
Activation of IFN-β expression by a viral mRNA
through RNase L and MDA5
Priya Luthraa,b, Dengyun Suna,b, Robert H. Silvermanc, and Biao Hea,1

aDepartment of Infectious Diseases, University of Georgia, Athens, GA 30602; bCell and Developmental Biology Graduate Program, Pennsylvania State
University, University Park, PA 16802; and cDepartment of Cancer Biology, Lerner Research Institute, Cleveland, OH 44195

Edited by Peter Palese, Mount Sinai School of Medicine, New York, NY, and approved December 21, 2010 (received for review August 20, 2010)

IFNs play a critical role in innate immunity against viral infections.
Melanoma differentiation-associated protein 5 (MDA5), an RNA
helicase, is a key component in activating the expression of type I
IFNs in response to certain types of viral infection. MDA5 senses
noncellular RNA and triggers the signaling cascade that leads to
IFN production. Synthetic double-stranded RNAs are known
activators of MDA5. Natural single-stranded RNAs have not been
reported to activate MDA5, however. We have serendipitously
identified a viral mRNA from parainfluenza virus 5 (PIV5) that
activates IFN expression through MDA5. We provide evidence that
the signaling pathway includes the antiviral enzyme RNase L. The
L mRNA of PIV5 activated expression of IFN-β. We have mapped
the RNA to a region of 430 nucleotides within the L mRNA of PIV5.
Our results indicate that a viral mRNA, with 5′-cap and 3′-poly (A),
can activate IFN expression through an RNase L-MDA5 pathway.

RIG-I | RNA polymerase

IFNs play a critical role in innate immune responses to viral
infections.Viruses trigger expressionof IFN-β in infected cells, and

IFN-β can lead to activation of IFN-α expression through phos-
phorylationof IFNregulatory factor 7 (1, 2). IFNs induceanantiviral
state in cells that inhibits the spread of infection.MDA5 (melanoma
differentiation-associated gene 5), an RNA helicase, plays an es-
sential role in theactivationof IFNexpression (3).MDA5 is involved
in the cytoplasmic sensing of infections by some RNA viruses (4).
Recognition of RNAmolecules generated during viral infections by
MDA5 leads to activation of IFN-β promoter stimulator (IPS)-1,
NF-κB, and IFN expression (5). HowMDA5 differentiates between
self and nonself RNA is unclear. It has been reported that stable,
long, double-stranded (ds) RNA structures greater than 2 kb in size,
presumably with 5′-triphosphates, generated during RNA virus in-
fection (not typical of self RNA)may serve as a distinguishing factor
for MDA5-specific recognition (6). Long, synthetic dsRNA poly-
mers of poly(I):poly(C) are often used as a surrogate for the pu-
tative activator of MDA5 (7). A natural single-stranded (ss) RNA
trigger for MDA5 has not been identified.
The role ofMDA5 in regulating IFN expression was first reported

in studies of parainfluenza virus 5 (PIV5), formerly known as simian
virus 5 (3, 8). PIV5 is a prototypical paramyxovirus in a family of
nonsegmented, negative-stranded RNA viruses that includes many
important human and animal pathogens, including mumps virus,
measles virus, Nipah virus, and respiratory syncytial virus (9). The
viral RNA-dependent RNA polymerase, minimally consisting of the
L protein and the P protein, transcribes the nucleocapsid protein
(NP or N)-encapsidated viral genome RNA into 5′ capped and 3′
polyadenylated mRNAs (10). The V protein of PIV5, a component
of PIV5 virions (∼350 molecules per virion) is a multifunctional
protein with important roles in viral pathogenesis. The V protein C-
terminal domain contains seven cysteine residues, resembling a zinc
finger domain, and binds atomic zinc (11). A recombinant virus
lacking theC terminusof theVproteinofPIV5 (rPIV5VΔC) induces
a higher level of IFN expression compared withWT virus, indicating
that the V protein plays an essential role in blocking IFN production
in virus-infected cells (12, 13). Andrejeva et al. (3) found that the V
protein interacts with MDA5, resulting in a blockade of IFN-β
expression. They also found that knocking down the expression of
MDA5 reduces IFN expression induced by poly(I):poly(C), in-

dicating that MDA5 plays an essential role in the induction of IFN
expression by dsRNA. In this work, we investigated the activation
of IFN by rPIV5VΔC infection and have identified a viral mRNA
with 5′-cap as an activator of IFN expression through an MDA5-
dependent pathway that includes RNase L.

Results
Region II of the L Gene Activates NF-κB Independent of AKT1. Pre-
vious work indicated that the portion of the L gene containing the
conserved regions I and II (L-I-II) together is sufficient to activate
NF-κB (14). Further deletionmutagenesis analysis of theL gene by
EMSA showed that region II, which contains 144 amino acid res-
idues, was sufficient for the activation of NF-κB (Fig. 1A). This
finding, which was confirmed by a reporter gene assay (Fig. S1A),
was somewhat surprising, given that the previous study showed that
activation of NF-κB by the L gene requires AKT1 and region I (L-
I), which binds to AKT1 (14). We reexamined the interaction be-
tween AKT1 and L-II and confirmed that L-II does not bind to
AKT1 (Fig. S1B). Interestingly, an AKT1 inhibitor (AKTIV) and
an AKT1 dominant-negative (DN) mutant had no effect on the
activation ofNF-κBbyL-II (Fig. 1B), indicating that theL-II region
activates NF-κB through an AKT1-independent mechanism.

RNA of Region II of the L Gene Activates NF-κB.Given that RNA can
activate NF-κB (15), we speculated that the RNA sequence within
the L-II region, and not the amino acid residues encoded by the L-
II region, might be responsible for NF-κB activation. We mutated
the start codon of L-II into a stop codon (L-II mut) and found that
the L-II mut did not express protein, although the expression
levels of RNAs were similar in L-II and L-II mut (Fig. S2A,B, and
C). Interestingly, this mRNA generated from the plasmid
pCAGGS, which is under the control of a pol-II promoter (16),
activated NF-κB (Fig. 2A), as confirmed by EMSA (Fig. S2D),
suggesting that an mRNA of viral origin can activate NF-κB.
Consistent with previous observations (Fig. 1B), this activation
was not inhibited by AKTIV or an AKT1 DN mutant (Fig. 2B).

RNA of Region II of the L Gene Activates IFN-β Expression. Because
activation of NF-κB can lead to activation of IFN expression, we
examined the ability of this RNA to activate IFN expression
using a plasmid containing a reporter gene (F-Luc) under the
control of an IFN-β promoter. As shown in Fig. 3A, the plasmid
expressing the L-II mut RNA activated IFN-β promoter-driven
reporter gene expression, suggesting that the RNA activates the
IFN promoter. We evaluated the amount of IFN-β in the medium
of cells transfected with plasmids encoding L-II or L-II mut
mRNAs by ELISA. The plasmid encoding the L-II mut induced
IFN-β production equivalent to that seen with the positive con-
trol, poly(I):poly(C) (Fig. 3B). To confirm that the RNA, not

Author contributions: P.L., D.S., R.H.S., and B.H. designed research; P.L. and D.S. per-
formed research; R.H.S. contributed new reagents/analytic tools; P.L., D.S., R.H.S., and
B.H. analyzed data; and P.L., R.H.S., and B.H. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. E-mail: bhe@uga.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1012409108/-/DCSupplemental.

2118–2123 | PNAS | February 1, 2011 | vol. 108 | no. 5 www.pnas.org/cgi/doi/10.1073/pnas.1012409108

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012409108/-/DCSupplemental/pnas.201012409SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012409108/-/DCSupplemental/pnas.201012409SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012409108/-/DCSupplemental/pnas.201012409SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012409108/-/DCSupplemental/pnas.201012409SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012409108/-/DCSupplemental/pnas.201012409SI.pdf?targetid=nameddest=SF2
mailto:bhe@uga.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012409108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012409108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1012409108


plasmid DNA, activated IFN-β expression, the RNAs from
transfected cells were purified and transfected into fresh cells, and
levels of IFN-β in the medium of the RNA-transfected cells were
measured after 1 d. As shown in Fig. 3C, the RNAs from the L-II
mut-transfected cells produced a higher level of IFN-β compared
with the RNAs from vector-transfected cells. Interestingly, RNAs
from both WT and rPIV5VΔC-infected cells induced IFN-β ex-
pression, indicating that RNAs capable of activating IFN-β ex-
pression exist in virus-infected cells as well (Fig. 3C).
To further confirm that it was the mRNA that activated IFN-β

expression, mRNAs from cells transfected with plasmids encoding
L-II mut were purified and then transfected into fresh cells. The
amounts of IFN-β in the medium of cells transfected with mRNAs
from cells transfected with a plasmid expressing L-II mut mRNA
were similar to that of those stimulated with poly(I):poly(C) (Fig.
3D), indicating that the mRNAs activate expression of IFN-β.
The finding that L-II RNA activated IFN-β transcription in the

presence of the protein synthesis inhibitor cyclohexamide (CHX)
(Fig. 3E) suggests that the activation of IFN-β does not require new
protein synthesis, and that L-II RNA activates IFN-β expression at
the mRNA level. To validate the role of L-II mRNA in activating
IFN-β expression, the mRNA was removed from the total RNA
purified from the L-II plasmid-transfected cells through a reverse-
transcription (RT) reaction using a L-II–specific primer, followed
by treatment of theRTproductswithRNaseH,which digestsRNA

in an RNA–DNA hybrid. This L-II mRNA-depleted mRNA did
not stimulate production of IFN-β, indicating that L-II mRNA is
essential for the activation of IFN-β expression (Fig. 3F). A similar
experimentwas carriedout usingRNApurified fromvirus-infected
cells (Fig. 3G). RTusing a L-specific primer, but not anNP-specific
primer, reduced the production of IFN-β, indicating that the L
mRNA in viral infections is responsible for activating the expres-
sion of IFN-β. Furthermore, a plasmid expressing amutant L gene,
with two stop codons placed downstream in-frame from its start
codon, induced activation ofNF-κBand IFN-β, confirming that the
L mRNA is capable of activating IFN-β expression (Fig. S3). To
determine whether the L-II RNA is capable of activating IFN-β
expression by itself, we generated L-II RNA by in vitro transcrip-
tion using T7 RNA polymerase (Fig. S4). RNAs from both the L-I
and L-II regions activated expression of IFN-β (Fig. 3H), as
expected given that T7 RNA polymerase transcripts contain 5′-
triphosphate, a known activator of IFN through RIG-I. Inter-
estingly, although removing 5′-triphosphate with calf intestinal
phosphatase (CIP) reduced activation of IFN-β by L-I RNA, this
had a minimal impact on the effect of L-II RNA, confirming that
L-II RNA can activate IFN-β expression in its own right (Fig. 3H).

RNA of Region II of the L Gene Activates IFN-β Expression Through an
MDA5-Dependent Pathway. Two known cytoplasmic proteins
sense noncellular RNA: RIG-I and MDA5 (17). Both of these

Fig. 1. Activation of NF-κB by region II of the L gene in an AKT-independent manner. (A) Detection of activation of NF-κB by L region-expressing plasmids
using EMSA. Nuclear extracts from cells transfected with empty vector or plasmids encoding L, L-I, or L-II were prepared and incubated with 32P-labeled NF-κB
probe and appropriate competitors, and then were resolved on a 6% polyacrylamide gel. Treatments were as follows: TNF-α, nuclear extracts from cells
treated with 20 ng/mL of TNF-α for 3 h; NF-κB DNA primers labeled with 32P; S (specific competitor), unlabeled NF-κB probe (20-fold excess); NS (nonspecific
competitor), unlabeled mutant NF-κB probe (20-fold excess). (B) Activation of NF-κB by the L-II region was independent of AKT1. (Left) A dual-luciferase assay,
in which BSR-T7 cells were transfected with a plasmid encoding a firefly luciferase gene (F-Luc) under the control of NF-κB–responsive elements and a plasmid
encoding PIV5 L, L-II, L-II mut, or L-I-II proteins, along with a plasmid encoding an R-Luc as an indicator of transfection efficiency, was performed in the
presence of an AKTIV inhibitor (Inh) (0.5 μM; Calbiochem) or vehicle (DMSO). Ratios of F-Luc to R-Luc serve as an indicator of reporter gene activity. These
ratios were normalized to the activity of the vector alone. All transfections were carried out in replicates of four. Error bars represent SD. All P values were
calculated using the paired t test and are shown. (Right) Inhibition of L-activated NF-κB activity by AKT1 DN.

Fig. 2. L-II RNA activates NF-κB. (A) Activation of NF-κB by the L-II mut. The L-II mutant contains a stop codon in place of the start codon of L-II. A reporter
gene assay was performed as described in Fig.1A. (B) Activation of NF-κB by L-II RNA is independent of AKT1. A dual-luciferase experiment was performed
using AKT1 inhibitor (Inh) (Left) or AKT1 DN (Right), along with L, L-II, L-II mut, or L-I-II plasmids as described in Fig. 1B. All transfections were carried out in
replicates of four. Error bars indicate SD.
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proteins activate IFN expression through IPS-1 protein (18,
19). Expression of a DN mutant of IPS-1 was found to block the
activation of NF-κB by plasmids expressing L-II RNA (Fig. 4A),
implying that RIG-I and/or MDA5 may play a role in L-II–
induced NF-κB activation. To examine whether these two pro-
teins are involved in the activation of NF-κB by L-II RNA, we
transfected plasmids encoding the L-II RNA into Huh7 or
Huh7.5 cells, the latter of which have a defective RIG-I gene
(20). We found no difference in NF-κB activation between the
two cell lines, suggesting that RIG-I does not play a role in NF-
κB signaling in response to L-II (Fig. 4B). Furthermore, RIG-I
DN demonstrated no effect on NF-κB activation (Fig. 4C),
confirming that RIG-I does not play a role in L gene-induced
activation of NF-κB.
To investigate the role of MDA5, we reduced MDA5 expres-

sion using siRNA and found that this resulted in reduced NF-κB
activation (Fig. S5), indicating that MDA5 plays a critical role in
NF-κB activation. To further characterize the roles of RIG-I and
MDA5 in activating IFN-β expression, we investigated the effects
of siRNA targeting RIG-I or MDA5 on IFN-β promoter activa-
tion. We found that siRNA targeting MDA5, but not RIG-I, re-
duced IFN-β promoter activation by the plasmid expressing L-II
mut RNA (Fig. 5A). This was further confirmed by examining
IFN-β production by cells transfected with plasmids expressing L-
II RNA after treatment with siRNA targeting RIG-I or MDA5.
As shown in Fig. 5B, MDA5 siRNA reduced IFN-β production
after plasmid transfection, whereas RIG-I siRNA had no signif-
icant effect, indicating that MDA5, but not RIG-I, plays a role in
activating IFN-β expression by L-II RNA.

RNA of Region II of the L Gene Activates IFN-β Expression Through an
RNase L-Dependent Pathway.RNase L has been reported to play an
important role in IFN expression (21). To examine the role of
RNase L, we used mouse embryonic fibroblast (MEF) cells from
mice expressing RNase L (WT) or deficient in RNase L (RLKO).
We found that plasmids expressing L-II RNA activated the NF-
κB and IFN-β promoters in WT MEFs, but not in RLKO MEFs
(Fig. 6A and Fig. S6), suggesting that RNase L plays an important
role in the activation of IFN-β by this viral mRNA. To confirm
these results, we transfectedWTRNase L or a defective RNase L
lacking ribonuclease activity into RLKO MEFs. We found that
the plasmid expressing L-II RNA activated IFN-β in MEFs in the

Fig. 3. L-II RNA activates IFN-β expression. (A) Activation of IFN-
β promoter by L-II mut. A dual-luciferase assay was performed as described
in Fig. 1A. A plasmid containing F-Luc under control of an IFN-β promoter
was used in place of the NF-κB–containing promoter described in Fig. 1A.
(B) Induction of IFN-β production by L-II RNA. Plasmids encoding L-II or L-II
mut were transfected into 293T cells, and the amount of IFN-β in the media
was measured by ELISA at 1 d posttransfection. Each graph showing con-
centrations of IFN-β using ELISA is the average of three independent
experiments. Error bars represent SD. (C ) IFN-β production induced by
purified RNA. Vero cells were transfected with empty vector or plasmids
containing L-II mut, or were infected with WT PIV5 or rPIV5VΔC, mock-
infected, or transfected with poly(I):poly(C). Total RNAs were purified from
transfected or infected cells. The purifed RNAs were then transfected into
293T cells, and concentrations of IFN-β were measured in the media using
ELISA after 1 d. (D) Induction of IFN-β by purified mRNA. Vero cells were
transfected with empty vector or plasmid containing L-II mut, infected
with WT PIV5 or rPIV5VΔC, or mock-infected. mRNAs were purified and
transfected into 293T cells, and IFN-β concentrations after 1 d were mea-
sured using ELISA. (E ) Induction of IFN-β by L-II in the presence of CHX. The
293T cells in six-well plates were transfected with 1 μg of RNA or 250 ng of
poly(I):poly(C) and then incubated with CHX (20 μg/mL) for 16 h. The total
RNAs were purified and subjected to RT, followed by real-time PCR analysis.
ΔCT was calculated using actin from each sample as a control. (F) Lack of
production of IFN-β in the absence of L-II mRNA. The purified L-II RNA was
reverse-transcribed using an L-II sequence-specific primer and RT. The
product and/or purified L-II RNA were treated or untreated with RNase H
(RH). The purified products were then transfected into 293T cells, and IFN-β
concentrations after 1 d were determined by ELISA. (G) Lack of production
of IFN-β in the absence of L mRNA. The same experiment as in Fig. 3F was
performed using RNAs purified from infected cells. RT(NP), RT using NP-
specific primer; RT(L-II), RT using L-specific primer. The graph shows the
average of three independent experiments. Error bars represent SD. (H) In-
duction of IFN-β production by in vitro transcribed L-II RNA. The L-I and L-II
RNA were synthesized in vitro using the Riboprobe in vitro transcription
system (Promega). The RNA transcripts were treated or untreated with CIP to
remove 5′-triphosphate and then transfected into 293T cells. At 1 d post-
transfection, IFN-β concentrations in the media were measured by ELISA.

Fig. 4. Role of RIG-I in the activation of NF-κB and IFN-β by L-II RNA. (A) Effect
of IPS-1 DN on activation of NF-κB by L RNA. A dual-luciferase experiment was
performed as described in Fig. 1A, using IPS-1 DN with a Flag tag (500 ng/μL).
Immunoblot analysis was performed to examine the expression of IPS-1 DN
using anti-Flag and anti–β-actin antibodies. All transfections were carried out
in replicates of four. Error bars represent SD. (B) Activation of NF-κB by L-II
RNAwas independent of RIG-I. At 18–20 h after transfection, a dual-luciferase
assay was performed using lysate from Huh7 or Huh7.5 cells (RIG-I defective
due to a T to I mutation at amino acid residue 55) transfectedwith vector, L, L-
I, L-II, or L-II mut. (C) Effect of RIG-I DN on activation of NF-κB by L-II RNA. A
reporter gene assay was performed using a plasmid expressing RIG-I DN with
a Flag tag (500 ng/μL) along with the plasmids indicated. Immunoblot analysis
was performed to examine the expression of RIG-I DN using anti-Flag and
anti–β-actin antibodies. All transfections were carried out in replicates of
four. Error bars represent SD.

2120 | www.pnas.org/cgi/doi/10.1073/pnas.1012409108 Luthra et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012409108/-/DCSupplemental/pnas.201012409SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012409108/-/DCSupplemental/pnas.201012409SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1012409108


presence of WT RNase L, but not in the presence of defective
RNase L (Fig. 6B). To confirm the role of RNase L in the acti-
vation of IFN-β expression by L-II RNA, we examined the effects
of siRNA targeting RNaseL. As shown in Fig. 6C, siRNA tar-
geting RNaseL reduced the production of IFN-β.

Discussion
RIG-I and MDA5 are two well-known sensors of virus infection
for induction of IFN expression, and 5′-triphosphate is an acti-
vator for RIG-I. Viral genomic RNA of negative-stranded viru-
ses, such as influenza virus and Sendai virus, which have a 5′-
triphosphate, can activate IFN expression via a RIG-I–dependent
pathway (17, 22–24). A natural activator for MDA5 has not yet
been reported, however. Because MDA5 is required for induction
of IFN by the positive-stranded RNA virus encephalomyocarditis
virus (EMCV), whose 5′ RNA is covalently linked to VPg, a poly-
peptide, thereby avoiding detection by RIG-I, MDA5 is thought
to recognize a viral RNA different from the 5′-triphosphate RNA
that is recognized by RIG-I (17). Because dsRNA, such as poly(I):
Poly(C), can activate IFN expression through MDA5, it is thought
that the activator for MDA5 is a dsRNA. Unlike the negative-
stranded influenza virus and Sendai virus, PIV5, a negative-stranded
RNA virus, was found to activate IFN-β expression through a viral
mRNA-induced, RNase L/MDA5-dependent pathway, consistent
with previous reports indicating that PIV5 and some para-
myxoviruses activate IFN expression via MDA5 (7, 25). PIV5 rep-
licates entirely in the cytoplasm (9), and viral mRNA can be readily
accessed by RNase L/MDA5 proteins. Because dsRNA is a known
trigger of MDA5, it is speculated that dsRNA generated during viral
genome replication might activate MDA5. Viral genomic RNA of
paramyxovirus is tightly encapsidated by nucleocapsid protein, re-
sistant to RNase digestion, and inaccessible to other host proteins,
such as MDA5 (9). Thus, it is not surprising that no dsRNA was de-
tected in paramyxovirus infection using dsRNA-recognizing antibody
(26). In addition, because the nascent genome RNA is encapsidated,
the ds region of the viral RNA genome within the replication/tran-
scription complex is small (>2 kb is thought to be anMDA5 trigger).
Pichlmair et al. (27) reported that long dsRNA was not sufficient
to activate IFN expression through a MDA5-dependent pathway,
and that higher-order RNA structures containing both dsRNA and
ssRNA are activators of MDA5-dependent IFN expression. The

nature of this higher-order RNA structure remains unidentified.
Our identification of a viral mRNA that activates IFN-β expression
through MDA5 is consistent with those results.
We propose that RNase L plays a role in sensing viral RNA by

MDA5, leading to activation of IFN-β. RNase L is an antiviral
protein activated by 2′-5′ oligoadenylate (2-5A). This 2-5A is pro-
duced by 2′,5′ oligoadenylate synthetase, the expression of which is
induced by IFN (28). Activated RNase L cleaves viral mRNA and
prevents viral replication (28). RNase L has recently been reported
to amplify MDA5-dependent IFN expression through the cleavage
of cellular RNA (21). We speculate that RNase L recognizes the
viral mRNA and processes it into an activator ofMDA5, leading to
expression of IFN, given that siRNAs targeting RNase L and
MDA5were seen to decrease the activation of IFN-β expression by
viral mRNA. Alternatively, it is possible that viral mRNA activates
MDA5-dependent IFNexpression, and thatRNaseLplays a role in
amplifying IFN production.
WT PIV5 is known to induce low levels of IFN expression, and

rPIV5VΔC infection produces high levels of IFN (12, 13). In-
terestingly, RNAs purified from cells infected with PIV5 and
rPIV5VΔC induced high expression of IFN-β. This finding is
consistent with previous reports that the V protein of PIV5 can
block induction of IFN induced by PIV5 infection (12, 13).
We have mapped the L RNA sequence to a 432-nt-long region.

Preliminary analysis using RNA structure prediction programs
indicates potential secondary structures within the sequence. Fur-
ther detailed structure and function analysis of the sequence will
define the sequence element and structure(s) within the viral
mRNA that activate IFN-β expression through RNase L and
MDA5. This sequence and structure(s) may serve as a prototype
for other natural triggers of MDA5. This work has not only iden-
tified a trigger for MDA5, but also may lead to the discovery of
small RNA molecules capable of activating IFN-β expression,
which might be useful in antiviral therapy.

Materials and Methods
Cells and Plasmids. BSR-T7, HeLa, Vero, 293T, Huh 7.0, Huh 7.5, and MEF cells
were cultured as described previously (14, 20, 21, 29). Plasmids encoding WT
RNase L, RNase L mutant (R667A), L-I, L-I-II, PIV5 L, AKT1 with a Flag tag, the
DN mutant of AKT (pMT2-AH-AKT1, which contains residues 1–147 of AKT
with aMyc antigen tag), the RIG-I DN (Flag-tagged RIG-I consisting of residues
218–925), the IPS-1 DN (with deletion of the CARD domain), phTK-RL, pNF-kB-

Fig. 5. MDA5 plays a critical role in the activation of IFN-β by viral mRNA. (A) The roles of RIG-I and MDA5 in the activation of the IFN-β promoter by viral
mRNA. The 293T cells were transfected with siRNA targeting RIG-I or MDA5 or with NT siRNA. At 48 h after transfection of siRNA, the cells were transfected
with vector, L-II mut, or poly(I):poly(C), along with the luciferase reporter plasmids. Luciferase activity was measured at 18–20 h posttransfection. (B) The roles
of RIG-I and MDA5 in induction of IFN-β production by viral mRNA. siRNA transfection was performed as described in Fig. 5A in 293T cells, and at 48 h after
transfection with siRNA, the cells were transfected with vector, L-II mut, or poly(I):poly(C). After 18–20 h, the amount of IFN-β in the medium was measured by
ELISA. Expression levels of RIG-I, MDA5, and β-actin were examined by immunoblot analysis.
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TATA-F-Luc, and a plasmid containing F-Luc under control of an IFN-β pro-
moter have been described previously (13, 14, 18, 19, 21, 30–33). Plasmids L-II
(consisting of domain II) and L-II mut (consisting of a stop codon instead of
a start codon in an L-II background) with an antigenic tag (HA) in expression
vector pCAGGS, were generated using standard molecular cloning techni-
ques. Plasmids were prepared using the Maxi Prep Kit (Qiagen). Endotoxin
concentration was measured using the LAL Endotoxin Assay Kit (GenScript).
The endotoxin concentrations of all plasmids were <0.1 EU/μg of DNA.

EMSA. BSR-T7 cells were transfected with a vector or a plasmid encoding L, LI,
or L-II, and nuclear extracts were prepared using a nuclear extraction kit
(Marligen Biosciences). Nuclear extracts from TNF-α–treated BSR-T7 cells were
used as a positive control. The cells were treated with 20 ng/mL of TNF-α
for 2 h. EMSA was performed as described previously (14).

Dual Luciferase Assay. Cells were transfected in 24-well tissue culture plates at
80–90% confluency. Transfection was performed using Plus and Lipofect-
amine (Invitrogen) for BSR-T7 cells and Lipofectamine 2000 (Invitrogen) for
293T and HeLa cells. Vector plasmid (pCAGGS) was used to maintain a con-
stant total plasmid DNA per well. Plasmid amounts were 2.5 ng of phRL-TK,
60 ng of pNF-κB-TATA-F-Luc, and 240 ng of pIFN-Luc. A range of concen-
trations up to 1,500 ng of plasmids encoding L, L-I, L-II, L-I-II, and L-II mut
were used. The AKT DN, pMT2-AH-AKT, was used at 800 ng, and plasmid C-
RIG (RIG-I DN) and IPS-1 DN were used at 500 ng. At 18–24 h after trans-
fection, cells were lysed in 100 μL of passive lysis buffer (Promega) for 30–45
min. Then 20 μL of lysate from each well was used for a dual-luciferase assay
with a Luminometer (Promega) following the manufacturer’s protocol. To
examine the effect of AKT inhibitor on L-activated NF-κB, 0.5 μM of AKTIV
was added to BSR-T7 cells at 4 h after transfection.

Coimmunoprecipitation. To examine the interaction between L-II and AKT1,
coimmunoprecipitation was performed as described previously (14). In brief,
BSR-T7 cells transfected with a plasmid encoding AKT1 were immunoprecipi-
tated with anti-AKT1 antibody, and then the precipitated AKT1 was used for
further immunoprecipitation with L-I and L-II. L-I and L-II with an HA tag were
synthesized in vitro using the TNT coupled transcription/translation system
(Promega) with 35S[methionine/cysteine] labeling, as described previously (14).

Immunoprecipitation and Immunoblot Analysis. Cells transfected with plas-
mids encoding L-I, LII, LI-II, LII mut with an HA tag, or vector were meta-
bolically labeled with 35SMet and 35SCys for 3 h at 24 h posttransfection. The
cell lysates were precipitated with anti-HA antibody. The precipitated pro-
teins were resolved by 15% SDS/PAGE and visualized using a Storm Phos-
phorImager (Molecular Dynamics). For immunoblotting, lysates from the
luciferase assays were diluted 1:1 with protein lysis buffer [2% SDS, 62.5 mM
Tris-HCl (pH 6.8), 2% DTT] and sonicated. Up to 100 μL of the lysate was
resolved in 10% SDS/PAGE, and immunoblot analysis was performed using
respective antibodies (3).

RNA Purification and Transfection. The293TorVero cellswere transfectedwith
emptyvectororaplasmidencodingL, L-I, L-II, LI-II, or L-IImut.HeLaorVero cells
were infected with WT PIV5 or rPIV5VΔC or mock-infected. At 18–20 h after
transfection or infection, total RNAwas isolated using a Qiagen RNeasy Kit or
mRNA was isolated using a Qiagen Oligotex Direct mRNA Purification Kit,
following themanufacturer’s instructions. The purified total RNA (1 μg/μL per
well of a 24-well plate) or mRNA (200 ng/μL per well of a 24-well plate) was
transfected into 293T cells using Lipofectamine 2000. Poly(I):poly(C) (500ng/μL
per well of a 24-well plate) was used as a positive control. At 1 d post-
transfection, IFN-β production was determined using a human IFN-β ELISA kit
(PBL InterferonSource), following the manufacturer’s instructions.

Northern Blot Analysis. The RNA samples purified from BSR-T7 cells that were
transfected with empty vector (pCAGGS) or with a plasmid encoding L-I, L-II,
or L-II mut for 18 h were electrophoresed on a 1.2% agarose gel in the
presence of 0.44 M formaldehyde, transferred to a positively charged nylon
membrane (Roche Diagnostics), fixed by UV cross-linking, and analyzed by
hybridization with digoxigenin (DIG)-labeled RNA probes that were gener-
ated by in vitro transcription using the DIG Northern Starter kit (Roche
Applied Sciences). The hybridized probes were detected with anti-DIG AP Fab
fragments and were visualized using CDP-Star (Roche) chemiluminescence
substrate on x-ray films. The DNA templates for generating DIG-RNA probes
were prepared by PCR with a gene-specific sense oligomer and an antisense
oligomer with a T7 RNA polymerase promoter sequence. The amplified PCR
fragments were purified using a PCR purification column and gel purifica-

Fig. 6. RNase L plays a critical role in the activation of NF-κB and IFN-β by
viral mRNA. (A) The role of RNase L in activating the IFN-β promoter. A
dual-luciferase assay for IFN-β promoter activation was performed as de-
scribed in Fig. 3A using WT or RLKO MEFs. (B) Restoration of IFN-β acti-
vation in RLKO MEFs. IFN-β activation after complementation with RNase L
cDNA in RLKO MEFs was examined by a dual-luciferase experiment. RLKO
MEFs were transiently transfected with RNase L cDNA or inactive RNase L
mutant (R667A) cDNA. At 18 h after transfection, the cells were trans-
fected with 1 μg/μL of vector, L, L-I, L-I-II, or L-II mut plasmids, along with
reporter plasmids. At 1 d posttransfection, the luciferase assay was per-
formed. RNase L and β-actin levels were measured by immunoblot analysis.
All transfections were carried out in replicates of four. Error bars represent
SD. (C) The role of RNase L in activating IFN-β expression. Then 293T cells
were transfected with siRNA targeting RIG-I, MDA5, RNase L, or control
siRNA. IFN-β production in response to vector, L-II mut, or poly(I):poly(C)
was measured by ELISA. The expression of RIG-I, MDA5, and RNase L was
examined by immunoblot analysis, with β-actin as a loading control.
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tion kit (GenScript). A DIG-labeled RNA molecular weight marker (Roche)
was used to indicate the size of RNA.

RNase H Treatment. The purified RNA from L-II–transfected cells or infected
cells was used for an RT reaction using an L-II–specific primer or an NP-
specific primer. The RT products were treated with RNase H and purified
using a Qiagen RNeasy column. The treated or untreated RT products or L-II
RNA were transfected into 293T cells, and the concentration of IFN-β in the
medium was measured by ELISA at 1 d posttransfection.

In Vitro RNA Transcription. DNA containing region I or II of the L gene was
amplified by PCR with a sequence-specific sense primer containing a T7
polymerase promoter sequence and an antisense primer, using plasmid
containing L-I or L-II as a template. The L-I or L-II RNA fragments were syn-
thesized in vitro using the Riboprobe In Vitro Transcription System (Promega).
The synthesized fragments were treated with DNase I to remove the DNA
template and were then purified using an RNeasy column. The in vitro
synthesized RNA fragments were treated with CIP for 2 h and then purified.
The purified CIP-treated in vitro RNA transcripts (200 ng) were transfected
into 293T cells using Lipofectamine 2000. IFN-β production was measured
with a human IFN-β ELISA kit (PBL InterferonSource) at 1 d posttransfection.

siRNA. The siRNAexperimentswereperformedasdescribedpreviously (14, 31).
Cells in 24-well plates at 30–50% confluency were transfected with 100 nM of
siRNA purchased from Dharmacon [nontarget (NT) siRNA pool, MDA5 siRNA]
and Santa Cruz Biotechnology (RNaseL, RIG-I siRNA) with the use of Oligo-
fectamine (Invitrogen). At 48 h after siRNA transfection, the cells were trans-
fected with empty vector; with plasmids expressing L, LII, or LII mut (1 μg/μL);
or poly(I):poly(C) (500 ng/mL) using Lipofectamine 2000, along with phRL-TK
and pNF-κB-TATA-F-Luc or pIFN-Luc, as described previously. Dual-luciferase
assays and immunoblot analyses were performed at 1 d posttransfection.

ELISA for IFN-β.Medium was collected and centrifuged to remove cell debris.
Then 50 μL of the cleared medium or the IFN-β standard were used in du-
plicate for detection of IFN-β using a human IFN-β ELISA Kkit (PBL IFN
Source), following the manufacturer’s instructions.

Real-Time PCR. The 293T cells in six-well plates were transfected with 1 μg of
purified RNA (vector, L-I, or L-II mut) or poly(I):Poly(C) (250 ng) in Opti-
MEM (Invitrogen) using Lipofectamine 2000 for 4 h. After transfection, the
medium was changed to complete medium (10% FBS, 1% penicillin-
streptomycin, and DMEM) with DMSO or CHX (20 μg/mL). After 16 h of
incubation, the total RNA was isolated using the RNeasy Mini Kit. RT was
performed with 11 μL of total RNA for each sample, using SuperScript III
reverse transcriptase (Invitrogen) with oligo (dT)15 according to the man-
ufacturer’s protocol. The cDNA (4 μL of 1:20 diluted cDNA) from each
sample was used for a real-time PCR on a Step One Plus Real-Time PCR
System (Applied Biosystems) using Taqman Universal PCR Master Mix
(Applied Biosystems) and Taqman Gene Expression 1 Assays (Applied
Biosystems) for the IFN-β gene with FAM dye and for the β-actin gene with
VIC dye. Results were analyzed to obtain Ct values. Relative levels of IFN
mRNA and β-actin mRNA were determined by calculating ΔCt values. Each
sample was run in three replicates.
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