synthesized (C)
siRNA, T7 polymerase-synthesized (P) siRNA 20 or 50 or plpC. Normalized
firefly and Renilla luciferase values are shown along with the standard devia-
tion determined from three to four independent experiments.

whereas Renilla luciferase was used as an internal measure of
nonspecific gene silencing.

The CsiLUC20 targeting firefly luciferase showed high selec-
tivity and no significant nonspecific gene silencing when tested
at 36 nM (100 ng) of siRNA in human HeLa cells (Fig. 14),
hamster CHO cells (Fig. 1B), and mouse (MEF) cells (data not
shown). A negative control siRNA, CsiNEG1, did not display
any detectable gene-specific silencing and like CsiLUC20 only
showed nonspecific gene silencing at very high concentrations,
180 nm (data not shown). In contrast to the selectivity seen with
100 ng of CsiLUC20, surprisingly high nonspecific gene silenc-
ing was caused by the same amount (100 ng) of PsiRNA when
tested in either HeLa cells (Fig. 1A) or MEFs (data not shown).
Furthermore, the 50-bp PsiLUC50 siRNA caused even greater
nonspecific gene silencing in these cells than the 20-bp Psi-
LUC20 siRNA, comparable with pIpC. CHO cells, a rodent cell
line where selective RNAi can be mediated by long dsRNA (40),
showed sequence specific silencing for all of the siRNAs tested
including PsiLUC50 (Fig. 1B).

Polymerase-synthesized Single and Double-stranded RNAs
Induce IFN-B—To further explore the cause of nonspecific
gene silencing by T7 RNA polymerase-synthesized RNAs
(PRNAs), ssRNAs in addition to the PsiLUC dsRNAs were syn-
thesized. The structural integrity of the PRNAs was verified by
denaturing gel electrophoresis. For the dsSRNAs that were not
treated with T1 RNase prior to gel analysis to remove the 5'-ter-
minal single-stranded sequence and triphosphate moiety, one
major RNA population was observed. T1 nuclease treatment,
while creating a population of shorter PsiLUC20 and PsiLUC50
RNAs, typically appeared incomplete, especially for PsiLUC50
(data not shown).

Because PsiRNAs, but not chemically synthesized CsiRNAs,
caused pronounced nonspecific gene silencing in HeLa cells
(Fig. 1A4), and because dsRNA is a known inducer of type I IFN,
we assessed the ability of these transfected RNAs to induce
IFN-B mRNA production. The IFN-f transcript level seen fol-
lowing transfection with the PLUC20 sense (S) or antisense
(AS) ssRNAs or the PsiLUC20 dsRNA remained low and com-
parable with that of the liposome (L2000) vehicle alone (Fig.
2A). However, the PLUC50AS ssRNAs and PsiLUC50 dsRNA
induced high levels of IFN-B mRNA production when trans-
fected, similar to that observed with pIpC, whereas the
PLUC50S ssRNA was a weak inducer of IEN-B (Fig. 24). By
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FIGURE 2. Interferon induction, PKR, and elF-2« phosphorylation, and
caspase activity in transfected cells. Hela cells were transfected with
CsiRNA; PRNA sense (S) or antisense (AS) ssRNA 20- or 50-nt; or PsiRNA dsRNA
20- or 50-bp treated with T1 (+T7) or not; or plpC. A, real time PCR measure-
ment of human IFN-B induction relative to glyceraldehyde-3-phosphate
dehydrogenase following RNA transfection. Total RNA was isolated at 5 h
post-transfection. The means and standard deviations determined from
three independent experiments are shown. B, Western blot analysis showing
the phosphorylation of PKR and elF-2« in HelLa cells at 8 h following transfec-
tion. C, caspase 3/7 activity at 8 h post-transfection, with and without IFN
pretreatment for 20 h. The results are normalized to control plpC transfection
as 100%; the mean caspase 3/7 activity and standard deviations were deter-
mined from three independent experiments.

contrast, the PsiLUC50 and pIpC RNAs added directly to cells
without transfection reagent were inactive (data not shown).

Activation of eIF-2c Phosphorylation and Global Translation
Attenuation by PRNAs—As shown in Fig. 2B, transfection of
HelLa cells with the 50-nt PLUC50AS ssRNA or T1-treated Psi-
LUCS50 50-bp dsRNA led to an increase in the phosphorylation
of elF-2a similar to that seen with pIpC. By contrast, transfec-
tion of the PLUC50S ssRNA resulted in only a slight increase in
elF-2a phosphorylation, and the shorter 20-nt PLUC20 and
20-bp PsiLUC20 RNAs did not display any detectable effect.
The phosphorylation of elF-2a at residue Ser” is one of the best
characterized mechanisms of translational control in animal
cells (41). Among the multiple elF-2« kinases including PKR,
HRI, PERK, and GCN2 known in eukaryotes, the PKR kinase
from human cells is activated by dsRNA by a mechanism that
involves autophosphorylation at threonine 446 (3). When
Thr**¢ phosphorylation was measured, we observed a similar
pattern for activation of PKR as was seen for elF-2a phospho-
rylation (Fig. 2B). As an indicator of the effect of RNA transfec-
tion on overall cellular protein synthesis activity, we examined
global translational activity by pulse labeling with 3*S-labeled
amino acids and measuring hot trichloroacetic acid insoluble
incorporation of radioactivity. The PsiLUC50 RNA caused sig-
nificant inhibition of global translation at 6 h after transfection,
comparable with that seen with pIpC, whereas the shorter
PsiLUC20 RNA and the chemically synthesized CsiLUC20 and
CsiNEG1 siRNAs only slightly reduced activity from that of
L2000 lipid alone (data not shown).

Induction of Apoptosis by PRNAs—Because of the nonspe-
cific inhibition of both the Renilla luciferase reporter and over-
all cellular protein synthesis seen in cells transfected with 50-bp
PRNA, we considered the possibility that the decrease in trans-
lation might be associated with an induction of apoptosis. As a
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FIGURE 3. 5’-Phosphate contributes to IFN-f induction and apoptosis
caused by PRNAs. Cells were transfected with 50-nt PLUC50S, AS, or 50-bp
PsiLUC50 PRNAs or CsiLUC20. A, effect of CIP phosphatase treatment com-
pared with buffer alone on IFN-B induction at 5 h as measured by real time
PCR.The mean and standard deviations from three independent experiments
areshown.*, p < 0.05.B, Western blot analysis showing PARP cleavage at 24 h
and phosphorylation of PKR and elF-2« at 8 h following transfection of CIP-
treated or untreated RNAs.

measure of the ability of the transfected RNAs to induce apo-
ptosis, we first examined effector caspase 3 and 7 (3/7) activa-
tion. Transfection of HeLa cells with PLUC50AS ssRNA, Psi-
LUC50 dsRNA, or pIpC caused the activation of caspases 3/7
(Fig. 2C). By contrast, neither the shorter 20-nt ss or the 20-bp
ds PRNAs nor CsiLUC20 significantly affected caspase activity
in transfected HelLa cells. Pretreatment of cells with [FN-«
enhanced effector caspase activity in cells subsequently trans-
fected with 50-nt PRNAs, suggesting the involvement of pro-
apoptotic IFN system components. The RNA-dependent acti-
vation of poly(ADP-ribose) polymerase (PARP) cleavage, an
independent indicator of apoptosis, correlated with the activa-
tion of effector caspase activity by RNA (data not shown).

PRNA 5'-Phosphate Moiety Contributes to Induction of
IFN-B and Activation of Apoptosis—To assess the role of 5'-ter-
minal phosphate moieties in the induction of IFN-B and the
apoptotic response in HeLa cells, the inducing capacities of
PRNAs were analyzed with and without calf intestinal phospha-
tase (CIP) treatment. Transfection of the PLUC50S RNA
induced low levels of IFN-B, which decreased following CIP
treatment of the RNA (Fig. 34) and did not result in significant
levels of PARP cleavage even without CIP treatment (Fig. 3B,
top panel). CIP treatment of PLUCS50AS and PsiLUC50
decreased the IFN-B mRNA inducing capacity of these RNAs
(Fig. 3A). Likewise, CIP treatment of the 50-nt PLUC50AS and
50-bp PsiLUC50 PRNAs reduced apoptosis as measured by
PARP cleavage (Fig. 3B, top panel). By contrast, CIP treatment
of these PRNAs did not affect either elF-2a or PKR phospho-
rylation (Fig. 3B, bottom panel). These results suggest that the
5'-triphosphate moiety of transfected RNA enhances both
the induction of IFN-B and the activation of the apoptotic
response and that PKR activation is insufficient to maximally
activate these effects.

PKR in Addition to IPS-1 and IRF3 but Not TRIF Is a Media-
tor of the Induction of IFN-B—In an attempt to identify media-
tors of IFN-B induction by PRNAs, we first measured IFN-
induction in PKR-sufficient parental HeLa cells (PKR™) com-
pared with PKR-deficient HeLa cells (PKR*Y), which stably
express a short hairpin RNA that reduces PKR protein levels to
<5% of parental cells (30). These HeLa cells were transfected
with either a chemically synthesized LUC siRNA as a control or
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FIGURE 4. Mediators of IFN-g induction by transfected PsiRNA and plpC. A, IFN-g induction following the knockdown of IPS-1 in parental HeLa cells (PKR™)
and PKR stable knockdown HeLa cells (PKR*9). B, IFN-B induction in parental HeLa cells treated with CsiRNAs to transiently knockdown PKR, IRF3, and TRIF. The
cells were transfected with CsiLUC20, PsiLUC50, or plpC and IFN-f transcript levels were determined by real time PCR at 5 h post-transfection. For A and B, the
mean inductions of IFN-B mRNA and standard deviations from four independent experiments are shown. **, p < 0.01. C, representative Western blot showing

the knockdown of IPS-1, PKR, IRF3, and TRIF in parental and PKR* HeLa cells.
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FIGURE 5. Mediators of apoptosis induction b Y PRNAs and plpC. A, caspase 3/7 activity measured at 8 h after
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prior to transfection with the indicated RNA. B, caspase 3/7 activity at 8 h in parental Hela cells treated with
either PKR, IRF3, or TRIF siRNA prior to RNA transfection. The results are normalized to control plpC transfection
as 100%; the mean caspase 3/7 activities and standard deviations from three to four independent experiments

transfection in parental PKR™ and stable PKR*

is shown. *, p < 0.05; **, p < 0.01.

a chemically synthesized siRNA targeting the IPS-1 adaptor
protein, prior to subsequent transfection with the CsiLUC,
PRNAs, or pIpC RNAs. The PKR™ cells showed ~100-fold
increase in IFN-B RNA after transfection with PsiLUC50 or
pIpC compared with CsiLUC20 (Fig. 44, lanes 5 and 9). The
PKR* cells showed a significant reduction in RNA-mediated
IFN-B induction compared with PKR* HeLa cells (Fig. 44,
lanes 7 and 11). IPS-1 knockdown in PKR-sufficient parental
cells (lanes 6 and 10) significantly reduced RNA-mediated
IFN-B induction as anticipated (11). The IPS-1 siRNA further
decreased the already low IFN-f3 production seen in the stably
deficient PKR* cells (lanes 8 and 12).

We then assessed IFN- induction in the parental HeLa cells
in which either PKR, IRF3, or TRIF had been transiently
knocked down. IRF3 knockdown reduced IFN-B induction
over 30-fold (Fig. 4B, lanes 7 and 11) to the similar low level seen
following IPS-1 knockdown (Fig. 4A4). By contrast, TRIF knock-
down (Fig. 4B, lanes 8 and 12) had no effect on IFN-B induction
mediated by PsiLUC50 or pIpC transfection. This was antici-
pated because the RNA without transfection reagent did not
induce IFN-B, suggesting that cytoplasmic delivery was
required for induction. Furthermore, transient knockdown of
PKR gave the same phenotype as stable knockdown of PKR;
HeLa cells deficient in PKR protein either stably (Fig. 44, lanes
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4C); the transient protein knock-
downs were both significant and
selective with each of the siRNAs.
PKR, IPS-1, and IRF3 but Not
TRIF Are Mediators of the Induction
of Apoptosis by PRNAs—To gain
further insight into the RNA sensor
pathways activated by PRNAs, we next examined the effect of
knockdown of the IPS-1, TRIF, IRF3, and PKR proteins on
effector caspase activity. As was seen for IFN-f3 induction (Fig.
4A), the PKR-deficient PKR* cells showed a greatly reduced
caspase 3/7 activity compared with parental PKR-sufficient
parental cells (Fig. 54, lanes 7 and 11). Knockdown of IPS-1 in
PKR™* parental cells reduced caspase activation to a similar low
level as the PKR* cells (Fig. 5A, lanes 6 and 10), whereas knock-
down of IPS-1 in the stable PKR*? cells caused an even further
reduction, which was most striking following pIpC transfection
(Fig. 5A, lanes 8 and 12). In addition, PKR knockdown and
IRF3 knockdown both reduced caspase 3/7 activity for the
50-bp PsiLUC50 pRNAs and pIpC, whereas the TRIF knock-
down had no effect (Fig. 5B). Although the low level of PKR
remaining after transient knockdown varied somewhat
between several independent experiments, quantitation
revealed that the lower the level of residual PKR protein, the
lower the corresponding caspase activation that was
observed following RNA transfection (data not shown).
PKR Is Required for Maximal NF-«kB Activation but Not for
IRF3 Nuclear Localization Following dsRNA Transfection—As
one approach to assess whether PKR contributes to the induc-
tion of IFN-B and apoptosis through the same pathway as IPS-1
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FIGURE 6. PKR is required for maximal NF-«B activation but not IRF3 nuclear localization. A, immunofluorescence images showing IRF3 (green) and
4',6'-diamino-2-phenylindole (DAPI, blue) staining following RNA transfection with CsiLUC20, PsiLUC50 or plpC. The cells were fixed at 4 h (top three rows) and
8 h (bottom row) post-transfection. B, electrophoretic mobility shift analysis using nuclear extracts from treated Hela cells, parental PKR™, or stable PKR,
incubated with a NF-kB oligonucleotide probe. C, Western blot analysis of I1kB-a and phosphorylated elF-2« using PsiLUC50, plpC, or TNF-« transfected
parental HeLa and PKR*? cells. Extracts were prepared at the indicated time following treatment. Tubulin was used as a loading control.

mediated activation of IRF3, we used immunofluorescence to
monitor IRF3 nuclear localization following transfection of
either PKR ™ or PKR* cells with dsRNA. Although chemically
synthesized CsiLUC20 dsRNA did not lead to IRF3 nuclear
localization in either PKR™ or PKR*? cells, transfection with
either PsiLUC50 dsRNA or pIpC caused an enhanced
nuclear localization of IRF3 in both PKR-sufficient and -de-
ficient cells (Fig. 6A). In the parental PKR™ cells, significant
nuclear fragmentation and apoptosis was seen by 8 h,
whereas this was minimal in the PKR*? cells (Fig. 6A, bottom
panel). The similarity in IRF3 nuclear localization observed
between PKR* and PKR* cells suggests that PKR enhances
proapoptotic responses by affecting a step other than IRF3
nuclear localization.

In addition to IRF-binding sites in the IFN- 3 enhancer, there
is an NF-kB site present in positive regulatory domain II (42,
43), and dsRNA is known to activate NF-«B signaling in human
cells (44). To test whether PKR is important for NF-kB activa-
tion following PRNA and plIpC transfection, we prepared
nuclear extracts from PKR™ and PKR*? cells at 4 h post-trans-
fection and carried out electrophoretic mobility shift analysis
using a NF-kB oligonucleotide probe. Either lipid alone or
transfected chemically synthesized siRNA gave a low level of
NE-«B band shift with extract from either cell type (Fig. 6B,
lanes 1, 2, 6, and 7), whereas PsiLUC50 and pIpC transfection
induced significant complex formation with extract from the
parental PKR™ cells (lanes 3 and 4). However, the intensity of
the NF-«B band shift complex seen with extracts prepared from
PKR cells (Janes 8 and 9) compared with untransfected cells
was lower than PKR™ cells (lanes 3 and 4) following PsiLUC50
and pIpC transfection, suggesting that PKR is required for max-
imal NF-«B activation following transfection with these RNAs.
As an independent measure of NF-«B activation (45), the level
of the IkB-a inhibitor of NF-kB was measured. [kB-a protein
levels decreased in PKR™ cells to nearly undetectable levels by
4 h after transfection with PsiLUC50 and pIpC, whereas in
PKR*? cells substantial levels of IkB-a remained even at 6 h
after transfection (Fig. 6C). By contrast, TNF-« treatment gave
a similar NF-«B gel shift response in both PKR* and PKR*¢
cells (Fig. 6B, lanes 5 and 10), and IkB-« levels were comparable
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in PKR™ and PKR* cells following TNF-« treatment (Fig. 6C,
bottom panel), suggesting PKR is not an essential mediator of
NEF-kB activation in the TNF-a pathway as previously shown
(30).

DISCUSSION

PKR is firmly established to play a central role in the antiviral
actions of IFN through phosphorylation of elF-2¢«, a modifica-
tion that alters the translational pattern in cells and leads to an
inhibition of protein synthesis in virus-infected, IFN-treated
cells (3, 27). The results presented herein also implicate PKR as
a key recognition receptor of foreign RNA that enhancesa TLR-
independent signal transduction response through the cytoso-
lic RNA sensor pathway leading to increased IFN-B synthesis.
Our initial observations of nonspecific gene silencing using
siRNAs that possess a 5'-triphosphate synthesized with T7
phage polymerase but not chemically synthesized siRNAs that
lack a 5'-triphosphate led us to examine the activation of PKR,
the production of IFN-B and the induction of apoptosis by
these RNAs compared with pIpC. In HeLa cells we found that
50-nt-long RNAs with sufficient structure to activate PKR
induced IFN-B and apoptosis when the RNAs were synthesized
enzymatically. We also found that optimal induction of both
IFN-B and apoptosis were dependent upon the presence of
5'-terminal phosphate moieties, because CIP phosphatase
treatment uniformly reduced IFN- 3 induction, effector caspase
activation, and PARP cleavage, but not PKR activation. Shorter
PRNAs and chemically synthesized 20-nt dsRNA did not sig-
nificantly increase either IFN- message levels or apoptosis in
transfected cells.

What is the relationship of PKR as an RNA sensor relative to
the well established roles of the RLR and TLR3, 7, and 8 sensor
proteins? Importantly, our studies with cells deficient in PKR,
including both transient knockdown and stable knockdown of
the kinase in HeLa cells, established that PKR is a necessary
component required to achieve both optimal RNA-mediated
induction of IFN- 3 and maximal activation of apoptosis in cells
transfected with structured RNAs containing a 5’-phosphate.
Knockdown of IPS-1 and IRF3 likewise demonstrated the
importance of these proteins for the induction of IFN-f in
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RNA-transfected cells, which is consistent with current under-
standing of the RLR signaling pathway activated by dsRNA (11)
but inconsistent with IPS-1-independent signaling as would
occur via TLR7 and 8 (12). Furthermore, knockdown of TRIF,
the adaptor protein required for TLR3-induced IFN produc-
tion, had little effect on IFN- induction by transfected RNAs.
Several studies implicate RIG-I as the RLR cytoplasmic sensor
that detects 5'-triphosphate containing RNAs and MDAS5 as
the sensor for long pIpC dsRNA, and both RIG-Iand MDAS5 are
known to signal through IPS-1, leading to the production of
type I IENs (7-9, 21-24). The fact that a similar reduction in
induction of IFN- and effector caspases was seen in our stud-
ies following IRF3 knockdown as IPS-1 knockdown is consist-
ent with the known activation of IRF3 by RNA-mediated sig-
naling via RLR and the IPS-1 adaptor (11).

Among our most striking results are those obtained with the
human HeLa cells stably knocked down for PKR (30). Not only
was there less activation of apoptosis in the PKR-deficient cells,
there also was a significant reduction in IFN-B induction. This
phenotype was not due to a clonal variation of the stable PKR*¢
cells, because a similar PKR dependence of IFN- production
was observed in cell populations transiently knocked down for
PKR by CsiRNA. Furthermore, we found that the level of resid-
ual PKR protein in knockdown experiments correlated well
with the level of effector caspase induction seen following RNA
transfection. PKR and IPS-1 conceivably could exert their
effects through either the same or different signaling pathways.
When the stable PKR knockdown cells were transiently
knocked down for IPS-1, we found a further reduction in both
IFN-B and apoptosis induction, suggesting that these proteins
may act in part through different signal transduction pathways.
The possibility of distinct pathways for PKR and IPS-1 is further
supported by our observations that IRF3 nuclear localization
following RNA transfection was similar in parental PKR and
PKR knockdown cells. Furthermore, we found that PKR was
necessary for maximal NF-«B activation following transfection
of activating RNAs, consistent with the notion that PKR may
act as a signaling sensor in addition to its role as an elF-2«
kinase inhibiting translation.

Our results are consistent with and extend the findings of
Kim et al. (46), who originally identified the 5'-triphosphate of
phage polymerase-synthesized RNAs as an inducer of IFN, sug-
gesting that activation of the IFN system contributes to the
nonspecific gene silencing in RNAi studies. We found RNA size
dependence of the 5'-terminal phosphate a requirement, as
neither single-stranded nor double-stranded RNA of 20-nt
induced IFN-B, whereas a 50-bp PRNA did. Likewise, pIpC, a
long dsRNA without a 5'-triphosphate, also induced IFN-8 as
expected. Recent reports show that both the 5’'-triphosphate
moiety and the A/U composition of ssRNA are determinants of
their ability to function as RIG-I ligands (18, 19, 21). Interest-
ingly, one of the 50-nt single-stranded PRNAs was a potent
inducer of IFN-B, whereas the other was not, and CIP treat-
ment of this PRNA, while reducing induction of both IFN-f3
and apoptosis, did not affect PKR or elF-2a phosphorylation as
has been shown for other RNAs (47). However, it has been
known for nearly 20 years from studies with the reovirus single-
stranded and dsRNAs and pIpC that a 5'-triphosphate is nei-
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ther necessary nor sufficient for PKR activation (48). Although
the single-stranded PRNAs used herein were gel-purified, we
cannot exclude the possibility of small amounts of contaminat-
ing double-stranded RNA from phage polymerase-synthesized
RNA preparations, even following gel purification, which may
be able to activate PKR (49) and possibly other cytoplasmic
RNA sensors. In addition to inducing IFN- 3, activating apopto-
sis, and inhibiting total cellular translation, the structured 50-nt
and 50-bp PRNAs activated PKR and resulted in eIF-2a phos-
phorylation, whereas the 20-nt and 20-bp PRNAs did not.
These findings are consistent with the notion that PKR activa-
tion and its subsequent phosphorylation of elF-2« are impor-
tant contributors to the nonspecific silencing effects mediated
by PRNAs in HeLa cells.

Our data suggest that transfected PRNAs, with sufficient
length and structure to activate PKR, induce apoptosis in a
manner dependent upon PKR, IPS-1, and IRF3 proteins and
independent of TLR3 signaling via TRIF. PRNA and pIpC
induced IFN-B induction also was dependent upon PKR, IPS-1,
and IRF3, but TRIF-independent. IPS-1 and IRF3 are known
mediators of IFN-B production in response to RIG-I and
MDAS activation (6, 11). Recently they have also been impli-
cated as important mediators of apoptosis, for example IPS-1
when activated by reovirus infection (50) and IRF3 when acti-
vated by Sendai virus (51, 52) or vaccinia virus AE3L mutant
(53) infection. The significant role of PKR as an RNA sensor
leading to IFN-B induction, although initially surprising, is con-
sistent with the implication of PKR involvement in IFN produc-
tion in bone marrow dendritic cells following transfection of
pIpC (54). PKR also is implicated in the activation of NF-«kB-
mediated signal transduction (29, 55) and as an interacting
partner with TRAF (56, 57). Because PKR was required for max-
imal NF-«B activation following PRNA and pIpC transfection
as measured by both electrophoretic mobility shift assay with a
NE-kB probe and by Western blotting for IkB-a and because
the IFN-$ promoter contains NF-kB as well as IRF-binding
sites (43), it is reasonable to assume that NF-«kB activation by
PKR in response to the PRNAs accounts at least in part for the
enhanced IFN-f3 production seen.

We observed that phosphatase treatment of PRNAs reduced
both IFN-B induction as expected (46) and also caspase 3/7
activity but importantly did not affect either PKR autophospho-
rylation or elF-2a phosphorylation. These differences, together
with the IPS-1 dependence of the PKR-dependent signaling
responses, suggest that although PKR is needed for maximal
induction of IFN-B and apoptosis, PKR catalytic activity alone
is not sufficient to fully activate these responses without a con-
comitant activation of IPS-1. PKR may act in an alternative
manner in response to transfected RNA, perhaps as an adaptor
or integral structural component of an IPS-1 activated complex
that selectively affects downstream effects, which would be
consistent with our observation that PKR knockdown did not
affect the nuclear localization of IRF3 but did affect NF-«B sig-
naling following PRNA transfection. Finally, the requirement of
PKR, IPS-1, and IRF3 for maximal apoptosis induction both by
polymerase-synthesized RNAs and by pIpC suggests that the
apoptotic pathway, like IFN-B induction, is a fundamental anti-
viral response of mammalian cells to cytoplasmic RNAs with
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5'-terminal phosphates and significant RNA secondary or dou-
ble-stranded character.
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