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In mammalian cells, IFN responses that occur during RNA and DNA
virus infections are activated by distinct signaling pathways. The
RIG-I–like-receptors (RLRs) bind viral RNA and engage the adaptor
MAVS (mitochondrial antiviral signaling) to promote IFN expression,
whereas cGAS (cGMP–AMP synthase) binds viral DNA and activates an
analogous pathway via the protein STING (stimulator of IFN genes). In
this study, we confirm that STING is not necessary to induce IFN expres-
sion during RNA virus infection but also find that STING is required to
restrict the replication of diverse RNA viruses. The antiviral activities of
STING were not linked to its ability to regulate basal expression of IFN-
stimulated genes, activate transcription, or autophagy. Using vesicular
stomatitis virus as a model, we identified a requirement of STING to
inhibit translation during infection and upon transfection of synthetic
RLR ligands. This inhibition occurs at the level of translation initiation
and restricts the production of viral and host proteins. The inability to
restrict translation rendered STING-deficient cells 100 times more likely
to support productive viral infections than wild-type counterparts. Ge-
netic analysis linked RNA sensing by RLRs to STING-dependent trans-
lation inhibition, independent of MAVS. Thus, STING has dual functions
in host defense, regulating protein synthesis to prevent RNA virus in-
fection and regulating IFN expression to restrict DNA viruses.
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In all well-studied organisms, viral infections are detected
through the actions of host-encoded receptors that recognize

cytosolic nucleic acids (1, 2). Mammalian cells utilize distinct nucleic
acid binding proteins to detect viruses containing RNA or DNA
genomes. These proteins are members of the larger family of pat-
tern recognition receptors (PRRs), which are responsible for
unleashing the antiviral activities of the innate immune system (3).
Central to our understanding of antiviral immunity are members of
the IFN family of secreted proteins. During infections, cytosolic
PRRs detect viral DNA or RNA and induce signaling pathways that
promote the expression and secretion of IFNs. Upon release into
the extracellular space, IFNs signal via dedicated receptors present
on infected and uninfected cells to induce the expression of hun-
dreds of IFN-stimulated genes (ISGs). Many ISGs antagonize viral
replication cycles and thereby induce an antiviral cellular state (4).
The major IFN-inducing PRRs that detect viral RNAs include

members of the retinoic acid-inducible gene I (RIG-I)–like receptor
(RLR) and Toll-like Receptor (TLR) families of proteins. Of these
families, the TLRs are restricted in expression and are best known
to function on professional phagocytes (3). In contrast, the RLRs
are expressed ubiquitously and are therefore considered to be uni-
versal sentinels of viral infection (3). When one of the RLR family
members detects viral RNA, these receptors engage the protein
mitochondrial antiviral signaling (MAVS), which is located on mi-
tochondria, peroxisomes and mitochondria-associated endoplasmic
reticulum (ER) membranes (5). RLR-bound MAVS coordinates
the activation of inflammatory transcription factors that drive IFN
expression and the establishment of an antiviral cellular state (6).
Because RLRs bind viral RNA directly, it is generally believed that
these receptors are dedicated to the detection of viruses with RNA
genomes. Experimental evidence supporting this conclusion is ex-

tensive, as the only RNA viruses that do not induce an RLR–
MAVS-dependent IFN response are those that encode virulence
determinants that antagonize RLR signaling (7). However, evidence
exists that self- or viral RNAs present in cells infected with DNA
viruses can also be detected by these receptors (8).
While some DNA viruses may be detected by RLRs, the dom-

inant means of DNA virus detection is not by these receptors.
Rather, most DNA viruses are detected by the PRR cGAS
(cGMP–AMP synthase). cGAS is a DNA binding protein that, like
RLRs, is present in the cytosol of most mammalian cells (9). Upon
DNA binding, cGAS stimulates the generation of a cyclic di-
nucleotide cyclic-GMP–AMP (cGAMP), which engages an endo-
plasmic reticulum (ER)-localized protein stimulator of IFN genes
(STING) (10). In a manner analogous to MAVS, cGAMP-bound
STING coordinates the activation of inflammatory transcription
factors to induce IFN expression and the establishment of an an-
tiviral cellular state (11–13). The ability of STING to induce IFN is
coincident with this protein becoming phosphorylated and exiting
the ER (11, 14, 15). Thus, IFN responses induced during RNA and
DNA virus infections are generally considered to be managed by
the RLR–MAVS or cGAS–STING pathways, respectively.
While the distinction between the RNA and DNA sensing

pathways appears true when considering IFN expression, these
distinctions are less clear when actual antiviral activities are ex-
amined. For example, compared with wild-type (WT) cells, fibro-
blasts lacking STING support increased replication of vesicular
stomatitis virus (VSV) and dengue virus (11, 12, 16, 17). In addi-
tion, multiple flaviviruses, coronaviruses, and influenza virus employ
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strategies to antagonize STING signaling (11, 16–21). In several
of the studies cited above, STING was reported to influence IFN
expression during RNA virus infection. In contrast to these ob-
servations, several reports indicate that STING does not regulate
RNA-induced IFN expression (11, 13). Thus, how STING in-
fluences host defense during RNA virus infection is unclear.
The activities of IFN are not the only means by which cells re-

strict viral replication. Indeed, during the first 24 h of infection,
cells that are genetically unresponsive to IFN are no more sensitive
to VSV infection than WT counterparts (22, 23). The actions of
IFNs may therefore be most important to protect uninfected cells
from subsequent infections, as pretreatment of cells with IFN is a
well-established mechanism of restricting virus replication (24).
Cell-intrinsic mechanisms of host defense, which may be most
important at early stages of infection, are less understood but may
involve autophagy and the regulation of protein synthesis. Notably,
STING has the additional ability to promote antibacterial auto-
phagy to restrict the replication of intracellular Mycobacterium
tuberculosis, and the cytosolic PRR Protein Kinase R (PKR) sup-
presses the protein synthesis machinery after it binds to viral
double-stranded RNA (dsRNA) (25, 26). The role of STING in
other potential defense responses during viral infection is unclear.
In this study, we have explored the antiviral activities of STING

during RNA virus infection. We found that STING is required to
restrict the replication of diverse RNA viruses in fibroblasts but
that STING is not required to induce IFN expression during these
infections. Using VSV as a model, we found that the mechanism
of viral entry was not regulated by STING, but STING-deficient
cells were 100 times more likely to support productive viral in-
fections than WT counterparts. The antiviral activities of STING
were not linked to its ability to influence the basal expression of
IFNs in uninfected cells or autophagy. Rather, we identified a
requirement of STING for translation inhibition during VSV in-
fection or upon transfection of synthetic RLR ligands. Protein
synthesis inhibition by STING occurs at the level of translation
initiation and restricts the production of viral and host proteins.
Further analysis revealed a genetic pathway that links RLRs to
STING, independent of MAVS. Thus, STING has dual functions
in host defense, regulating protein synthesis to prevent RNA virus
infection and regulating IFN expression to restrict DNA viruses.

Results
STING Is Required to Control the Replication of Diverse RNA Viruses.
To analyze the role of STING in RNA virus replication, immortal
mouse embryonic fibroblasts (MEFs) were transduced with short
hairpin RNAs (shRNA) targeting STING (shSTING). MEFs
expressing a nontargeting hairpin were used as control cells and
were hereafter referred to as shCTRL. This approach resulted in
the complete depletion of the STING protein from cells trans-
duced with shSTING, as assessed by western analysis (Fig. 1A). To
verify the function of MEFs depleted of STING, we transfected
these cells with a cGAS ligand (double stranded DNA) or an RLR
ligand [poly(I:C)]. As expected, shSTING cells did not induce
Ifnβ1 transcripts in response to transfected DNA, whereas poly(I:
C)-induced expression of Ifnβ1 was unaffected by the absence of
STING (Fig. 1B). These results are consistent with the specific and
essential function of STING in DNA-induced IFN responses and
validate the use of these cells as a model to study STING activities.
To determine the function of STING in RNA virus infection,

we infected shCTRL and shSTING cells with a panel of viruses
representing diverse viral families (Table S1). The replication of
VSV and Sindbis virus (SINV) was quantified by measuring the
expression of luciferase reporter genes embedded in the viral
genomes. Sendai virus (SeV) and influenza A virus PR8 (IAV)
were also used as well as the type 3 Dearing strain of reovirus
(T3D). Replication of these viruses was monitored by western
analysis for virus-specific proteins. We also used a mutant VSV,
VSV-M51R, which harbors a methionine-to-arginine point mu-
tation in the VSVM protein. This mutant M diminishes the ability
of VSV to suppress host gene expression and can induce strong
IFN responses (27). VSV-M51R replication was determined by

monitoring the production of infectious virus by plaque forming
unit (pfu) assays.
All viral infections were more productive in the absence of

STING (Fig. 1 D and F). Specifically, VSV, VSV-M51R, and SINV
displayed multilog increases in replication in shSTING cells, com-
pared with shCTRL cells (Fig. 1D). Western analysis of SeV, IAV,
and T3D replication indicated a greater abundance of viral proteins
in shSTING cells, compared with shCTRL cells (Fig. 1F). Similar
findings were made in viral infections of primary MEFs derived
from WT and STING knockout (KO) mice (Fig. 1C). These find-
ings indicate that STING is required to control the replication of
diverse RNA viruses.

During RNA Virus Infection, STING Displays No Activities That Promote
IFN Expression. While STING is well-recognized to promote IFN
expression during DNA virus infection, some studies have impli-
cated this protein in IFN expression during RNA virus infection
(12, 16, 17). To examine the role of STING in IFN expression
during RNA virus infection, we infected our MEF lines with the
viruses indicated above and monitored Ifnb1 expression over time.
In all infections and time points examined, STING-deficient cells
were capable of inducing Ifnb1 expression. In fact, in the absence
of STING, virus-induced Ifnb1 expression was greater than what
was observed in infected shCTRL cells (Fig. 1 E and G). Similar
trends were observed when we examined the expression of the
ISGs Rsad2 and Cxcl10 (Fig. S1 A and B).
We reasoned that the increased expression of IFN and ISGs in

STING-deficient cells was due to increased virus replication in
these cells, as viral replication should yield a greater abundance of
RLR ligands. To test this hypothesis, we performed infections in
MEFs that were depleted of STING or MAVS with siRNA, and
Ifnb1 expression was monitored (Fig. S1C). Under all conditions
examined, cells lacking MAVS were unable to induce Ifnb1 ex-
pression in response to RNA virus infection (Fig. S1D). In con-
trast, cells lacking STING were not defective for virus-induced
Ifnb1 expression (Fig. S1D). These collective results indicate that
STING does not control the induction of IFNs and ISGs during
RNA virus infection, but this protein is required to restrict the
replication of diverse RNA viruses.
Despite the observations described above, it was possible that

STING contributes to Ifnb1 expression during RNA virus in-
fection but that MAVS signaling masked this activity. If this
possibility is correct, then cells should display evidence of STING
activation during RNA virus infection. To test this possibility, we
monitored four markers of STING pathway activation: cGAMP
production (10), STING trafficking from the ER (11), STING
phosphorylation (14, 15), and degradation (14).
We detected cGAMP using an assay for biological activity of

cGAMP in cell lysates. We detected inducible amounts of cGAMP
activity from cells overexpressing cGAS but did not detect any
cGAMP activity after 18 h of RNA virus infection (Fig. 2A). Next,
we determined whether RNA ligands or virus infection induced the
trafficking of STING from the ER. Using immunofluorescence, we
determined the localization of HA-tagged STING after transfection
with DNA, poly(I:C), or infection with VSV. Before transfection or
infection, STING staining was consistent with the ER, in that the
protein was scattered throughout the cell and concentrated at the
nuclear envelope (Fig. 2B). After DNA transfection, STING lo-
calization shifted, and the protein concentrated in perinuclear
vesicles that resemble the sites of signal transduction (Fig. 2B) (11).
However, the subcellular localization of STING did not change
after transfection with poly(I:C) or infection with VSV (Fig. 2B).
Lastly, we assayed STING phosphorylation and degradation. One
hour after DNA transfection, western analysis revealed a band
corresponding to STING that exhibited a slower mobility (Fig. 2C),
which is consistent with phosphorylation (14, 15). Degradation of
STING was observed 4 h after DNA transfection (Fig. 2C). In
contrast, no changes in STING electrophoretic mobility or stability
were observed after poly(I:C) transfection or infection with RNA
viruses (Fig. 2C). Taken together, these results indicate RNA virus
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infection does not induce any of the hallmarks of STING activation
that are associated with an IFN response.

The Abundance of Basal Antiviral Transcripts Does Not Influence RNA
Virus Replication. In uninfected cells, low levels of IFN are con-
stitutively expressed and secreted (28). Since many IFN signaling
components are regulated by IFN, low-level IFN secretion may
prime cells to respond to infection (28). Similar to cells that lack
cGAS (29), shSTING cells display lower levels of basal Ifnb1
transcripts than shCTRL counterparts (Fig. 1B).
To determine if the abundance of basal antiviral transcripts in-

fluences RNA virus replication, we experimentally altered the levels
of ISGs using the pan-Janus Kinase (JAK) inhibitor pyridone 6 (P6).
This treatment inhibits signaling from all IFN receptors and thus
prevents activities of constitutive IFNs. In the absence of P6, the
abundance of the ISG Rsad2 was lower in STING-deficient cells
than in shCTRL cells (Fig. S2A). Twenty-four hours of P6 treatment
lowered basal Rsad2 transcripts in shCTRL cells to levels compa-
rable to what was observed in shSTING cells (Fig. S2A). This ap-
proach therefore allowed us to examine the influence of basal
antiviral factors on RNA virus infection. We infected shCTRL and
shSTING cells in the presence or absence of P6 with VSV-LUC.
Viral replication was monitored via luciferase activity and plaque
assay over 24 h. Whereas P6 strongly suppressed basal ISG expres-
sion, these changes had a minor influence of viral replication (Fig.
S2B). Specifically, we observed no difference in viral replication
when comparing P6-treated cells to DMSO-treated cells (Fig. S2B).
In contrast, there was a strong difference in viral replication in the
presence or absence of STING, regardless of the levels of basal ISGs.
These results suggest that the abundance of ISG products in a cell
before infection does not strongly influence the rate of VSV repli-
cation and therefore cannot explain the antiviral actions of STING.

Antiviral STING Activities Are Not Mediated by Autophagy, Mitochondrial
DNA, or an Inducible Transcriptional Response. We reasoned that if the
sole antiviral activities of STING are via transcription, then blocking

host cell gene expression should render WT cells more permissive
to viral replication. To address this possibility, we blocked tran-
scription by RNA polymerase II using the inhibitor actinomycin
D. Treatments with actinomycin D strongly reduced the abun-
dance of Tbp transcripts, which encode TATA-binding protein
(Fig. S2C), confirming host cell transcription was inhibited. Cells
were pretreated with actinomycin D and then infected with VSV-
LUC in the presence of inhibitor. Viral replication was monitored
over time. ShCTRL cells were not more permissive for VSV
replication in the presence of actinomycin D but were rather
slightly less permissive (Fig. S2D). A similar trend was observed
upon actinomycin D treatment of shSTING cells, in that the ab-
sence of inducible gene expression did not promote more effective
viral replication. These results suggest that transcriptional re-
sponses are not the primary strategy used by infected cells to re-
strict VSV replication. The antiviral activities of STING must
therefore involve a transcription-independent cellular process.
One candidate antiviral activity that occurs independent of

transcription is autophagy. Autophagy is a process by which in-
tracellular microbes are enveloped in membranes and delivered to
lysosomes for degradation (30). STING-induced autophagy restricts
intracellular M. tuberculosis (31). To determine if STING mediates
autophagy during RNA virus infection, we transduced shCTRL and
shSTING cells with a retroviral vector expressing an LC3-GFP
fusion protein. LC3 is incorporated into autophagosomes and is
retained on these organelles as they are delivered to lysosomes.
Once in lysosomes, LC3 is degraded (30). We monitored the re-
lease of the GFP epitope tag present on the LC3 transgene as
a readout of autophagosome delivery to lysosomes during viral
infection (32). Infection with VSV, but not SeV, led to the ap-
pearance of free GFP (indicating cleavage) in shCTRL and
STING-deficient cells (Fig. S2E). As SeV replication is restricted
by STING (Fig. 1F) but does not induce detectable changes in
LC3 cleavage (Fig. S2E), autophagy induction does not correlate
with STING-dependent antiviral activities. Moreover, in the case
of VSV infection, we observed no defect in LC3 processing in the
absence of STING (Fig. S2E).
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Fig. 1. STING loss confers a viral replication advantage, independently of IFN signaling. (A) Lysates from shCTRL and shSTING MEFs were separated by SDS/
PAGE, and endogenous STING and actin were detected by western analysis. (B) MEFs were transfected with herring testes DNA (2 μg/mL) or poly(I:C) (0.5 μg/mL).
Ifnb1 transcripts were analyzed by qRT-PCR. Data are represented as mean ± SEM. (C) Primary, matched MEFs were infected with VSV-LUC and SINV-LUC at MOI
0.1. Infections were monitored by luciferase activity assay at 20 h postinfection. Data are represented as mean ± SEM. (D) The MEFs indicated were infected with
VSV-LUC at MOI 0.05, VSV-M51R at MOI 0.1, or SINV-LUC at MOI 0.05. VSV-LUC and SINV-LUC infections were monitored by luciferase assay at the indicated time
postinfection (hours PI). VSV-M51R titer was determined by pfu assay (pfu/mL) at the indicated time postinfection. Data are represented as mean ± SEM. (E) The
MEFs indicated were infected with the indicated virus at MOI 1.0. Ifnb1 transcript was quantified by qRT-PCR at the indicated times. Data are displayed as fold
induction of the indicated gene compared with uninfected. Data are represented as mean ± SEM. (F) The MEFs indicated were infected with the indicated viruses
at the indicated viral quantities. After 24 h of infection, lysates were separated by SDS/PAGE. Viral proteins and actin were detected by specific antibodies. #
denotes nonspecific bands. (G) The MEFs indicated were infected with T3D (MOI 100), IAV (100 HAU/mL), or SeV (250 HAU/mL). Ifnb1 transcript was quantified by
qRT-PCR at the indicated times. Data are displayed as fold induction of the indicated gene compared with uninfected. Data are represented as mean ± SEM. ns,
not significant; *P < 0.05; **P < 0.01; ***P < 0.0001 (Student’s t test).
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To complement this marker-based analysis, we examined the
requirement of autophagy for the restriction of viral replication.
Phosphoinositide 3-kinase (PI3K) regulates the induction of
autophagy that occurs during viral infection. We treated cells with
the PI3K inhibitors wortmannin (WMN) and 3-methyladenine (3-
MA) and examined their effect on VSV replication. We did not
observe higher virus replication in cells treated with either inhibitor
(Fig. S2F). Thus, autophagy induction during viral infection does
not depend on STING, and preventing autophagy does not en-
hance VSV infection.
RNA virus restriction may occur due to sensing of mitochon-

drial DNA by cGAS, which then signals through STING (33).
While we have not found that IFN induction is regulated by
STING during RNA virus replication, we sought to fully assess the
requirement for mitochondrial DNA during infection. We treated
shCTRL and shSTING cells with low-dose ethidium bromide for
2 wk. This procedure generates ρ0 cells, which are depleted of
mitochondrial DNA (34). We confirmed mitochondrial DNA
depletion by monitoring the abundance of mitochondrial genomes
(Fig. S2G). Mock-treated and ρ0 cells were infected with VSV-
LUC, and replication was monitored over time. ShCTRL cells
retained the ability to restrict VSV replication, by a STING-
dependent process, even in ρ0 cells (Fig. S2H). These data sug-
gest that the release of mitochondrial DNA does not promote the
STING-dependent control of RNA virus replication.
The cGAS–STING pathway also regulates cellular senescence

(35, 36). We addressed whether differences in viral control could
be associated with senescence. We observed equal incorpora-
tion of BrdU in shCTRL and shSTING MEFs and observed no
senescence-associated β-galactosidase activity in either cell pop-
ulation (Fig. S2 I and J). In contrast, high passage primary WT
MEFs displayed β-galactosidase activity (Fig. S2J). These results
eliminate the possible contribution of senescence to the STING-
dependent phenotypes we have observed.

The Ability to Productively Infect Cells Is Mediated by STING, Independent
of the Viral Entry Mechanism. We have observed that viral replication
was higher in the absence of STING (Fig. 1 D and F). One of two
possible models could explain this observation: (i) The rate of viral
replication is higher in STING-deficient cells, or (ii) the establish-
ment of infection is more efficient in the absence of STING. To
distinguish between these possibilities, we infected shCTRL or
shSTING cells with VSV-LUC and modeled the rate of viral repli-
cation or determined the efficiency of plaque formation.
We first determined the rate of VSV replication in shCTRL

and shSTING MEFs. This was accomplished by infecting cells
with VSV-LUC and tracking viral luciferase expression over time
(Fig. 3A). Since virus replication is an exponential process, we
modeled the viral curves as exponential growth equations and
extracted the growth rate. This analysis indicated that the growth
rate was similar in the presence and absence of STING (Fig. 3B).
This result indicates that the increased viral replication observed
in shSTING cells was not due to faster virus replication rates.
Given this finding, we hypothesized that the probability that a cell
becomes infected is increased in shSTING cells.
If STING controls the infection probability, then a fixed

concentration of virus will yield a greater amount of pfus when
titered on STING-deficient cells, compared with shCTRL cells.
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Consistent with this model, the titer of VSV-GFP on shCTRL
cells was calculated to be 9.4 × 105 pfu/mL, and the titer of the
same inoculum on shSTING cells was 1.1 × 108 pfu/mL (Fig.
3C). The relative probability of plaque formation was therefore
∼100-fold higher in shSTING cells than in shCTRL cells (Fig.
3C). Thus, with a fixed input of virus, more productive infections
occur in STING-deficient cells than in shCTRL counterparts.
These data demonstrate that in the absence of STING, the
probability that a cell will become infected is increased.
To determine if the increased probability of infection in the

absence of STING depends on a specific entry mechanism, we
bypassed the natural route of VSV entry by transfecting cells with
the viral core of VSV-LUC. This strategy has been used to un-
derstand post-entry aspects of VSV replication (37, 38). Under
these conditions, VSV replication (as assessed by luciferase pro-
duction) was higher in shSTING cells than in shCTRL cells (Fig.
3D). Thus, STING-dependent antiviral activities are evident even
when the natural entry route is bypassed. These results suggest that
STING restricts viral replication at a stage after entry into the cells.

STING Regulates the Translation of Virus and Host mRNAs. Previous
work on RNA viruses demonstrated that infectivity potential can be
determined by the efficiency of viral mRNA translation (39). It was
therefore possible that STING regulates translation. We first tested
this model by determining if STING controlled the amount of
protein produced from an in vitro transcribed mRNA. We used
bicistronic mRNAs that express firefly luciferase via cap-dependent
translation with renilla luciferase expressed downstream of either a
poliovirus IRES (PV mRNA) or the intergenic cricket paralysis vi-
rus IRES (CrPV mRNA). We transfected shCTRL and shSTING
cells and used qPCR to ensure that an equal number of transcripts
were delivered to the cells (Fig. 4A). We also monitored the pres-
ence of the transfected mRNA within cells over 24 h and found that
the stability of the transcript was similar in shCTRL and shSTING
cells (Fig. 4A). We then tested the amount of protein produced by
cap-, PV IRES-, and CrPV IRES-dependent mechanisms. Ap-
proximately 10-fold higher luciferase signal was detected from cap-
dependent translation in shSTING cells, compared with shCTRL
cells (Fig. 4B). Additionally, more luciferase was produced from the
PV IRES in the absence of STING (Fig. 4B). However, the CrPV
IRES displayed no increase in translation in the absence of STING
(Fig. 4B). These findings indicate that STING is necessary to limit
translation of exogenous mRNAs. As CrPV does not require any
host translation initiation factors to begin protein synthesis (40),
STING likely regulates the step of translation initiation.
As in vitro transcribed mRNAs had a translation advantage in

the absence of STING, it was possible that viral mRNAs also had
a translation advantage. We utilized the observation that the
CrPV IRES was translated similarly in the presence and absence
of STING and created a recombinant VSV that expresses a
bicistronic mRNA that has firefly luciferase driven by a capped
VSV 5′UTR and a renilla luciferase after the CrPV IRES (VSV-
FIRESR) (Fig. 4C). This viral strain allowed us to estimate the
number of proteins produced per viral transcript by calculating

the ratio between STING-sensitive translation (firefly luciferase
signal) and STING-insensitive translation (renilla luciferase signal).
We infected shCTRL and shSTING cells and monitored STING-
sensitive firefly luciferase expression over time. As we observed
using other VSV strains, the VSV-FIRESR strain replicated more
robustly in the absence of STING (Fig. 4D). When we compared
a time point where approximately equal amounts of STING-
insensitive renilla were expressed in shCTRL and shSTING cells,
we observe approximately twice the amount of firefly signal in
shSTING cells (Fig. 4E). This result indicates that more viral
translation is occurring per transcript in shSTING cells compared
with the shCTRL cells. We quantified the viral translation effi-
ciency (firefly to renilla ratio) over the course of infection. We
observed a maximum translation efficiency in shSTING cells at 6 h,
whereas the maximum in shCTRL cells was reached later at 12 h
(Fig. 4F). At these time points, the efficiency in the shSTING cells
was significantly higher, together indicating that infection in
shSTING cells leads to more efficient translation earlier in in-
fection. We confirmed these findings in primary STING KO cells
(Fig. 4 G and H). Thus, similar to transfected mRNAs, translation
of viral mRNAs is more efficient in the absence of STING.
Translational efficiency often coincides with the distribution of

a given mRNA in more translationally active polysomes. To de-
termine if the presence of viral transcripts in polysomes is influ-
enced by STING, polysome profiling was performed. The UV
absorbance spectra (OD254) of the polysome sucrose gradients
demonstrated a higher 80S monosome accumulation in infected
shCTRL cells compared with uninfected shCTRL cells (Fig. 5A).
This finding is consistent with the cessation of robust protein
synthesis and the partial collapse of polysomes into monosomes.
Interestingly, 80S accumulation after viral infection was not as
robust in shSTING cells as in shCTRL cells (Fig. 5 A and B),
suggesting that maximal translation shutdown depended on
STING function. Quantification of VSV N mRNA was performed
in each fraction, and we found that a larger proportion of viral
mRNAs were present within polysomes from shSTING cells than
in polysomes isolated from shCTRL cells (Fig. 5C). These results
are consistent with the idea that translation of exogenous (trans-
fected or viral) mRNA is more efficient in the absence of STING.
The larger proportion of viral mRNAs found in the polysomes

suggests that there is more protein synthesis occurring in VSV-
infected shSTING cells. To address this possibility directly, we used
metabolic labeling to quantify the amount of translation occurring
within VSV-infected cells. We infected (or mock-infected) shCTRL
and shSTING cells with VSV-GFP. Ten hours postinfection, cells
were depleted of methionine and labeled with the methionine ho-
molog, L-azidohomoalanine (AHA). Cells were then fixed and click
chemistry was used to attach a fluorophore to AHA. This pro-
cedure creates a correlation between cell-associated fluorescence
and protein synthesis (41). Flow cytometry was then used to quantify
translational activity (Fig. 5D).
We gated on VSV-infected cells, as determined by the virally

encoded GFP signal, and quantified the mean fluorescence in-
tensity (MFI) of AHA staining in the population. We normalized
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the MFI of AHA staining in the infected cell population to the MFI
of mock-infected cells, thereby providing a percent translation ac-
tivity, compared with mock infected. Consistent with the polysome
analysis performed, VSV-infected shCTRL cells displayed lower
translation activity after infection than VSV-infected shSTING cells
(Fig. 5 D and E). These collective results demonstrate that STING
regulates the translational activity of infected cells.

Role of the Initiation Factor eIF2α in STING-Dependent Translational
Control. We sought to determine if STING regulates the trans-
lation of exogenous mRNAs (transfected and viral) specifically or
if STING regulates translation globally during RNA virus in-
fection. However, because viruses utilize and modify host trans-
lation machinery, it is difficult to deconvolute host translation
from viral translation. We therefore used a model for RNA virus
infection, poly(I:C) transfection.
We transfected shCTRL and shSTING cells with poly(I:C) and

then subjected the cells to polysome analysis. Poly(I:C) transfection
led to the expected increase in the abundance of 80S monosomes,
as poly(I:C) is recognized to diminish the translation activity of cells
(Fig. 5 F and G).
Similar to what we observed during VSV infections, poly(I:C)

transfection led to a greater amount of 80S monosome accumula-
tion in shCTRL cells than cells lacking STING (Fig. 5G). To cor-
roborate these findings, we labeled shCTRL and shSTING cells
with AHA after poly(I:C) transfection and monitored the extent of
protein synthesis directly. In agreement with our results using VSV
infection, more protein synthesis occurred after poly(I:C) trans-
fection in the absence of STING than in the presence of STING
(Fig. 5H). These results verify that during RNA virus infection [or
poly(I:C) transfection], STING regulates translational activity.

To determine how STING restricts translation, we considered
the mechanism that regulates translation inhibition after poly(I:
C) transfection. This process involves the phosphorylation of the
initiation factor eIF2α by the dsRNA sensor PKR. Phosphory-
lated eIF2α (phospho-eIF2α) binds and inhibits the GEF activity
of another initiation factor, eIF2B, which prevents eIF2α from
being recycled after one round of translation and initiating fur-
ther rounds of translation (42). Similar to poly(I:C) transfection,
RNA virus replication activates PKR and phospho-eIF2α accu-
mulates during VSV replication in MEFs (43). To determine if
STING regulates eIF2α phosphorylation, we analyzed phospho-
eIF2α in shCTRL and shSTING cells after poly(I:C) trans-
fection. No STING-dependent changes in eIF2α phosphoryla-
tion were observed, as shCTRL and shSTING cells contained
similar amounts of phospho-eIF2α (Fig. 5I).
When eIF2α is phosphorylated, it binds and inhibits eIF2B (44).

However, if eIF2B GEF activity is restored, translation proceeds
in the presence of phospho-eIF2α (42). We reasoned that if de-
pletion of STING leads to an enhancement of eIF2B GEF ac-
tivity, then we would observe increased translation in STING-
deficient cells, even in the presence of phospho-eIF2α. A drug
that maintains GEF activity when eIF2α is phosphorylated should
therefore phenocopy STING deficiency during virus infection of
shCTRL cells. We tested this hypothesis by treating shCTRL and
shSTING cells with the drug ISRIB, which maintains eIF2B GEF
activity in the presence of phospho-eIF2α (45). To confirm the
activity of the drug, we treated shCTRL and shSTING cells with
thapsigargin, which induced eIF2α phosphorylation via the kinase
PERK. Five minutes before metabolically labeling the cells with
puromycin, we treated thapsigargin-treated cells with ISRIB. As
observed by western analysis for puromycin labeling, ISRIB restored
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Fig. 4. STING restricts translation of exogenous and viral mRNAs. (A) The indicated mRNA was transfected into the MEFs indicated with or without lip-
ofectamine 2000. RNA was isolated at the indicated times, and luciferase transcript levels were analyzed by qRT-PCR. Data are represented as mean ± SEM.
(B) The indicated mRNAs were transfected into the MEFs indicated. Luciferase was quantified by dual luciferase assay 8 h after transfection. Data are rep-
resented as mean ± SEM. (C) Schematic of VSV-FIRESR genome; “le” denotes the leader region, and “tr” denotes the trailer. (D) The MEFs indicated were
infected with VSV-FIRESR at MOI 1.0. Infections were monitored by dual luciferase assay at the indicated time postinfection (hours PI). Firefly and renilla
luciferase units are represented at the indicated time. (E) Firefly and renilla luciferase units from the indicated cell line and time postinfection from D. (F) The
ratio between the firefly and renilla signal from the VSV-FIRESR infections in D at the indicated time. Data are represented as mean ± SEM. (G) Lysates from
STING KO primary MEFs transfected with empty plasmid or plasmid encoding STING were separated by SDS/PAGE. STING and actin were detected by western
analysis. (H) Primary STING KO MEFs transfected with empty plasmid or plasmid encoding STING (pSTING) were infected with VSV-FIRESR at MOI 1.0. Infections
were monitored by dual luciferase assay at the indicated time postinfection (hours PI). Left, firefly luciferase units from the indicated cells and time post-
infection are plotted. Right, the ratio between the firefly and renilla signal from the VSV-FIRESR infections at the indicated time. Data are represented as
mean ± SEM. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.0001 (Student’s t test).
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protein production quickly in the presence of phospho-eIF2α
and thapsigargin (Fig. S3A). The puromycin signal was quanti-
fied and normalized to actin (Fig. S3B). We then assayed viral
gene expression in shCTRL and shSTING cells treated with
ISRIB during the infection. After infection with VSV-LUC, viral
gene expression did not significantly increase in the shCTRL
cells (Fig. 5J). This finding suggests that the STING-dependent
translation restriction is not mediated through eIF2B. Based on
these findings, we propose that an eIF2-independent mechanism
underlies the ability of STING to control protein synthesis within
cells infected with RNA viruses.

Genetic Pathway Analysis of STING-Dependent Translation Regulation.
In all our experiments, STING restriction of translation occurs in
the presence of an RNA ligand that stimulates the RLR–MAVS
pathway. Thus, we hypothesized that STING restriction depends
on RIG-I, melanoma differentiation-associated gene 5 (MDA5),
and/or MAVS. To test this hypothesis, we first determined if
STING regulates translation in response to a stimulus that does
not involve exogenous RNAs. The ER stress response induced by
thapsigargin provides such a stimulus. The kinase PERK is acti-
vated by thapsigargin to phosphorylate eIF2α and diminish trans-

lation (46). We treated cells with thapsigargin for 6 h and then
labeled cells with puromycin and quantified the amount of puro-
mycin incorporation by western analysis. We normalized the puro-
mycin signal to actin and then normalized the thapsigargin-treated
sample to the amount of puromycin in the DMSO-treated cells.
From this analysis, we observed no significant difference in trans-
lation activity between shCTRL and shSTING cells (Fig. S3C). This
result indicates that STING does not broadly regulate all pathways
that lead to translation inhibition but specifically controls pathways
activated by exogenous RNA. Consistent with this idea, we found
that STING does not regulate translation in response to cytosolic
DNA. Translation, as measured by AHA incorporation, was not
significantly different between shCTRL and shSTING cells trans-
fected with DNA (Fig. S3D).
To examine the role of the RLR–MAVS pathway in trans-

lation regulation, we determined if MAVS was required to
restrict translation. We assayed translation activity within WT
or MAVS KO MEFs after transfection with poly(I:C) using
metabolic labeling with AHA. After transfection, translation
was inhibited in WT and MAVS KO MEFs (Fig. 6A). These
data indicate that STING-dependent translation restriction
does not depend on MAVS.

A B C

D E F

G H I J

Fig. 5. Translation is enhanced in virally infected and poly(I:C)-transfected cells lacking STING. (A) UV absorbance spectra of polysome sedimentation from
shCTRL and shSTING cells infected at MOI 2, 12 h postinfection. (B) Overlay of VSV-infected shCTRL and shSTING profiles from A. (C) qRT-PCR analysis of VSV N
mRNA from each fraction. Inset is virus titer calculated by pfu assays of supernatant virus at time of RNA isolation. Data are represented as mean ± SEM.
(D) The MEFs indicated were infected or mock-infected with VSV-GFP for 10 h at MOI 5. Cells were depleted of methionine and labeled with AHA. Cells were
fixed and a fluorophore was attached to AHA. Infected and mock-infected cells were analyzed by flow cytometry. VSV-infected cells were gated by GFP signal.
(E) AHA MFI of all populations was determined from the data in D. Data are shown as percent MFI of mock-infected cells. Data are represented as mean ±
SEM. (F) UV absorbance spectra of polysome sedimentation from shCTRL and shSTING MEFs 6 h after transfection with 2 μg/mL of poly(I:C) or mock-
transfected. (G) Overlay of poly(I:C)-transfected shCTRL and shSTING profiles from F. (H) The MEFs indicated were transfected with 2 μg/mL of poly(I:C)
and then labeled with AHA. Six hours after transfection, cells were fixed and AHA incorporation was measured with flow cytometry. AHA MFI of all pop-
ulations was determined. Data are shown as percent MFI of mock-transfected cells. Data are represented as mean ± SEM. (I) MEFs were transfected with 2 μg/mL
of poly(I:C) or mock-transfected. Lysates were separated by SDS/PAGE, and endogenous phospho-eIF2α and total eIF2α were detected by western analysis. (J) The
MEFs indicated were incubated with 1 μM ISRIB for 10 min before infection with VSV-LUC at the indicatedMOI, in the presence of ISRIB. Viral gene expression was
determined by luciferase activity assay 12 h postinfection. *P < 0.05; **P < 0.01; ***P < 0.0001 (Student’s t test).
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Next, we tested the requirement for RIG-I and MDA5. Using
metabolic labeling with AHA, we assayed the amount of trans-
lation that occurs after poly(I:C) transfection in WT MEFs and
MEFs that lack RIG-I and MDA5 (RIG-I/MDA5 KO). In WT
MEFs, translation activity was decreased to ∼50% of mock after
poly(I:C) transfection. However, in MEFs lacking RIG-I and
MDA5, translation was maintained at 96% of mock (Fig. 6B).
We also detected a slight decrease in eIF2α phosphorylation in
the absence of RIG-I and MDA5 (Fig. 6C). In contrast (and
similar to STING-deficient cells), RIG-I/MDA5 KO cells dis-
played no defects in thapsigargin-induced translation inhibition
or eIF2α phosphorylation (Fig. S3E). Translation regulation in
response to exogenous RNA was therefore dependent on RLRs.
To determine if RIG-I and/or MDA5 influenced translation of

viral mRNAs, we infected WT and RIG-I/MDA5 KOs with VSV-
FIRESR. We quantified the firefly and renilla signal over time.
Similar to what was observed in shSTING and STING KO cells,
we observed an early enhancement of viral translation (6 h) in the
absence of RIG-I/MDA5 (Fig. 6D).
Because detection of VSV RNA ligands is dependent on RIG-I

(47), we hypothesized that RIG-I is necessary to control VSV
translation. We infected WT or RIG-I KO primary MEFs with
VSV-FIRESR. We again observed an early enhancement of viral
translation in the absence of RIG-I (Fig. 6E). Therefore, RIG-I
(and not MAVS) is necessary to inhibit VSV mRNA translation.
Given that viral translation is regulated in a similar way by

STING and RIG-I, we reasoned that these proteins form a path-

way to control RNA virus replication. If STING is downstream of
RNA sensing by RLRs, then RIG-I/MDA5 KO cells should con-
trol virus replication to the same extent as cells lacking all three of
these regulators. However, if STING controls RNA virus replica-
tion independently of RIG-I and MDA5, we would expect to see
an enhancement of RNA virus replication when RIG-I, MDA5,
and STING are all missing from a cell. Using our shRNA that
targets STING, we depleted RIG-I/MDA5 KO cells of STING
(RIG-I/MDA5/shSTING) or transduced them with the non-
targeted control (RIG-I/MDA5/shCTRL). We confirmed STING
depletion by western analysis (Fig. 6F). After STING depletion,
cells no longer induced Rsad2 in response to transfected DNA,
confirming that the depletion was functional (Fig. 6G). We in-
fected both cell lines with VSV-LUC and monitored the infection
by luciferase activity assay and viral titer over time. We observed
no difference in viral replication between RIG-I/MDA5/shCTRL
cells and RIG-I/MDA5/shSTING cells (Fig. 6H). This result sup-
ports a model whereby RLRs have distinct effector responses
during RNA virus infection. One response is mediated by MAVS
to induce IFN, and a distinct response is mediated by STING to
diminish translation.

Discussion
In this study, we explored the role of STING in the establishment
of a functional antiviral state within murine fibroblasts. While
some reports have indicated a role for STING in the induction of
IFNs and ISGs during RNA virus infection, substantial evidence
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PCR. Data are represented as mean ± SEM. (H) The MEFs indicated were infected with VSV-LUC at MOI 0.1. Infections were monitored by luciferase assay at
the indicated time postinfection (hours PI). Left shows firefly luciferase units at the indicated time. Right shows viral titer as determined by pfu assays. Data
are represented as mean ± SEM. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.0001 (Student’s t test).
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supports a model whereby STING specifically controls IFN ex-
pression when DNA viruses enter cells (11, 13, 16). Our studies
support this latter conclusion, in that STING-deficient cells
retained the ability to induce IFNs during infections with mul-
tiple phylogenetically diverse RNA viruses. Despite this ability to
induce IFNs and ISGs, STING-deficient cells were unable to
restrict the replication of RNA viruses. These results indicate
that IFN expression is not sufficient to restrict viral replication
and that other antiviral mechanisms are important to fully pro-
tect a cell from infection. Consistent with this finding are studies
demonstrating that STAT1-deficient cells (which are defective
for IFN signaling) are not more permissive for VSV replication
than WT cells (22, 23). We have verified these results in this
study with the finding that the inhibitor P6, which blocks sig-
naling by JAKs, does not result in an increase in VSV replica-
tion. Viral replication in the absence of STING unmasked an
IFN-independent mechanism of viral control.
We have explored several possible mechanisms by which

STING could restrict RNA virus replication, including the role
of basal ISGs, mitochondrial DNA, and autophagy. We found
that VSV replication was largely insensitive to experimental al-
terations in basal ISG abundance, removal of mitochondrial
DNA, or prevention of autophagy. These findings prompted an
examination of the most primordial antiviral activity known—the
control of mRNA translation. Diverse host strategies prevent
viral mRNA from gaining access to the translational machinery
that is critical for pathogen propagation. These strategies include
the use of restriction enzymes to hydrolyze bacteriophage ge-
nomes, which prevents transcription (48), the use of RNA in-
terference to degrade viral mRNAs within insects (2), and the
use of PKR to globally diminish translation in mammalian cells
(26). Our findings add STING to the list of factors used by host
cells to restrict translation of viral mRNAs, as STING is neces-
sary for global translation inhibition during RNA virus infec-
tions. Whether STING-mediated translation control operates in
cell types other than fibroblasts is unclear. Several evolutionary
questions also remain unanswered. In particular, it is unknown if
STING proteins present in nonmammals display similar activi-
ties to those described herein.
While the precise mechanism by which STING influences

translation is unclear, our analysis suggests that this process is
distinct from that mediated by PKR. Indeed, eIF2α phosphor-
ylation, which is the target of PKR, was not affected by STING
deficiency, and a broader range of viruses are restricted by
STING than are capable of inducing eIF2α phosphorylation.
For example, SINV is resistant to eIF2α translation control and
VSV-M51R does not activate eIF2α kinases (43, 49), but these
viruses replicate to higher amounts in the absence of STING.
STING was observed to associate with a subunit of the trans-
locon complex (12). Given this observation, we considered the
possibility that STING influences translation via the regulation
of protein translocation. However, translation of mRNAs that
do not utilize the translocon (luciferase and VSV N) was sup-
pressed by STING, suggesting that the mechanism of trans-
lation inhibition is not related to the translocon. Some other
strategy must therefore exist within cells that is mediated by
STING to influence translation inhibition, and this process is
necessary to suppress RNA virus replication.
Our findings support the idea that STING has distinct and

context-dependent antiviral effector mechanisms. There are few
other examples of innate immune regulators that exhibit distinct
functional activities. Of those that do exhibit diverse downstream
effector functions, such as TLR4 and TLR9, these functions are
induced from distinct organelles (6). For example, TLR4 induces
cytokine expression from the plasma membrane and IFN ex-
pression from endosomes, and TLR9 induces cytokine and IFN
expression from distinct endosomal populations (6). Caspase-
11 also can induce either pyroptosis or cell hyperactivation in
response to different upstream stimuli, independent of sub-
cellular localization (50). Our findings suggest that STING is
regulated by a process similar to TLRs and caspase-11. For ex-

ample, like caspase-11, STING induces different responses when
different upstream stimuli (cGAMP or RLR activation) are
encountered. Our studies of STING subcellular trafficking also
suggest similarities with the TLRs, as STING must leave the ER
to stimulate IFN expression. In contrast, STING-mediated trans-
lation inhibition was not associated with changes in its subcellular
positioning. STING may therefore have the ability to induce
translation inhibition from the ER.
The final notable aspect of this study came from our genetic

analysis, which identified a pathway that links RLRs to STING,
independent of MAVS. These data expand the functions of
RLRs in infected cells beyond the transcriptional induction of
antiviral genes. Our results support a model where RLRs detect
a common upstream ligand (viral RNA) and then engage dis-
tinct sets of downstream factors to induce IFN expression or
translation inhibition (Fig. S4). We propose that while IFN
expression is critical to protect uninfected cells from a future
infection, translation inhibition is important to protect during
the earliest stages of an infection, in a cell-intrinsic manner.
The findings reported herein therefore provide a mandate to
explore whether other innate immune signaling pathways co-
ordinate diverse antiviral mechanisms to maximize the ability to
restrict infection.

Materials and Methods
Virus Stocks, Infections, and Virus Detection. Reovirus Type 3 Dearing Cash-
dollar (T3D) was propagated in L929 cells and plaque purified as described
(51). SeV was obtained from Charles River Laboratories. Influenza virus (A/
Puerto Rico/8/34, H1N1) was propagated in Vero cells as described (52). VSV
(Indiana), VSV-LUC, VSV-FIRESR, and VSV-GFP was propagated and purified
as described (53). VSV-FIRESR was generated by cloning the CrPV IRES
Renilla sequence from pFR_CrPV_xb directly downstream of the firefly lu-
ciferase gene in the VSV-LUC backbone. The virus was rescued using a
previously published protocol (54). SINV was propagated and purified as
described (55).

Cells were seeded 16 h before infection. On the day of infection, cell
monolayerswere incubatedwith the indicated amounts of virus in serum-free
DMEM for 1 h at 37 °C, washed, and incubated in normal media. Luciferase
activity readings were performed using Bright-Glo Luciferase Assay System
or Dual-Glo Luciferase Assay System (Promega) according to the manufac-
turer’s instructions. VSV titers were determined by pfu assay on Vero cells as
described (55). VSV-LUC ribonucleoproteins were isolated and transfected
into cells as described (56).

Generation of ρ0 MEFs. ρ0 MEFs were generated as described (34). Depletion of
mitochondria DNA was assessed by qPCR for mitochondrial genomes using
the primers and procedure previously described (57). DNA was analyzed on a
CFX384 real-time cycler (Bio-Rad) using iTaq Universal SYBR Green Supermix.

cGAMP Activity Assay. cGAMP activity was measured essentially as described
(10). Full details can be found in SI Materials and Methods.

Metabolic Labeling, Flow Cytometry. Cell labeling with 50 μM AHA was per-
formed via the manufacturer’s protocol (Life Technologies). AHA was
stained with 100 μM of APC-phosphine according to the manufacturer’s
protocol (Life Technologies). Cells labeled with puromycin were labeled and
analyzed by western analysis as described (58). For AHA experiments, pop-
ulations were gated based on cells treated with cycloheximide (10 μg/mL)
before AHA labeling. All data for flow cytometry experiments were acquired
on a BD FACSCanto II (Becton Dickinson) and analyzed using FlowJo v10
(FlowJo; LLC).

Polysome Profiling and mRNA Detection. MEFs were mock-infected or in-
fected at an MOI of 2 with VSV for 12 h. Cells were incubated in complete
DMEM with 100 μg/mL cycloheximide for 10 min at 37 °C. Cells were
washed with cold PBS and 100 μg/mL cycloheximide. Cells were collected
after trypsinization, resuspended in 500 μL of PEB (20 mM Tris·HCl, pH 7.5,
50 mM KCl, 10 mM MgCl2, 1 mM DTT, 100 μg/mL cycloheximide, 200 μg/mL
heparin) with 1% Triton-X, and incubated on ice for 15 min. Lysate was
spun for 15 min at 4 °C at 12,000 × g, and supernatant was sedimented on
a 10–50% (wt/vol) sucrose gradient by centrifugation at 38,000 rpm at 4 °C
for 2 h in a Beckman SW40 Ti rotor. Fractions were collected from the top
of the gradient using a Gradient Station (BioComp). RNA was isopropanol
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precipitated overnight, pelleted by centrifugation at 4 °C at 12,000 × g,
and resuspended in lysis buffer. RNA was isolated using PureLink RNA
Mini Kit (Life Technologies). cDNA was synthesized from RNA using iScript
cDNA synthesis kit (BioRad). VSV N mRNA expression was analyzed on a
CFX384 real-time cycler (Bio-Rad) using iTaq Universal SYBR Green
Supermix with primers described (56).

RNA was isolated from cell culture using PureLink RNA Mini Kit (Life
Technologies). Gene expression was analyzed on a CFX384 real-time cycler

(Bio-Rad) using TaqMan RNA-to-CT 1-Step Kit (Applied Biosystems) with
probes purchased from Life Technologies.
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