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Fig. 7. IPS-1 protein forms clusters on mitochondrial membranes. A549 cells were mock-transfected or transfected with poly(l:C). Cells were incubated with
MitoTracker Red and collected for confocal immunofluorescence staining microscopy. Cells were stained with antibodies against IPS-1 or TIA-1 (green), and
nuclei were visualized with DAPI (blue). (A—C) Images are representative of at least three independent experiments. Scale bars: 10 um. (D) The overlap

coefficient of IPS-1 (left) or MitoTracker Red (right) with TIA-1 was analyzed by using ZEN software. Data are shown as the mean=s.e.m. (>30 cells in three

independent experiments were examined).

MDAS displays differential effects on PKR phosphorylation and
stress granule formation, we speculated that the major mechanism
by which MDAS affects stress granule formation is through
mediating the assembly of stress granule components downstream
of elF2o phosphorylation, rather than through directly regulating
the activation of PKR or elF2a.

Based on the data presented here, we propose that the role of
IPS-1 in PKR activation is to provide a physical platform for PKR
to form dsRNA-dependent dimers. In unstressed cells, PKR
protein resides in the cytoplasm as monomer or weak dimer, and
dynamically interacts with IPS-1. After binding to dsRNA, PKR
molecules form more dimers in association with IPS-1, thereby
undergoing autophosphorylation. Activated PKR is released from
IPS-1 and phosphorylates downstream elF2o, resulting in
inhibition of translation. Finally, a variety of components,
including PKR, stalled initiated translation complexes and TIA-
1, etc., assemble to form stress granules. After dissociation from
the PKR dimer, IPS-1 interacts with RIG-I and becomes
activated, forming prion-like aggregates on mitochondrial
membranes (Hou et al., 2011).

We found that both stress granules and innate immunity protect
cells from viral infection. Depletion of IPS-1 or PKR abolished
both IFN production and stress granule formation, leading to a
higher rate of VSV replication than depletion of G3BP-1 alone,
which only eliminated the stress granule formation. These data
suggest that innate immunity and the formation of stress granules
might act cooperatively to combat VSV. In addition, as
mitochondrial IPS-1 has been suggested to participate in the
apoptosis induced by VSV infection (Guan et al., 2013), blockade
of apoptosis by IPS-1 knockdown might be another contributing

factor to the recovery of viral replication. Unexpectedly, the cell
viabilities in response to VSV infection were not correspondingly
decreased by depletion of IPS-1, PKR or G3BP-1, suggesting that
other responses, rather than stress granule formation and innate
immunity, play a dominant role in cell death caused by VSV
infection.

The fact that IPS-1 and PKR participate in stress granule
formation and innate signaling indicates that these two distinct
responses have a close connection. To overcome stress-granule-
dependent and innate immunity defenses, viruses must have
developed their own strategies to counteract IPS-1 or PKR
(Lifland et al., 2012; Onomoto et al., 2012; Ruggieri et al.,
2012; Tu et al., 2012). However, the storage of cellular
components in stress granules could potentially pose a negative
effect on the innate immune response, because stress granules
not only recruit innate immune signaling molecules, including
PKR, RIG-I and MDAS5, but also effector molecules, such as
OAS, RNase L and ADAR1 (Onomoto et al., 2012; Weissbach
and Scadden, 2012). Our data show that blockade of stress
granule formation by G3BP-1 knockdown did not have a
significant effect on dsRNA-induced IFNs, consistent with a
recent study showing that the recruitment of MDAS by stress
granules did not affect the induction of type-I IFNs resulting
from mengovirus infection (Langereis et al., 2013). These
observations suggest that the processes of stress granule
formation and innate immune signaling do not engage in
direct competition for these cellular components. Nonetheless,
this observation needs to be further validated in other models,
because the abundances of the relevant proteins in different
cells might vary.
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Fig. 8. Blocking innate immune signaling or stress granule formation rescues VSV-GFP replication. A549 cells were transfected with siNC, siPKR,
silPS-1, siRIG-I or siG3BP-1. At 48 h, cells were stimulated with poly(I:C) for 3 h, followed by VSV-GFP infection. (A) Total RNAs were harvested at 3 h post-
poly(l:C)-transfection, and IFN-B mRNA levels were measured by real-time PCR. (B) Cell viabilities at 10 h post-infection were determined by using the MTT
assay. (C) Cell images were taken at 8 h post-infection and representative images are shown. Scale bar, 10 um. (D) PicCnt 100x was used to determine the
percentages of GFP-positive cells. Data are shown as the mean*s.e.m. (>100 cells from each culture in three independent experiments were

examined);*P<0.05, **P<0.01.

In summary, our work demonstrates for the first time that IPS-1
is involved in the process of stress granule formation through its
interaction with PKR, providing evidence that IPS-1 acts as a
novel adaptor in an additional anti-stress response. Further
investigations into the biological significance of the interaction
between IPS-1 and PKR will provide us with more in-depth
knowledge of the roles of IPS-1 and PKR in these cellular
signaling pathways.

MATERIALS AND METHODS

Cell culture

Human lung carcinoma epithelial cells (A549), human cervical
cancer cells (HeLa) and human embryonic kidney cells (293T) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 5% (v/v) fetal bovine serum (Gibco, CA), 1%
sodium pyruvate, 100 pg/ml penicillin and 100 units/ml streptomycin
(Invitrogen, CA) at 37°C.

Stress treatments and indirect immunofluorescence staining

Cells (3x10%) were seeded onto coverslips in 24-well plates. Cells were
transfected with 300 ng of poly(I:C) (tlrl-pic, tlrl-picw, InvivoGen, MO)
by using Lipofectamine 2000 (Invitrogen, CA), or were incubated at 43 °C
for 1 h or incubated with 1 uM hippuristanol [kindly provided by Junichi
Tanaka (Mazroui et al., 2006)] for 1 h. Cells were incubated with 50 nM
MitoTracker Red (Molecular Probes) for 20 min, washed in phosphate-
buffered saline (PBS) and fixed in 4% (v/v) paraformaldehyde. Cells
were permeabilized in 0.2% Triton X-100 for 15 min and blocked in
blocking buffer (5% bovine serum albumin in PBS) for 1 h, followed by
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incubation with primary antibodies and secondary antibodies. The
primary antibodies used were against TIA-1 (Santa Cruz, CA), PKR
(Santa Cruz, CA) and IPS-1 (BETHYL, TX). The secondary antibodies
used were Cy3-conjugated goat anti-rabbit-IgG (Millipore, MA) and
Alexa-Fluor-488-conjugated anti-goat-IgG (R&D, MN). Cells were then
stained with 0.2 mg/ml DAPI (Invitrogen, CA) and visualized using a
Zeiss fluorescence microscope or a Zeiss LSM710 confocal microscope.
Positively stained cells were quantified using the PicCnt 100x software.
For colocalization assays, images were typically acquired with the same
optical slice thickness in every channel and analyzed by using the Carl
Zeiss software ZEN. Mander’s coefficient was used to measure
colocalization.

Plasmids

The sequences of primers used in PCR to amplify tagged full-length
PKR, IPS-1, truncated fragments of PKR and IPS-1, or PKR and IPS-1
are listed in supplementary material Table S1. The PCR templates were
plasmid pEF-BOS IPS-1-FLAG (Addgene, MA) and pSG5-PKR®C (a
kind gift from Stefan Rothenburg, NIH, MD) (Zhang et al., 2009). PCR
fragments were cloned into the pSGS5 vector for eukaryotic expression, or
cloned into the pGEX-6P-1 (PKR) or pET28a (IPS-1) vector for
prokaryotic expression after digestion by restriction enzymes.

RNAi

The sequences of siRNAs prepared by Invitrogen with dTdT overhangs
were as follows: 5'-CCUCAUCUCUUUGUUCUAA-3" and 5'-GCAU-
GGGCCAGAAGGAUUUCA-3’ for PKR (siPKR), 5'-GGAAGAGGUG-
CAGUAUAUU-3’ for RIG-I (siRIG-I), 5'-GGUGAAGGAGCAGAUU-
CAG-3" for MDAS5 (siMDAS5), 5'-UAGUUGAUCUCGCGGACGA-3’
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and 5'-CCACCUUGAUGCCUGUGAA-3' for IPS-1 (siIPS-1) and 5'-GAG-
CCAGUAUUAGAAGAAA-3" for G3BP-1 (siG3BP-1). Dharmacon’s
negative siRNA with a scrambled sequence were used as a negative
control (siNC). siRNAs were transfected into A549 cells by using
Lipofectamine 2000 (Invitrogen, CA) according to the manufacturer’s
instructions.

Real-time PCR

Total RNA was prepared from A549 cells using TRIzol reagent
(Invitrogen, CA) following the manufacturer’s instructions. Then, 1 pg
of total RNA was reverse-transcribed to produce cDNAs and then
amplified using SYBR Green Master Mix (Bio-Rad, CA) following the
manufacturer’s protocol. The primer pairs used were as follows:
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), forward primer
5'-GCCTTCCGTGTCCCCACTG-3' and reverse primer 5'-CGCCTGC-
TTCACCACCTTC-3'; MDAS, forward primer 5'-TGGACATAACAG-
CAACATGG-3' and reverse primer 5'-CACTCTGGTTTTTCCACTCC-
3'; IFN-B, forward primer 5'-AAACTCATGAGCAGTCTGCA-3" and
reverse primer 5'-AGGAGATCTTCAGTTTCGGAGG-3'. Quantitative
real-time PCR was performed using the CFX96 Real-Time PCR System
(Bio-Rad, CA). Relative mRNA levels were calculated after
normalization to GAPDH.

Western blotting

A549 cells were seeded in 12-well plates (8x10* per well). After
transfection with siRNAs for 48 h, cells were transfected with 1 ug
poly(I:C) by using Lipofectamine 2000 (Invitrogen, CA) for 6 h. Whole-
cell extracts were prepared in the presence of 1 mM phenylmethylsulfonyl
fluoride (PMSF) and 1% (v/v) protease inhibitor cocktail (Sigma, MO) as
described previously (Li et al.,, 2013). Proteins were fractionated by
electrophoresis on sodium dodecyl sulphate—10% polyacrylamide gels,
transferred to nitrocellulose membranes, blocked and then probed with an
appropriate dilution of primary antibody in PBS containing 3% (w/v)
skimmed milk. Rabbit polyclonal antibodies were used to detect PKR
(Santa Cruz, CA), phospho-PKR (Epitomics, CA), phospho-elF2a (Cell
Signaling Technology, MA), RIG-I (Cell Signaling Technology, MA), IPS-
1 (Bethyl, TX), HA (Sigma, MO) and FLAG (Beverly, MA); goat
polyclonal antibody was used to detect elF2a (Santa Cruz, CA), mouse
monoclonal antibody was used to detect B-actin (Sigma, MO). Western blot
visualization was performed with IRDye-800-CW-conjugated anti-rabbit-
IgG or IRDye-680-CW-conjugated anti-mouse-IgG secondary antibodies
according to the manufacturer’s protocols (LI-COR, NE). Immunoreactive
bands were visualized using an Odyssey infrared imaging system.

Co-immunoprecipitation assay

For the analysis of interactions between endogenous PKR and exogenously
expressed PKRN-HA or full-length PKR, HeLa cells were transfected with
siNC or silPS-1 and pSG5-PKRN-HA or pSG5-HPKRF for 48 h. For
analysis of the interaction between PKR and IPS-1, A549 cells (7x10° per
well, six-well plate) were transfected with plasmids expressing IPS-1—
FLAG and PKR-HA fusion proteins. Cells were then transfected with 3 pg
of poly(I:C) for 1 h and collected in RIPA lysis buffer (50 mM Tris-HCI,
0.5% NP-40, 1% Triton X-100, 1 mM EDTA, 150 mM NaCl, 1 mM
PMSF and 1% v/v protease inhibitor cocktail). The protein concentration
was determined by using the Bradford assay. Subsequently, 1 mg of cell
lysate was incubated with 20 ul of monoclonal anti-HA or anti-FLAG
agarose (Sigma, MO) at 4°C overnight. Beads were collected by
centrifugation and washed extensively with NET-RIPA wash buffer
(50 mM Tris-HCI, 0.5% NP-40, 1 mM EDTA, 150 mM NaCl), and
proteins were eluted in SDS loading buffer.

Protein expression and purification

pSG5-IPS-1-FLAG and pSG5-PKR-HA were expressed in HEK293T
cells by transient transfection. At 48 h after transfection, cells were
lysed in RIPA lysis buffer and centrifuged at 12,000 g for 15 min.
The supernatants were incubated with anti-FLAG or anti-HA
beads (Sigma, MO) and eluted with the FLAG peptide or HA peptide
(Sigma, MO). pET28A-IPS-1 and pGEX-6P-PKR were transformed

into Rosetta 2(DE3). Expression of IPS-1-His and PKR-GST fusion
proteins was induced by the addition of 500 uM isopropyl-p-d-
thiogalactopyranoside (IPTG) at 20°C for 16 h, and purified using His-
(Merck, NJ) and GST-binding resin (Merck, NJ) according to the
manufacturer’s instructions.

In vitro pulldown assay

Purified full-length or truncated IPS-1 proteins were individually incubated
with full-length or truncated PKR proteins for 1 h, followed by incubation
with anti-FLAG or anti-HA beads for 1 h. 100 nM IPS-1-His and PKR—
GST fusion proteins purified from E. coli were incubated in the absence or
presence of 5 pg/ml poly(I:C), followed by overnight incubation with
GST-binding resin. The beads were collected by centrifugation and
proteins were eluted in SDS loading buffer for western blot analysis.

PKR activation assay

Autophosphorylation assay of PKR was performed in kinase buffer
(20 mM Tris-HCI pH 7.6, 50 mM KCI, 25 mM MgCl,, 1% protease
inhibitor cocktail and 1 mM PMSF) containing purified PKR, full-length
or deletion forms of IPS-1, dsRNA (2 mg/ml) and ATP (0.1 mM) at 30°C
for 30 min. Reaction mixtures were analyzed by SDS-PAGE and western
blotting using the anti-phospho-PKR antibody (Thr 446) (Epitomics,
CA).

Viral infection

Vesicular stomatitis virus (VSV-GFP) was kindly provided by Dongyan
Jin (Kok et al., 2011). A549 cells were transfected with siRNAs against
PKR, IPS-1, RIG-I or G3BP-1 for 48 h. Cells was transfected with
poly(I:C) for 3 h and then infected with VSV-GFP (multiplicity of
infection=1). Total cellular RNAs were extracted before viral infection
and analyzed by real-time PCR to determine the IFN- mRNA levels. Cell
viability was assessed by using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H tetrazolium bromide] assay. Fluorescence microscopy images
were taken at 8-h post-infection to visualize the viral replication.

Statistical analysis
Statistical significance was determined by using unpaired two-tailed
Student’s #-tests. P<<0.05 was considered to be statistically significant.
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Table S1. Sequences of primers used in PCR

Name Sequence Restriction site
HPKRF F CGCGGATCCATGTACCCATACGATGTTCCAGATTACG
CTGGTGGTGGTGCTGGTGATCTTTCAGCAGGT BamH I
HPKRF R CCCAAGCTTCTACTTATCGTCGTCATCCTTGTAATCA
CCACCACCACATGTGTGTCGTTCATTTTTCT Hind 1T
PKR-HA F CGCGGATCCATGGCTGGTGATCTTTCAGCAGGT BamH I
PKR-HA R CCCAAGCTTCTAAGCGTAATCTGGAACATCGTATGGGT
AACCACCACCACATGTGTGTCGTTCATTTTTC Hind III
PKRN-HA F CGCGGATCCATGGCTGGTGATCTTTCAGCAGGT BamH I
PKRN-HA R CCCAAGCTTCTAAGCGTAATCTGGAACATCGTATGGGT
AACCACCACCCATGCCAAACCTCTTGTCCACAGT Hind III
PKRC-HA F CGCGGATCCATGGATTTTAAAGAAATAGAATTAATTG BamH I
PKRC-HA R CCCAAGCTTCTAAGCGTAATCTGGAACATCGTATGGGT
AACCACCACCACATGTGTGTCGTTCATTTTTCT Hind III
IPS-1-FLAGF  CGGGGTACCATGCCGTTTGCTGAAGACAAGA Kpnl
IPS-1-FLAGR  CCCAAGCTTCTACTTATCGTCGTCATCCTTGTAATCAC
CACCACCGTGCAGACGCCGCCGGTAC Hind III
ACARD-FLAGF CGGGGTACCATGAGCTACCAGCCTCGGACCT Kpnl
ACARD-FLAG R CCCAAGCTTCTACTTATCGTCGTCATCCTTGTAATCAC
CACCACCGTGCAGACGCCGCCGGTAC Hind III
APRO-FLAGF  (1-306) CGGGGTACCATGCCGTTTGCTGAAGACAAGA Kpnl
APRO-FLAGR  (1-306) CCCAAGCTTACGGTCCGAGGTCCGAGG Hind III
APRO-FLAGF  (526-1624) CCCAAGCTTGGCCCCCTGGAGTCCTCCTCT Hind III
APRO-FLAG R  (526-1624) GGAAGATCTCTACTTATCGTCGTCATCCTT

GTAATCACCACCACCGTGCAGACGCCGCCGGTAC

Bglll




Name Sequence Restriction site

ATM-FLAG F CGGGGTACCATGCCGTTTGCTGAAGACAAGA Kpnl

ATM-FLAG R CCCAAGCTTCTACTTATCGTCGTCATCCTTGTAATCACC

ACCACCCCTGTGGCATGGCACCTCC Hind III
PKR F GGGGGATCCATGGCTGGTGATCTTTCA BamH I
PKR R CCCCTCGAGCTAACATGTGTGTCGTTCA Xho I
IPS-1F CCCAAGCTTGCATGCCGTTTGCTGAAGACAAGA Hind III

IPS-1 R CCGCTCGAG CTAGTGCAGACGCCGCCGGTA Xho I




