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Recognition of viral nucleic acids by pattern recognition receptors
initiates type I IFN induction and innate antiviral immune re-
sponse. Here we show that LSm14A, a member of the LSm family
involved in RNA processing in the processing bodies, binds to
synthetic or viral RNA and DNA and mediates IRF3 activation and
IFN-β induction. Knockdown of LSm14A inhibits cytosolic RNA- and
DNA-trigger type I IFN production and cellular antiviral response.
Moreover, LSm14A is essential for early-phase induction of IFN-β
after either RNA or DNA virus infection. We further found that
LSm14A-mediated IFN-β induction requires RIG-I–VISA or MITA af-
ter RNA or DNA virus infection, respectively, and viral infection
causes translocation of LSm14A to peroxisomes, where RIG-I, VISA,
andMITA are located. These findings suggest that LSm14A is a sen-
sor for both viral RNA and DNA and plays an important role in
initiating IFN-β induction in the early phase of viral infection.

The innate immune response is the first line of host defense
against viral infection, which is mediated by pathogen recog-

nition receptors (PRRs) after recognition of viral nucleic acids,
replicative intermediates, and transcription products (1–3). It has
been well established that viral RNA is sensed by endosomal Toll-
like receptors (TLRs) and cytosolic RIG-I–like receptors (RLRs).
Recognition of viral RNAs by these receptors links them to
downstream adapter proteins, including TRIF, VISA/MAVS/IPS-
1/Cardif (4–7), and MITA/STING (8, 9), leading to activation of
the kinases TBK1 and IKKβ. These kinases phosphorylate and
activate the transcription factors IRF3 and NF-κB, respectively,
which cooperatively induce transcription of a set of antiviral genes
including type I IFNs (10).
In contrast to recognition of viral RNA, the mechanisms by

which cytosolic viral or microbial DNA induces type I IFN and
proinflammatory cytokines are not well understood. Particularly,
the sensors that detect cytosolic viral DNA and the signaling
mechanisms of the subsequent IFN induction pathways are still
unclear or controversial. It has been demonstrated that TLR9
recognizes CpG DNA derived from viruses and bacteria in the
endolysosomes, leading to IFN-α induction via MyD88 and
IKKα (11, 12). However, exogenous dsDNA introduced into the
cytoplasm, as would happen during infection by a DNA virus,
triggers IFN-β induction through MITA-TBK1–dependent
pathways (13). To date, several cytoplasmic DNA sensors have
been reported, including DAI, RNA polymerase III, IFI16, and
DDX41 (14–17). However, it seems that none of the identified
sensors plays a universal role in detecting viral and microbial
DNA in distinct cell types. In addition, it is unknown whether the
sensing of viral or microbial nucleic acids is temporally regulated
by distinct receptors.
In the present study, we identified a component of the pro-

cessing bodies (P-bodies), LSm14A (also called RAP55), as an
activator of IRF3 in expression screen experiments (18). Our
results indicated that LSm14A bound to synthetic or viral RNA
and DNA and was essential for initiating the induction of IFN-β
in the early phase of virus infection. We further found that viral
infection caused LSm14A translocation to peroxisomes, where
LSm14A initiated IFN-β induction via RIG-I–VISA or MITA

after RNA and DNA virus infection, respectively. These findings
suggest that LSm14A is a sensor for both viral RNA and DNA
and provide a mechanism for temporal regulation of type I IFN
induction and cellular antiviral innate immunity.

Results
Identification of LSm14A as a Mediator of IFN-β Induction. ISRE
(IFN-stimulated response element) is an enhancer motif bound
by activated IRF3/7, which is essential for transcriptional in-
duction of type I IFN genes (19, 20). To identify candidate
molecules involved in virus-triggered innate immune response,
we screened ∼10,000 independent human cDNA expression
plasmids for their ability to regulate ISRE activity by reporter
assays. These efforts led to the identification of LSm14A,
a member of the LSm family of proteins that are involved in
RNA metabolism (18). As shown in Fig. 1A, overexpression of
LSm14A activated ISRE and potentiated SeV-triggered ISRE
activation in a dose-dependent manner. The role of LSm14A in
mediating ISRE activation is specific to the LSm family proteins
because 11 other examined members of the LSm family proteins
had no marked effects on ISRE activation either in the absence
or presence of SeV infection (Fig. S1A). Overexpression of
LSm14A also activated NF-κB and potentiated SeV-induced
NF-κB activation (Fig. 1B). Consistently, LSm14A activated the
IFN-β promoter and potentiated SeV-induced activation of the
IFN-β promoter (Fig. 1B), which requires coordinative and co-
operative activation of IRF3 and NF-κB. Furthermore, over-
expression of LSm14A markedly potentiated SeV-induced
transcription of endogenous IFNB1 gene (Fig. 1C), as well as
secretion of IFN-β cytokine (Fig. 1D). Interestingly, LSm14A
had no marked effects on transcriptional activation of promoters
of the IFN-α family genes, including IFN-α1, IFN-α4, IFN-α7,
and IFN-α14 (Fig. S1B). These results suggest that LSm14A
differentially regulates type I IFN expression, consistent with
previous observations that expression of IFN-β and IFN-α family
members are differentially regulated after viral infection (19).
Because LSm14A mediates virus-triggered induction of IFN-β,

we next determined whether LSm14A plays a role in cellular
antiviral response. In plaque assays, overexpression of LSm14A
inhibited vesicular stomatitis virus (VSV) replication and further
enhanced the inhibition of VSV replication triggered by cyto-
plasmic poly(I:C) (Fig. 1E). Similar results were obtained with
GFP-tagged Newcastle disease virus (NDV). As shown in Fig.
1F, overexpression of LSm14A inhibited NDV replication, as
suggested by diminished GFP expression. Collectively, these data
suggest that LSm14A is involved in cellular antiviral responses.
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LSm14A Recognizes Synthetic or Viral RNA and DNA. LSm14A is
a member of the LSm family of proteins, which have been shown
to be involved in RNA processing events (18, 21). The N ter-
minus of LSm14A, amino acids 1–76, is a conserved LSm do-
main, whereas the C terminus contains two domains called
“DFDF box” (amino acids 291–316) and “FDF_TFG box” (amino
acids 361–397), respectively (Fig. 2A). Considering its predictive
ability of binding to RNA, we examined whether LSm14A binds to
poly(I:C), a synthetic dsRNA. Poly(I:C) pull-down experiments
showed that both LSm14A and RIG-I could bind to poly(I:C)
individually or simultaneously (Fig. 2B). As shown in Fig. 2C,
LSm14A also bound to both biotinylated 5′-ppp-RNA (ssRNA)
and poly(dA:dT) (dsDNA). Competitive poly(dA:dT) pull-down
experiments indicated that the association of LSm14A with poly

(dA:dT) could be inhibited by unlabeled poly(dA:dT) but not
poly(dG:dC) or plasmid DNA (Fig. 2D), suggesting that
LSm14A has higher affinity to poly(dA:dT) than poly(dG:dC) or
plasmid DNA.
Because ISD (a 45-bp dsDNA), HSV 60mer (a 60-bp dsDNA

oligonucleotide derived from the HSV-1 genome), and VACV
70mer (a 70-bp dsDNA conserved in various poxviral genomes,
such as VACV) could activate IFN-β response (16), we detec-
ted the interactions of GST-tagged LSm14A with the above
dsDNAs by GST pull-down experiments. As shown in Fig. 2E,
LSm14A bound to ISD, HSV 60mer, and VACV 70mer, as well
as poly(dA:dT). Taken together, these findings suggest that
LSm14A binds to synthetic ssRNA, dsRNA, dsDNA, and viral
nucleic acids.
To map domains of LSm14A that are responsible for nucleic

acid binding, we made various truncation mutants of LSm14A
(Fig. 2A). Pull-down assays indicated that the FDF_TFG box was
required and sufficient for the ability of LSm14A to bind to 5′
ppp-RNA and poly(dA:dT) (Fig. 2C). Consistent with its ability
to bind to poly(I:C), 5′ppp-RNA, and poly(dA:dT), LSm14A
dramatically potentiated activation of the IFN-β promoter trig-
gered by transfection of these nucleic acids but not poly(dG:dC)
or plasmid DNA (Fig. 2F), whereas the truncation mutant con-
taining the FDF_TFG box acted as a dominant negative mutant
and markedly inhibited activation of the IFN-β promoter trig-
gered by poly(I:C), poly(dA:dT), and SeV infection (Fig. 2G).

LSm14A Is Required for Induction of IFN-β Triggered by RNA and DNA
Virus. To investigate the physiological functions of LSm14A in
innate antiviral response, we constructed five RNAi plasmids
targeting different sites of human LSm14A mRNA. Reporter
assays indicated that knockdown of LSm14A inhibited SeV-in-
duced activation of the IFN-β promoter (Fig. 3A). The inhibitory
efficiencies of LSm14A-RNAi plasmids on SeV-induced IFN-β
activation were correlated with their abilities to down-regulate
endogenous LSm14A expression (Fig. 3A). An RNAi off-target
LSm14A mutant with three nucleotides nonsense mutations in
the target sequence of the #3 LSm14A-RNAi plasmid, rescued
the #3 LSm14A-RNAi–mediated inhibition of SeV-induced
activation of the IFN-β promoter (Fig. 3B), further confirming
that LSm14A plays an important role in SeV-induced IFN-β
induction. Knockdown of LSm14A by RNAi also markedly
inhibited SeV-induced ISRE and NF-κB activation (Fig. 3C),
suggesting that LSm14A is involved in both SeV-induced IRF3
and NF-κB activation pathways.
Because LSm14A also binds to DNA, we examined whether it

is involved in DNA virus-triggered IFN-β induction. As shown in
Fig. 3D, knockdown of LSm14A dramatically inhibited activation
of the IFN-β promoter triggered by HSV-1 in hepatic Huh7 or
colon HCT116 cells, suggesting that LSm14A plays an important
role in DNA virus-triggered IFN-β induction. Consistent with its
involvement in both RNA and DNA virus-triggered IFN-β in-
duction, knockdown of LSm14A also inhibited IFN-β promoter
activation triggered by transfected cytoplasmic poly(I:C), 5′ppp-
RNA, and poly(dA:dT) (Fig. 3E). In contrast, knockdown of
LSm14A had no marked inhibitory effects on TLR3-mediated
activation of the IFN-β promoter triggered by poly(I:C) (Fig.
3F), as well as TNFα- or IL-1β–induced NF-κB activation (Fig.
S2). These data suggest that LSm14A is specifically involved in
both RNA and DNA virus-triggered and cytoplasmic PRR-me-
diated induction of IFN-β.
In plaque assays, knockdown of LSm14A enhanced VSV

replication and markedly reversed cytoplasmic poly(I:C)-me-
diated inhibition of VSV replication (Fig. 3G). Replications of
NDV were also enhanced in LSm14A knock-down cells (Fig.
3H). Plaque assays also indicated that knockdown of LSm14A
enhanced HSV-1 replication and reversed cytoplasmic poly
(dA:dT)-mediated inhibition of HSV-1 replication (Fig. 3I).
These data suggest that LSm14A is required for efficient cel-
lular antiviral responses.

A

R
el

. L
uc

if.
 A

ct
.

ISRE-Mock

Vec
LSm14A

R
el

. L
uc

if.
 A

ct
.

ISRE-SeV

B NF- B IFN-

R
el

. L
uc

if.
 A

ct
.

R
el

. L
uc

if.
 A

ct
. LSm14A

Vector

Mock SeV

Vec
LSm14A

Mock SeV

IFNB1

m
R

N
A

 L
ev

el

D

E

S
ec

re
te

d 
IF

N
-β

(p
g/

m
l)LSm14A

Vector
LSm14A
Vector

Mock SeV Mock SeV

V
S

V
 ti

te
r [

Lo
g 

(p
fu

/m
l)]

MOI=0.1, 24hr

Mock Poly(I:C)

LSm14A
Vector

F

C

BF

NDV-GFP

Vector      LSm14A  

Rel. GFP intensity:     1     0.27
IB: GFP

IB: actin

IB: LSm14A

Fig. 1. Identification of LSm14A. (A) LSm14A activated ISRE in a dose-de-
pendent manner. The 293 cells were transfected with ISRE reporter and in-
creased amount of LSm14A plasmid for 18 h, and then left uninfected or
infected with SeV for 10 h before luciferase assays. (B) LSm14A activated NF-
κB and the IFN-β promoter. Reporter assays were performed similarly as in A.
(C) LSm14A increased IFNB1 gene expression. The 293 cells were transfected
with LSm14A plasmid for 18 h and then infected with SeV for 10 h before RT-
PCR analysis for IFNB1 mRNA was performed. (D) LSm14A increased the
production of IFN-β. The 293 cells were transfected and infected with SeV as
in C. Secretion of IFN-βwas measured by ELISA at 18 h after SeV infection. (E)
Overexpression of LSm14A inhibited VSV replication. The 293 cells were
transfected with LSm14A plasmid for 18 h and then further transfected with
poly(I:C) for an additional 24 h. The transfected cells were infected with VSV
[multiplicity of infection (MOI) = 0.1] for 24 h before culture medium was
harvested for measurement of VSV production by plaque assays. (F) Over-
expression of LSm14A inhibited NDV replication. The 293 cells were trans-
fected with LSm14A plasmid for 18 h. The cells were then infected with NDV-
GFP (MOI = 0.01) for another 36 h. The replications of NDV were analyzed by
microscopy (Upper) and analyzed by immunoblots with anti-GFP (Lower).
The intensities of GFP bands were quantitated using the Bio-Rad Quantity
One Program and normalized to that of β-actin levels. BF, bright field. For
A–E, graphs show mean ± SD, n = 3.
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It has been demonstrated that LSm14A is localized at the
P-bodies (18). To further exclude the possibility that the defects
in the innate response in LSm14A knockdown cells are due to
disrupting the function of the P-bodies, we designed two RNAi
vectors for DDX6 (also named p54), which is a critical compo-
nent of the P-bodies, and knockdown of DDX6 leads to disas-
sembly of the P-bodies (22, 23). As shown in Fig. S3, knockdown
of DDX6 had minor effects on SeV-induced activation of IFN-β,
whereas knockdown of LSm14A significantly inhibited SeV-in-
duced IFN-β activation. These data suggest that knockdown of
LSm14A directly leads to the defects in innate response.

LSm14A Mediates Induction of IFN-β in the Early Phase of Viral
Infection. To explore a possible temporal role of LSm14A in vi-
rus-triggered IFN-β induction, we dynamically analyzed the
effects of LSm14A deficiency on IFN-β induction in different
phases of virus infection. As shown in Fig. 4A, knockdown of
LSm14A markedly decreased transcription of the IFNB1 gene, as
well as other downstream genes, including RANTES, ISG56, and
RIG-I, at 6- and 9-h time points after SeV infection. However,
the expression levels of these genes in LSm14A-knockdown cells
were mostly recovered to levels of control cells at 12 or 24 h after
SeV infection. Consistently, ELISAs showed that the secretion of
IFN-β was markedly decreased in LSm14A-knockdown cells in
comparison with control cells at 8 and 12 h after SeV infection,
but recovered at later time points (Fig. 4B). These results suggest
that LSm14A mediates induction of IFN-β in the early phase of
SeV infection. Furthermore, we examined the nuclear trans-
locations of IRF3 and NF-κB during the early time points of SeV
infection. As shown in Fig. 4C, nuclear IRF3 was decreased in
LSm14A-knockdown cells at 4 and 6 h after SeV infection but
recovered to the level of control cells at later time points.
Consistently, cytoplasmic IRF3 was reversely changed. In these
experiments, nuclear p65 was also decreased in LSm14A-

knockdown cells as early as 4 h after SeV infection. Similarly,
RT-PCR experiments indicated that IFN-β mRNA levels in-
duced by HSV-1 infection in THP-1 cells were markedly de-
creased by LSm14A knockdown from 4 to 12 h after HSV-1
infection and restored to levels comparable to control cells at
24 h after infection (Fig. 4D). These results suggest that LSm14A
is also important for DNA virus-triggered IFN-β induction at
early phase of infection.

LSm14A-Mediated IFN-β Induction Requires RIG-I–VISA or MITA.
Previously, various studies have demonstrated that the cyto-
plasmic receptor RIG-I and adapter protein VISA are required
for IFN-β induction triggered by a majority of examined RNA
viruses (24, 25). Reporter assays showed that activation of ISRE
by overexpression of LSm14A was abolished in Rig-i−/− and
Visa−/− MEF cells, whereas reconstitution of the deficient cells
with RIG-I or VISA restored the ability of LSm14A to poten-
tiate ISRE activation (Fig. S4A). In real-time PCR experiments,
SeV-induced expression of endogenous IFN-β mRNA was
abolished in RIG-I- or VISA-deficient mouse embryonic fibro-
blasts (MEFs), whereas reconstitution of RIG-I or VISA but not
LSm14A restored Ifnb1 gene transcription induced by SeV in-
fection (Fig. S4 B and C). In addition, LSm14A failed to activate
ISRE and the IFN-β promoter in Rig-i−/− MEFs but restored its
ability to enhance SeV-triggered activation of ISRE and the
IFN-β promoter in Rig-i−/− cells reconstituted with RIG-I (Fig.
S4D). Consistently, knockdown of LSm14A did not inhibit ISRE
activation by overexpression of RIG-I (Fig. S4E). These results
suggest that LSm14A signals through RIG-I and VISA in SeV-
triggered IFN-β induction pathways.
A recent study suggested that a family of cytosolic dsRNA

sensor (such as DDX21) signals through TRIF and VISA (26).
To explore the role of TRIF in LSm14A-mediated signaling, we
used two TRIF-RNAi plasmids (27). As shown in Fig. S4F,
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transfected with the indicated plasmids. Cell lysates were in-
cubated with biotinylated-poly(I:C) and streptavidin-Sephar-
ose. Bound proteins were analyzed by immunoblots with anti-
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knockdown of TRIF inhibited LSm14A-mediated activation of
the IFN-β promoter in 293 cells. These data suggest that TRIF
plays a role in LSm14A-mediated signaling.
Consistent with previous reports that DNA virus-triggered

IFN-β induction does not require RIG-I and VISA (25, 28, 29),
HSV-1 infection could fully induce Ifnb1 gene transcription in
RIG-I- or VISA-deficient MEFs (Fig. S4 G and H). In RIG-I–
deficient MEFs, LSm14A could still potentiate HSV-1-induced
Ifnb1 gene transcription (Fig. S4G), suggesting that LSm14A-
mediated IFN-β induction after DNA virus infection is in-
dependent of RIG-I pathways. Previous studies have suggested
a role for the adapter protein MITA in DNA virus-induced
IFN induction (13). Interestingly, in MITA-deficient MEFs,
HSV-1 failed to induce Ifnb1 gene transcription, and over-
expression of LSm14A also failed to potentiate HSV-1–in-
duced Ifnb1 gene transcription (Fig. S4I). These results suggest
that LSm14A signals through MITA in HSV-1–triggered IFN-β
induction pathways.
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RNAi-resistant mutant LSm14A plasmid for 24 h. Cells were then left
uninfected or infected with SeV for 12 h before luciferase assays. (C )
Effects of LSm14A-RNAi on SeV-induced ISRE and NF-κB activation.
Experiments were similarly performed as in B. (D) Effect of LSm14A-RNAi
on HSV-1–induced IFN-β production. HCT116 or Huh7 cells stably trans-
duced with LSm14A-RNAi plasmid were infected with HSV-1 for 24 h
before RT-PCR analysis for IFNB1 mRNA was performed. (E ) Effect of
LSm14A-RNAi on IFN-β promoter activation triggered by cytoplasmic
nucleic acids. The 293 cells were transfected with LSm14A-RNAi plasmid
and IFN-β promoter reporter for 24 h and then further transfected with
the indicated nucleic acids for 20 h before luciferase assays. (F ) Effect of
LSm14A-RNAi on TLR3-dependent signaling. The 293 cells were trans-
fected with IFN-β reporter, TLR3 plasmid, and LSm14A-RNAi plasmid for
24 h. Cells were then treated with poly(I:C) (20 μg/mL) for 12 h before
luciferase assays. (G) Knockdown of LSm14A increased VSV replication.
The 293 cells were transfected with LSm14A-RNAi plasmid and then
infected with VSV (MOI = 0.1) for 24 h before culture medium was har-
vested for measurement of VSV production by plaque assays. (H)
Knockdown of LSm14A increased NDV replication. The 293 cells were
transfected with LSm14A-RNAi plasmid, then infected with NDV-GFP
(MOI = 0.01) for another 36 h. The replications of NDV were analyzed by
microscopy (Upper) or immunoblots with anti-GFP (Lower). The in-
tensities of GFP bands were quantitated using Bio-Rad Quantity One
Program and normalized to that of β-actin levels. BF, bright field. (I)
Knockdown of LSm14A increased HSV-1 replication. HCT116 cells stably
transduced with LSm14A-RNAi plasmid were transfected with poly(dA:
dT) (1 μg) for 20 h and then infected with HSV-1 (MOI = 0.1) for 24 h
before the culture medium was analyzed for HSV-1 production by plaque
assays.
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Fig. 4. LSm14A mediates IFN-β induction in the early phase of viral in-
fection. (A) Effects of LSm14A knockdown on induction of antiviral genes in
different phases of SeV infection. The 293 cells were transfected with
LSm14A-RNAi plasmid for 24 h, then infected with SeV for the indicated
times before RT-PCR was performed. (B) Effects of LSm14A knockdown on
SeV-induced IFN-β production. Experiments were performed as in A, except
that secretion of IFN-β in the culture medium was measured by ELISA. (C)
Effects of LSm14A knockdown on nuclear translocation of IRF3 and p65. The
293 cells were transfected with LSm14A-RNAi plasmid for 24 h, then infected
with SeV for the indicated times before cellular fractionation and immu-
noblots analyses were performed. (D) Effects of LSm14A knockdown on HSV-
1–induced IFNB1 mRNA expression. THP-1 cells were stably transduced with
LSm14A-RNAi plasmid, and infected with HSV-1 for the indicated times be-
fore RT-PCR was performed for IFNB1 (Upper) and LSm14A (Lower) mRNA.
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LSm14A Is Translocated to Peroxisomes After Viral Infection. To
further determine how LSm14A is spatially related to RIG-I,
VISA, and MITA in virus-triggered signaling, we analyzed the
localizations of LSm14A by cell fractionation and confocal im-
munofluorescent microscopy. Cell fractionation experiments in-
dicated that LSm14A was localized in the cytosol and membrane
but not mitochondrial and nuclear fractions, and the localization
of LSm14A overlapped with DCP1a, a marker for P-bodies (Fig.
S5A). In these experiments, RIG-I was induced by SeV infection
and also existed in the cytosol and membrane fractions, which
was similar to LSm14A.
To facilitate analysis of endogenous LSm14A, we produced

Flag epitope tag knock-in HCT116 cell lines by a recently
reported genetic approach (30) (Fig. S5B). In these cells, which
are designated as HCT116-LSm14A-3xFlag, approximately half
of the endogenous LSm14A protein could be detected by anti-
Flag antibody (Fig. S5B). The cellular localization of LSm14A in
these cells was examined by immunofluorescent microscopy with
anti-Flag antibody. The results indicated that LSm14A was
mostly colocalized with GFP-DCP1a in both uninfected and
infected cells (Fig. 5A). In similar experiments, LSm14A did not
colocalize with the mitochondria, endoplasmic reticulum, Golgi
complex, endosomes, or lysosomes (Fig. S5C).
We next examined whether RIG-I, VISA, and MITA localize

at P-bodies. Immunofluorescent microscopy showed that RIG-I,
VISA, and MITA did not colocalize with P-bodies (Fig. S5D).
Recently, it has been demonstrated that VISA is localized at
peroxisomes that are platforms for early-phase innate antiviral
response (31). We found that in addition to VISA, a fraction of

RIG-I and MITA was also localized at the peroxisomes in both
uninfected and viral infected cells (Fig. 5B). Interestingly,
LSm14A was rarely detected in the peroxisomes in uninfected
cells, but ∼50% of LSm14A protein was translocated to the
peroxisomes upon infection by either SeV or HSV-1 (Fig. 5C).
These results suggest that LSm14A is recruited to the perox-
isomes after viral infection, which might be platforms for RIG-I-,
VISA-, and MITA-mediated innate antiviral signaling.
We next asked whether the translocation of LSm14A to the

peroxisomes requires RIG-I or VISA. Immunofluenscent mi-
crocopy showed that LSm14A was translocated to peroxisomes
in both wild-type and Rig-i−/− or Visa−/− MEFs (Fig. S6). These
data suggest that the translocation of LSm14A to peroxisomes is
RIG-I- or VISA-independent.

Discussion
LSm14A was originally discovered to be a component of the P-
bodies (18). Our study demonstrate that LSm14A is a sensor
for both viral RNA and DNA and acts as a switch point on viral
RNA- and DNA-induced IFN pathways, respectively. We
found that knockdown of LSm14A inhibited SeV-induced ex-
pression of IFNB1 gene and its downstream genes RANTES,
ISG56, and RIG-I only at the early but not late phase of virus
infection. LSm14A is constitutively expressed in various cells,
whereas the expression level of RIG-I is quite low in resting
cells and can be strongly induced by IFN-β. These observations
suggest that LSm14A mediates the initial induction of type I
IFNs, which promote RIG-I expression to amplify cellular an-
tiviral response at the late phase of viral infection. Interestingly,
LSm14A could not induce IFN-β or potentiate SeV-triggered
induction of IFN-β in RIG-I- and VISA-deficient cells, and
reconstitution of these cells with RIG-I or VISA restored the
ability of LSm14A to mediate IFN-β induction, suggesting that
LSm14A signals through RIG-I and VISA after infection with
RNA viruses. In light of the fact that RIG-I is expressed at low
level in resting cells, and LSm14A is only required for the early-
phase induction of IFN-β after SeV infection, it is possible that
LSm14A acts as an essential cofactor for RIG-I–mediated IFN-
β induction when the concentration of RIG-I is low, and
LSm14A is not required for RIG-I–mediated signaling when
the concentration of RIG-I is high. Alternatively, detection of
viral RNA may be controlled in a temporal and spatial manner.
In the early phase of virus infection, the original incoming viral
RNA is transported to the P-bodies and sensed by LSm14A,
where it initiates early IFN-β and RIG-I induction. In the late
phase, the replicated viral RNA in the cytoplasm is directly
detected by cytoplasmic RIG-I. This may provide an additional
mechanism for temporal and spatial regulation of type I IFN
induction and cellular antiviral response.
Genetic studies demonstrate that MITA but not RIG-I and

VISA is essential in type I IFN induction triggered by cytosolic
synthetic DNA and DNA virus (13, 25). Interestingly, our results
indicated that LSm14A was required for IFN-β induction and
cellular antiviral response triggered by cytoplasmic poly(dA:dT)
and the DNA virus HSV-1. Moreover, DNA virus-triggered and
LSm14A-mediated IFN-β induction was normal in RIG-I- and
VISA-deficient MEFs but abolished in MITA-deficient MEFs.
These results suggest that MITA is required for LSm14A-me-
diated IFN-β induction after DNA virus infection. Our findings
demonstrate that LSm14A can mediate both viral RNA- and
DNA-triggered IFN-β induction through distinct downstream
signaling pathways. So far, we have not been able to identify
a physical association between LSm14A and RIG-I/VISA or
MITA with or without viral infection. It is possible that other
components exist between LSm14A and RIG-I/VISA or MITA.
In addition, how LSm14A selectively activates distinct down-
stream pathways after infection with different types of viruses
needs further investigation. One of the possibilities is that viral
RNA leads to the formation of LSm14A–RIG-I complex, which
initiates VISA-mediated signaling pathways, whereas viral DNA
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Fig. 5. LSm14A is localized at P-bodies and translocated to the peroxisomes
after virus infection. (A) Endogenous LSm14A was localized at the P-bodies.
HCT116-LSm14A-3xFlag knock-in cells were transfected with GFP-DCP1a (a P-
body marker) and then left uninfected or infected with SeV or HSV-1 for 4 h
before immunofluorescent staining with anti-Flag (red). (B) Colocalization of
RIG-I, VISA, and MITA with peroxisomes. HCT116 cells were transfected with
RFP-PXMP2 (red, a peroxisome marker) and the indicated GFP-tagged ex-
pression plasmids (green) and then infected with SeV or HSV-1 for 4 h before
confocal microscopy. (C) Endogenous LSm14A was translocated to perox-
isomes after viral infection. Experiments were performed as in A. Histograph
shows the percentage of colocalization dots obtained from five cells.
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is directly recognized by LSm14A alone, which signals through
MITA-mediated pathways.
A previous study suggested that peroxisome-targeting VISA

mediated viperin but not IFN-β expression upon viral infection
(31). We reconstituted Visa−/− MEFs with wild-type, mitochon-
dria-, or peroxisome-targeting VISA and found that mitochon-
dria-targeting VISA (VISA-Mito) could mediate a strong IFN-β
and viperin induction upon SeV infection, whereas peroxisome-
targeting VISA (VISA-Pex) could only weakly mediate IFN-β
and viperin induction upon SeV infection or overexpression of
LSm14A (Fig. S7). In these experiments, however, the degree
of VISA-Pex–mediated IFN-β induction was comparable to that
of VISA-Pex–mediated viperin induction (Fig. S7). The pub-
lished study (31) indicated that (i) VISA-Pex could still mediate
IFN-β expression upon reovirus infection even though at a low
level; and (ii) different viruses had different levels of response on
VISA-Pex–mediated induction of viperin. It seems that influenza
was much weaker than reovirus to induce VISA-Pex–mediated
viperin expression (31). Taken together, it is possible that dif-
ferent viruses may have a different dependency on peroxisome-
located VISA for induction of downstream antiviral proteins.
LSm14A was previously reported to be a component of the

P-bodies (18), which was confirmed in our experiments. In-
terestingly, we found that viral infection induced translocation of
a fraction of LSm14A to peroxisomes, where RIG-I, VISA, and
MITA were also found. The simplest explanation for these
observations is that LSm14A recognizes viral nucleic acids at the
P-bodies, then translocates to the peroxisomes, and signals
through RIG-I–VISA or MITA for induction of IFN-β and other
antiviral genes (a working model is shown in Fig. S8).
Recently, some new sensors for viral RNA or DNA have

been reported, such as HMGBs, IFI16, IFIT1, and DDX41 (16,
17, 32, 33). These molecules recognize different types of nucleic

acids or function in different cell types. Despite the progress in
recent years, how viral nucleic acids are recognized by host cells
is still enigmatic. LSm14A is a newly identified sensor that
mediates both RNA and DNA virus-triggered induction of
antiviral genes in the early phase of viral infection. Importantly,
our findings suggest that P-bodies are probably new cellular
structures for detection of viral nucleic acids, and the P-body
peroxisome may act as a new route of innate antiviral signaling.
Collectively, these observations will certainly help to eventually
decipher the complicated networks of IFN induction and innate
antiviral immunity.

Materials and Methods
Cell Lines and Retroviral Gene Transfer. Transduction of LSm14A-RNAi plasmid
to THP-1, HCT116, and Huh7 cells and reconstitution of RIG-I, VISA, or LSm14A
into MEFs and bone marrow-derived dendritic cells (BM-DCs) were per-
formed by retroviral-mediated gene transfer, as described in SI Materials
and Methods.

Generation and Transfection of Mita −/− BM-DCs. Single-cell suspensions of
bone marrow cells were cultured in RPMI 1640 medium containing 10% FBS,
supplemented with murine GM-CSF (50 ng/mL) and IL-4 (10 ng/mL) (R&D
Systems). Fresh GM-CSF was added on days 3 and 5. Transfection of primary
BM-DCs was performed with retroviral infection as described above on day
6, and transduced cells were further assayed 1 d after infection.

Other Materials and Methods. Other materials and methods used in this study
were previously reported (8) or are described in SI Materials and Methods.

ACKNOWLEDGMENTS. We thank Qinmiao Sun, Zhijian Chen, Zhengfan
Jiang, Jonathen C. Kagan, Xiaolian Zhang, Zan Huang, and Shuwen Wu for
reagents. This work was supported by Ministry of Science and Technology of
China Grant 2012CB910200 and by Natural Science Foundation of China
Grants 30921001, 31130020, and 91029302.

1. Takeuchi O, Akira S (2010) Pattern recognition receptors and inflammation. Cell 140:
805–820.

2. Barbalat R, Ewald SE, Mouchess ML, Barton GM (2011) Nucleic acid recognition by the
innate immune system. Annu Rev Immunol 29:185–214.

3. Ronald PC, Beutler B (2010) Plant and animal sensors of conserved microbial sig-
natures. Science 330:1061–1064.

4. Xu LG, et al. (2005) VISA is an adapter protein required for virus-triggered IFN-beta
signaling. Mol Cell 19:727–740.

5. Seth RB, Sun L, Ea CK, Chen ZJ (2005) Identification and characterization of MAVS,
a mitochondrial antiviral signaling protein that activates NF-kappaB and IRF 3. Cell
122:669–682.

6. Meylan E, et al. (2005) Cardif is an adaptor protein in the RIG-I antiviral pathway and
is targeted by hepatitis C virus. Nature 437:1167–1172.

7. Kawai T, et al. (2005) IPS-1, an adaptor triggering RIG-I- and Mda5-mediated type I
interferon induction. Nat Immunol 6:981–988.

8. Zhong B, et al. (2008) The adaptor protein MITA links virus-sensing receptors to IRF3
transcription factor activation. Immunity 29:538–550.

9. Ishikawa H, Barber GN (2008) STING is an endoplasmic reticulum adaptor that facili-
tates innate immune signalling. Nature 455:674–678.

10. Kawai T, Akira S (2011) Toll-like receptors and their crosstalk with other innate re-
ceptors in infection and immunity. Immunity 34:637–650.

11. Hemmi H, et al. (2000) A Toll-like receptor recognizes bacterial DNA. Nature 408:
740–745.

12. Lund J, Sato A, Akira S, Medzhitov R, Iwasaki A (2003) Toll-like receptor 9-mediated
recognition of Herpes simplex virus-2 by plasmacytoid dendritic cells. J Exp Med 198:
513–520.

13. Ishikawa H, Ma Z, Barber GN (2009) STING regulates intracellular DNA-mediated, type
I interferon-dependent innate immunity. Nature 461:788–792.

14. Takaoka A, et al. (2007) DAI (DLM-1/ZBP1) is a cytosolic DNA sensor and an activator
of innate immune response. Nature 448:501–505.

15. Chiu YH, Macmillan JB, Chen ZJ (2009) RNA polymerase III detects cytosolic DNA and
induces type I interferons through the RIG-I pathway. Cell 138:576–591.

16. Unterholzner L, et al. (2010) IFI16 is an innate immune sensor for intracellular DNA.
Nat Immunol 11:997–1004.

17. Zhang Z, et al. (2011) The helicase DDX41 senses intracellular DNA mediated by the
adaptor STING in dendritic cells. Nat Immunol 12:959–965.

18. Yang WH, Yu JH, Gulick T, Bloch KD, Bloch DB (2006) RNA-associated protein 55
(RAP55) localizes to mRNA processing bodies and stress granules. RNA 12:547–554.

19. Honda K, Takaoka A, Taniguchi T (2006) Type I interferon [corrected] gene induction
by the interferon regulatory factor family of transcription factors. Immunity 25:
349–360.

20. Maniatis T, et al. (1998) Structure and function of the interferon-beta enhanceosome.
Cold Spring Harb Symp Quant Biol 63:609–620.

21. He W, Parker R (2000) Functions of Lsm proteins in mRNA degradation and splicing.
Curr Opin Cell Biol 12:346–350.

22. Serman A, et al. (2007) GW body disassembly triggered by siRNAs independently of
their silencing activity. Nucleic Acids Res 35:4715–4727.

23. Minshall N, Kress M, Weil D, Standart N (2009) Role of p54 RNA helicase activity and
its C-terminal domain in translational repression, P-body localization and assembly.
Mol Biol Cell 20:2464–2472.

24. Yoneyama M, et al. (2004) The RNA helicase RIG-I has an essential function in double-
stranded RNA-induced innate antiviral responses. Nat Immunol 5:730–737.

25. Sun Q, et al. (2006) The specific and essential role of MAVS in antiviral innate immune
responses. Immunity 24:633–642.

26. Zhang Z, et al. (2011) DDX1, DDX21, and DHX36 helicases form a complex with the
adaptor molecule TRIF to sense dsRNA in dendritic cells. Immunity 34:866–878.

27. Han KJ, Yang Y, Xu LG, Shu HB (2010) Analysis of a TIR-less splice variant of TRIF
reveals an unexpected mechanism of TLR3-mediated signaling. J Biol Chem 285:
12543–12550.

28. Kumar H, et al. (2006) Essential role of IPS-1 in innate immune responses against RNA
viruses. J Exp Med 203:1795–1803.

29. Ishii KJ, et al. (2006) A Toll-like receptor-independent antiviral response induced by
double-stranded B-form DNA. Nat Immunol 7:40–48.

30. Zhang X, et al. (2008) Epitope tagging of endogenous proteins for genome-wide
ChIP-chip studies. Nat Methods 5:163–165.

31. Dixit E, et al. (2010) Peroxisomes are signaling platforms for antiviral innate immu-
nity. Cell 141:668–681.

32. Yanai H, et al. (2009) HMGB proteins function as universal sentinels for nucleic-acid-
mediated innate immune responses. Nature 462:99–103.

33. Pichlmair A, et al. (2011) IFIT1 is an antiviral protein that recognizes 5′-triphosphate
RNA. Nat Immunol 12:624–630.

Li et al. PNAS | July 17, 2012 | vol. 109 | no. 29 | 11775

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203405109/-/DCSupplemental/pnas.201203405SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203405109/-/DCSupplemental/pnas.201203405SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203405109/-/DCSupplemental/pnas.201203405SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203405109/-/DCSupplemental/pnas.201203405SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203405109/-/DCSupplemental/pnas.201203405SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203405109/-/DCSupplemental/pnas.201203405SI.pdf?targetid=nameddest=STXT

