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Abstract

Retinoic acid-inducible gene | (RIG-I) and melanoma differ-
entiation-associated gene 5 (MDAS5) are the main cytosolic
sensors of single-stranded RNA viruses, including paramyxo-
viruses, and are required to initiate a quick and robust innate
antiviral response. Despite different ligand-binding proper-
ties, the consensus view is that RIG-l and MDAS5 trigger com-
mon signal(s) to activate interferon regulatory factor 3 (IRF-
3) and NF-kB, and downstream antiviral and proinflamma-
tory cytokine expression. Here, we performed a thorough
analysis of the temporal involvement of RIG-l and MDAS5 in
the regulation of IRF-3 during respiratory syncytial virus
(RSV) infection. Based on specific RNA interference-mediat-
ed knockdown of RIG-I and MDAS5 in A549 cells, we con-
firmed that RIG-I is critical for the initiation of IRF-3 phos-
phorylation, dimerization and downstream gene expres-
sion. On the other hand, our experiments yielded the first

evidence that knockdown of MDAS5 leads to early ubiquitina-
tion and proteasomal degradation of active IRF-3. Converse-
ly, ectopic expression of MDA5 prolonged RIG-I-induced IRF-
3 activation. Altogether, we provide novel mechanistic in-
sight into the temporal involvement of RIG-l and MDAS5 in
the innate antiviral response. While RIG-I is essential for ini-
tial IRF-3 activation, engagement of induced MDAS5 is essen-
tial to prevent early degradation of IRF-3, thereby sustaining
IRF-3-dependent antiviral gene expression. MDA5 plays a
similar role during Sendai virus infection suggesting that this
model is not restricted to RSV amongst paramyxoviruses.

© 2014 S. Karger AG, Basel

Introduction

The ability of the host to mount a quick and robust in-
nate immune antiviral response relies upon the recogni-
tion of highly conserved pathogen-associated molecular
patterns (PAMPs) by a heterogeneous group of pathogen
recognition receptors (PRRs) that detect viral RNA spe-
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cies [1]. Amongst PRRs, the retinoic acid-inducible gene
I (RIG-I)-like receptor (RLR) family plays a key role in the
cytosolic sensing of single-stranded RNA viruses. The
founding member, RIG-I, and its structural homologue
melanoma differentiation-associated gene 5 (MDAS5)
positively contribute to the formation of an antiviral state
[2]. RIG-T and MDAS5 contain a DExD/H ATP-depen-
dent helicase domain, two N-terminal caspase-recruiting
domains (CARD) responsible for signal transduction,
and aregulatory C-terminal domain [3]. Biochemical and
structural studies have started to elucidate preferences of
RIG-I and MDAS5 for distinct nucleic acid ligands. A
5'-triphosphate (5'-ppp) together with a blunt-ended
double-stranded (ds) motif defines a sufficient molecular
pattern for recognition by RIG-I [4]. Deep-sequencing
analysis revealed that short defective interfering RNA
generated through mistakes in the replication of Sendai
virus (SeV) and Influenza virus constitute the privileged
ligand for RIG-I [5]. MDAS5 ligands are less well defined,
but MDAS5 responds more specifically to long dsRNA
that contain branched or higher order structures [6] and
senses the absence of 2’-O-methylation at the 5’ cap struc-
ture of viral RNA [7]. Direct binding of viral RNA to
MDAS5 was not yet demonstrated, but colocalization of
MDAS5 and the replicative dsRNA of enteroviruses was
observed using fluorescent imaging [8].

Despite differences in their ligand-binding properties,
the current model postulates that RIG-I and MDAS trig-
ger common downstream signal(s). The binding of RNA
moieties to RIG-I or MDAS5 forces a conformational
change allowing their interaction with the mitochondrial
antiviral signaling (MAVS) adaptor, also known as IPS-1,
CARDIF or VISA. Activated MAVS provides an interface
for the binding of various signaling proteins to elicit the
activation of the NF-«xB and interferon (IFN) regulatory
factor 3 (IRF-3) transcription factors, culminating in the
production of proinflammatory and antiviral cytokines,
mainly type-I IFNs [9, 10]. IFNp autocrine and paracrine
action induces the expression of numerous IFN-stimulat-
ed genes (ISGs) encoding antiviral proteins that modulate
viral replication, protein synthesis, growth arrest and
apoptosis [11]. IRF-3 also mediates an early IFN-inde-
pendent antiviral state via the expression of a subset of
key antiviral genes, including genes encoding IFN-in-
duced protein with tetratricopeptide repeats (IFIT) 1/
ISG56, IFIT2/ISG54 and IFIT3/I1SG60 [12].

While it was initially thought that RIG-I and MDA5
recognize selective families of viruses, it is now docu-
mented that several viruses, including Dengue virus,
West Nile virus, Reovirus and SeV can be sensed by both
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receptors to induce type-I IFN production [13-15]. We
previously found that both RIG-I and MDAS5 play a role
in respiratory syncytial virus (RSV)-mediated activation
of NF-kB. Interestingly, while both RIG-I and MDA5
downregulation significantly impaired RSV-induced
NF-kB-dependent promoter activity, only RIG-I acts up-
stream of the classical NF-«B activation pathway involv-
ing phosphorylation of the IkBa inhibitor and of the p65
subunit [16]. This points to a distinct role of MDAS5 in
the regulation of the NF-kB-dependent innate immune
response via an alternative pathway that remains to be
characterized.

In the present study, we compared the role of RIG-I
and MDA?5 in the regulation of IRF-3 during RSV infec-
tion using specific siRNA-mediated silencing of each re-
ceptor in A549 cells. Consistent with previous reports
[13,17], we found that RIG-Iis essential for RSV-induced
IRF-3 activation measured through phosphorylation and
dimerization, and downstream IFIT1 antiviral gene ex-
pression. In contrary, MDA5 was not essential for early
IRF-3 activation. Termination of IRF-3 activation is es-
sential to prevent a prolonged antiviral response. We and
others have shown that hyperphosphorylated IRE-3 is
subjected to degradation by the proteasome [18-20]. In-
terestingly, proteasome-mediated degradation of IRF-3
occurred at earlier time points when MDA5 was silenced
compared to control cells. Moreover, ectopic expression
of MDADS resulted in a prolonged activation of IRF-3 in-
duced by the RIG-I-specific ligand 5'ppp-dsRNA. Con-
sistently, expression of the IRF-3 target gene IFIT1 was
strongly impaired in the absence of RIG-I, while in the
absence of MDAS it was initially induced, but its expres-
sion was transient. Altogether, these results support a
novel model in which activation of RIG-I is essential to
activate IRF-3, while induction of MDA5 during infec-
tion prevents early degradation of IRF-3, thereby sustain-
ing IRF-3-dependent antiviral gene expression. The ob-
servation that MDAS plays a similar role in response to
SeV suggests that this model is not restricted to RSV
amongst paramyxoviruses. These results shed a new light
on our understanding of the distinct functions of two
closely related PRRs in the regulation of the antiviral re-
sponse.

Materials and Methods

Reagents and Plasmids
Dimethyl sulfoxide (DMSO) and bovine serum albumin were
from Sigma-Aldrich. Lactacystin and MG132 were from Calbio-
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chem. TransIT-LT1 transfection reagent was from Mirus BIO, and
Oligofectamine and Lipofectamine 2000 transfection reagents
were from Invitrogen. Previously described RNA interference
(RNAI) oligonucleotides [16] were obtained from Dharmacon.
The 5'ppp-dsRNA was from Invivogen. The pRL-null reporter
plasmid was from Promega. The IFITIprom-pGL3 luciferase re-
porter construct has previously been described [12]. The hMDAS5-
flag-pCMV6c plasmid was graciously supplied by Dr. S. Akira,
Osaka University, Japan.

Cell Culture and Infections

All media and supplements were from GIBCO. A549 cells were
obtained from the American Type Culture Collection (ATCC) and
grown in F-12 nutrient mixture (Ham) medium supplemented
with 10% heat-inactivated fetal bovine serum (HI-FBS). HEC1B
cells (ATCC) were grown in MEM supplemented with 10% HI-
FBS, sodium pyruvate and non-essential amino acids. All cells
were grown without antibiotics.

The initial stock of RSV A2 strain was from Advanced Biotech-
nologies Inc. Amplification and purification were performed as
previously described [16]. Infection of subconfluent A549 cells
with RSV A2 was performed in culture medium containing 2% HI-
FBS at a multiplicity of infection (MOI) of 3, except in luciferase
reporter assays where a MOI of 6 was used. Where indicated, lac-
tacystin, MG132 or DMSO (vehicle) were added in serum-free me-
dium for 1 h before the addition of RSV and 2% HI-FBS.

Transfection of Plasmids, RNAi and 5'ppp-dsRNA

Transfection of plasmids was performed using the TransIT-
LT1 Transfection Reagent according to the manufacturer’s in-
structions. Cells were plated to reach 60-70% confluency at the
time of transfection and were transfected using a DNA/transfec-
tion reagent ratio of 1:2 or 1:3. RNAi oligonucleotide transfec-
tion was performed as previously described [21] using Oligo-
fectamine reagent and pursued for 63-66 h before RSV infection,
except for plaque-forming unit assay where infection was per-
formed at 24 h post-RNAi transfection. Where required, plasmid
transfection was performed 36 h after RNAI transfection. For
transfection of 5'ppp-dsRNA, A549 cells at 80-90% confluency
in 35-mm plates were transfected with 1.5-ug 5 ppp-dsRNA us-
ing Lipofectamine 2000 (Invitrogen) with a ligand/transfection
reagent ratio of 1:1.

Multiplex ELISA

RSV infection at an MOI of 3 was conducted in Opti-MEM
Reduced Serum media (GIBCO) 48 h post-RNAi transfection. Ac-
cording to the manufacturer’s instructions, 50 pl of supernatant
were analyzed using the VeriPlex™ Human Interferon Multiplex
ELISA (PBL Interferon). Acquisition of chemiluminescence was
performed with a LAS4000mini CCD camera apparatus (GE
Healthcare) using an NP Tray. Data analysis was performed with
the Q-View Software from Quansys Biosciences.

Immunoblot Analysis

Whole-cell extracts (WCE) were prepared on ice in Nonidet
P-40 (Igepal; Sigma) lysis buffer [22], quantified using a Bio-Rad
protein assay (Bio-Rad), resolved by SDS-PAGE electrophoresis
and transferred onto nitrocellulose membrane followed by immu-
noblot. Proteins were immunodetected using anti-IRF-3Ser396
phosphospecific (anti-IRF-3-P-Ser396 [22]), anti-IRF-3 (Active
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Motif or IBL), anti-RIG-I (Alexis Biochemicals), anti-MDA5
(Alexis Biochemicals), anti-Flag M2 (Sigma-Aldrich), anti-actin
(Chemicon International), and anti-RSV (Chemicon Internation-
al) antibodies diluted in phosphate-buffered saline containing
0.5% Tween and either 5% non-fat dry milk or 5% bovine serum
albumin. The membranes were further incubated with HRP-con-
jugated goat anti-rabbit or anti-mouse IgG, or rabbit anti-goat IgG
(Kirkegaard & Perry or Jackson Laboratories). Immunoreactive
bands were visualized by enhanced chemiluminescence using the
Western Lightning Chemiluminescence Reagent Plus (Perkin-El-
mer Life Sciences) and detected using an LAS4000mini CCD cam-
era apparatus (GE Healthcare).

Native Gel Electrophoresis

To separate IRF-3 monomer and dimer, native-PAGE was con-
ducted as described previously [23] using 10 ug of WCE prepared
as described above. After transfer onto nitrocellulose membrane,
IRF-3 was detected by immunoblot as described above.

Luciferase Reporter Assays

A549 cells in 24-well plates were cotransfected with the pRL-
null renilla (internal control, 50 ng) and the IFITI1prom-pGL3
luciferase reporter (100 ng). Where RNAi transfection preceded
a luciferase reporter gene assay, transfection with reporter plas-
mids was performed 48 h post-RNAi transfection. Quantification
of luciferase activities was performed 24 h post-transfection of
reporter plasmids using the dual luciferase reporter assay kit
(Promega) according to the manufacturer’s instructions. Relative
luciferase activities were calculated as the ratio of luciferase over
renilla activities.

In vivo IRF-3 Polyubiquitination Assay

The state of endogenous IRF-3 polyubiquitination was evalu-
ated in vivo as previously described [20]. Briefly, cells were lysed
in RIPA buffer containing 2 mM N-ethylmaleimide and protease
inhibitors mixture (Sigma-Aldrich),and passed through a25-gauge
needle five times. Clarified supernatant were subjected to immu-
noprecipitation using anti-IRF-3 antibodies as described previ-
ously [22] and immunocomplexes were resolved by SDS-PAGE
electrophoresis, followed by immunoblot as described above using
anti-IRF-3 and P4D1 monoclonal antibodies against ubiquitin
(Santa Cruz Biotechnology).

Virus Titration

Quantification of RSV infectious virions was performed by
methylcellulose plaque-forming unit assays. Briefly, supernatant
from RNAi-transfected A549 cells infected with RecRSV-GFP (a
kind gift from Dr. P. Collins, NIH) at an MOI of 0.01 was harvest-
ed at 48 hpiand used to infect confluent Vero cells (ATCC) for 2 h.
The medium was then replaced with 1% methylcellulose in
DMEM/2% HI-FBS. Infection was pursued for 7 days and GFP-
positive lysis plaques were visualized using a Typhoon apparatus
and quantified using Imagequant software (Molecular Dynamics).

Statistical Analyses

Data are presented as the mean + standard error of the mean
(SEM). Statistical significance was assessed by the indicated test
using Prism 5 software (GraphPad). Statistical relevance was eval-
uated using the following p values: * p < 0.05, ** p < 0.01 or ***p <
0.001.
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Fig. 1. RIG-I and MDAS5 are essential for efficient proinflamma-
tory and antiviral cytokine production in RSV-infected A549 cells.
Expression of the proinflammatory cytokines (a) and antiviral cy-
tokines (b) was monitored in the supernatant of A549 cells trans-
fected with Ctrl-, RIG-I- or MDA5-specific RNAi and infected
with RSV (MOI = 3, 24 h) using the VeriPlex Human Interferon

Results

Both RIG-I and MDAS5 Are Involved in

Proinflammatory and Antiviral Cytokine Production

during RSV Infection

In a previous study, we observed that both RIG-I and
MDAS are involved in the control of NF-kB activation
during RSV infection in A549 cells [16]. Consistently, lev-
els of the NF-kB-dependent IL-1a, IL-6 and TNFa proin-
flammatory cytokines induced at 24 h post-RSV infec-
tion, quantified using a multiplex ELISA assay, were sig-
nificantly decreased when either RIG-I or MDA5 were
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Multiplex ELISA. Results were analyzed as mean + SEM of tripli-
cate experiments and a one-way ANOVA followed by a Dunnett
post hoc test using siCtrl-RSV-infected cells as controls. ¢ Effi-
ciency of RIG-I and MDAS5 knockdown was monitored by immu-
noblot (IB) using anti-MDAS5 and anti-RIG-I and anti-actin anti-
bodies.

downregulated by RNAiin A549 cells (fig. 1a). Consider-
ing the partial overlap of NF-kB and IRF-3 regulation
pathways in response to virus infection, concomitant
analysis of IRF-3-dependent antiviral cytokines expres-
sion was performed. As shown in figure 1b, silencing of
either RIG-I or MDAS significantly inhibited RSV-in-
duced production of type-I (a and ) IFNs, type-III (A)
IFNs and IP-10. Of note, IFNw expression was neither
dependent on RIG-I nor MDAS5. Altogether these results
suggest that efficient NF-kB and IRF-3 proinflammatory
and antiviral genes expression involves RSV sensing by
both RIG-I and MDAS.

] Innate Immun 2014;6:650-662
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RIG-I, but Not MDAS, Is Essential for Early IRF-3

Phosphorylation and Dimerization

In uninfected cells, IRF-3 is present as non-phos-
phorylated and hypophosphorylated forms (form I and
IT detected by SDS-PAGE [24]). Following virus infec-
tion, IRF-3 is subjected to hyperphosphorylation (forms
IITand IV detected by SDS-PAGE [24]). Phosphorylated
forms of IRF-3 constitute the active forms that dimerize,
accumulate in the nucleus, bind the promoter of target
genes, associate with coactivator and transactivate genes
[25]. Thus, to further characterize the role of RIG-I and
MDAS5 in RSV-induced IRF-3 activation, A549 cells
were transfected with control (Ctrl), RIG-I and MDA5
RNAI before infection with RSV for various times. De-
tailed analysis of IRF-3 phosphorylation was performed
by immunoblot using anti-IRF-3Ser396 phosphospecif-
ic antibodies [22] (fig. 2a, b) and detection of forms III
and IV using anti-IRF-3 antibodies (fig. 2a-c). Addi-
tionally, dimerization was analyzed by native-PAGE
electrophoresis (fig. 2d, e). Consistent with the previ-
ously reported role of RIG-I in RSV-mediated IRF-3 ac-
tivation [13, 17], RSV-induced phosphorylation of IRF-
3 was markedly reduced in the absence of RIG-I, with
IRF-3 remaining mostly present as unphosphorylated/
hypophosphorylated forms I and II throughout the in-
fection (fig. 2a, c). Accordingly, dimerization of IRF-3
was also significantly impaired and IRF-3 remained
mostly as a monomer throughout the infection (fig. 2d).
Interestingly, the profiles of phosphorylation and di-
merization of IRF-3 in the absence of MDAS5 were dif-
ferent. At early time points of RSV infection (4 h), phos-
phorylation and dimerization of IRF-3 were similar in
the presence or absence of MDAS (fig. 2b, e). However,
during the course of the infection, the levels of phos-
phorylated forms (fig. 2b, ¢) and of dimers (fig. 2d) were
significantly diminished in the absence of MDA5 com-
pared to control cells. Importantly, these decreased lev-
els of active forms neither correlated with a recovery of
the unphosphorylated/hypophosphorylated forms I and
II nor with the accumulation of IRF-3 monomer, as ob-
served in the absence of RIG-I (fig. 2b, ¢, e). Consistent
with previous observations that MDAS5 is induced in an
IFN-dependent manner, downregulation of RIG-I using
RNAiimpairs RSV-mediated induction of MDAS5. Thus,
to ensure that the observed effect of RIG-I on IRF-3
phosphorylation and dimerization was not due to the
concomitant inhibition of MDA5 expression, Flag-
MDAS5 was ectopically expressed in cells previously
transfected with RIG-I RNAi before infection with RSV.
As shown in figure 2f, ectopic expression of MDAS5 was
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not capable of rescuing IRF-3 phosphorylation in the
absence of RIG-I, suggesting that MDAS5 and RIG-I do
not have redundant functions and that the phenotype
observed through downregulation of RIG-I is not due to
its effect on MDADS expression.

To determine whether differences in the pattern of
IRF-3 activation observed in the absence of RIG-I or
MDAS5 were specific to RSV infection or if it was more
general amongst paramyxoviruses, the impact of RIG-I
and MDA silencing was also studied during SeV infec-
tion (fig. 3). Consistent with previous reports [26], SeV-
induced IRF-3 Ser396 phosphorylation was dramatically
impaired following RIG-I knockdown with IRF-3 re-
maining in form I and II over the infection. Similar to
the observation in the context of RSV infection, SeV-
induced Ser396 phosphorylation of IRF-3 was similar in
Ctrl and MDA5 RNAi-transfected cells at an early time
of infection (3 h), but at a later time (6 h) the levels of
IRF-3 phosphorylated forms were significantly de-
creased in the absence of MDAS5 without a correspond-
ing recovery of unphosphorylated/hypophosphorylated
forms. Taken together, these results suggest that RIG-I
controls the formation of the phosphorylated dimeric
forms of IRF-3 from early times of infection. MDAS5 is
not essential for the initial formation of phosphorylated
dimeric forms of IRF-3, but is required to sustain their
levels over the course of infection.

Reduced Levels of Active IRF-3 during the Course

of Infection Observed in the Absence of MDAS5 Is

Proteasome Dependent

Inhibition of IRF-3 activation typically results in IRF-3
remaining in unphosphorylated/hypophosphorylated
monomeric forms, similar to what is observed in the ab-
sence of RIG-I (fig. 2, 3). In contrast, the observation that
in the absence of MDAS5 the levels of active IRF-3 were
decreased during the course of infection without a recov-
ery of unphosphorylated/hypophosphorylated mono-
meric forms (fig. 2, 3) is similar to the profile observed at
late time points of infection, when IRF-3 is subjected to
polyubiquitination and proteasomal degradation [18,
20]. This suggests that in the absence of MDAS5, reduced
levels of active IRF-3 could result from proteasome-me-
diated degradation occurring at earlier time points com-
pared to control cells. Thus, we sought to verify whether
the decreased levels of active IRF-3 in the absence of
MDAS5 could be rescued through inhibition of the pro-
teasome. For this purpose, Ctrl, RIG-I and MDA5 RNAi-
transfected A549 cells were pretreated with the protea-
some inhibitor MG132 or DMSO (vehicle) before infec-
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Fig. 2. RIG-I is required for initiation of IRF-3 activation, while
MDAS5 is required for sustained IRF-3 activation following RSV
infection. A549 cells were transfected with Ctrl-, RIG-I- (a, ¢, d, f)
or MDA5- (b, ¢, e) specific RNAi. f RNAi-transfected cells were
further transfected with empty plasmid or plasmid expressing
Flag-MDAS5. RNAi-transfected cells were infected with RSV (MOI
of 3) for the indicated times. a-c, f WCE were analyzed by immu-

tion with RSV for various times. As shown in figure 4a,
pretreatment of cells lacking MDAS5 with MG132 resulted
in the stabilization of Ser396 phosphorylated and total
IRF-3 levels during the course of the infection. Consis-
tently, IRF-3 dimer levels were stabilized over the course
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noblot (IB) using anti-IRF-3-Ser396 phosphospecific (IRF-3-P-
Ser396), anti-IRF-3, anti-RIG-I, anti-MDAJ5, anti-RSV (the nu-
cleocapsid N is shown) and anti-actin antibodies. d, e IRF-3 di-
merization was analyzed by native PAGE followed by immunoblot
using anti-IRF-3 antibodies. D = Dimer; M = monomer; hpi =
hours post-infection. The data are representative of at least three
different experiments with similar results.

of RSV infection in the presence of MG132 (fig. 4a). In
contrast, in the absence of RIG-I, IRF-3 activation, de-
tected by anti-phosphoSer396 immunoblot, form IIT and
IV and dimer formation, was highly impaired and MG132
treatment did not affect these different parameters

] Innate Immun 2014;6:650-662
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Fig. 3. SeV-mediated IRF-3 activation re-
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Fig. 4. Inhibition of the proteasome prevents early diminution of ac-
tive IRF-3 levels observed in the absence of MDAS5 during the course
of RSV infection. A549 cells were transfected with Ctrl, RIG-I or
MDAS5 RNAI and pretreated either with DMSO (vehicle) or 5 um
MG132 (a) or 10 uM lactacystin (b) proteasome inhibitors prior to
infection with RSV (MOI of 3) for the indicated times. WCE were
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resolved by SDS-PAGE and analyzed by immunoblot (IB) using an-
ti-MDAS5, anti-RIG-I, anti-IRF-3-Ser396 phosphospecific (IRF-3-P-
Ser396), anti-IRF-3 and anti-actin antibodies or resolved by native
gel electrophoresis and immunoblotted with anti-IRF-3 antibodies.
D = Dimer; M = monomer; hpi = hours post-infection. The data are
representative of three different experiments with similar results.
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Fig. 5. Absence of MDAS5 results in enhanced IRF-3 polyubiquiti-
nation during RSV infection. A549 cells were transfected with Ctrl
or MDA5 RNAi and pretreated with lactacystin (10 um) prior to
infection with RSV (MOI of 3) for 16 h. WCE were subjected to
immunoprecipitation (IP) using anti-IRF-3 antibodies. Immuno-
complexes and input WCE were analyzed by immunoblot (IB) us-
ing anti-ubiquitin (Ubi), anti-MDAS5, anti-IRF-3 and anti-actin
antibodies. The data are representative of two independent exper-
iments with similar results.

(fig. 4a). Treatment with lactacystin, another structurally
unrelated proteasome inhibitor, also resulted in the ac-
cumulation of activated forms of IRF-3 (forms III and IV
and dimers) following virus infection in the absence of
MDAS (fig. 4b). Additionally, analysis of IRF-3 ubiquiti-
nation status revealed that in the absence of MDA5, RSV -
induced IRF-3 polyubiquitination is significantly in-
creased compared to control cells (fig. 5). Altogether,
these results strongly support the role of MDAS5 induc-
tion in the prevention of early polyubiquitination and
subsequent proteasomal degradation of activated IRF-3.

MDAS5 Regulates IRF-3 Activation
Duration
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Fig. 6. MDAS5 ectopic expression sustains RIG-I-induced active
IRF-3 levels. A549 cells were transfected with either empty, Flag-
RIG-I- or Flag-MDA5-encoding plasmids before being transfected
with 5'ppp-dsRNA for the indicated times. WCE were analyzed by
immunoblot (IB) using anti-Flag and anti-actin antibodies to con-
trol the expression of Flag-tagged proteins. IRF-3 dimerization
was analyzed by native PAGE followed by immunoblot using anti-
IRF-3 antibodies. D = Dimer; M = monomer. The data are repre-
sentative of three different experiments with similar results.

RIG-I-Induced IRF-3 Activation Is Prolonged by

Ectopic Expression of MDA5
To further demonstrate that MDA5 expression is in-
volved in the stabilization of active IRF-3 levels, the RIG-
I-specific ligand 5'ppp-dsRNA was transfected in A549
cells ectopically expressing either control, Flag-RIG-I or
Flag-MDAG5 (fig. 6). As expected, 5'ppp-dsRNA induced
IRF-3 dimerization in control cells with a peak of dimer
levels observed at 16 h post-transfection. In cells ectopi-
cally expressing Flag-RIG-I, formation of IRF-3 dimer
also peaked at 16 h, but the levels of dimer was increased
compared to control cells. Interestingly, in Flag-MDA5-
expressing cells, 5'ppp-dsRNA induced IRF-3 dimeriza-
tion with maximum levels similar to those observed in
control cells at 16 h post-stimulation. However, IRF-3
dimer levels were sustained for up to 30 h compared to
control cells. Altogether, these results demonstrate that
RIG-I-induced IRF-3 activation is prolonged by a mech-
anism that is dependent on MDAS5 expression.
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Fig. 7. MDAS5 is required for sustained IRF-3-dependent gene ex-
pression. A549 (a,b) or HEC1B (c) cells were transfected with Ctrl,
RIG-I or MDAS5 RNAI and infected with RSV (MOI of 6) for the
indicated times. a, ¢ At 48 h post-RNAI transfection, cells were
further transfected with the IFITIprom-pGLS3 firefly luciferase and
the pRL-null renilla luciferase (internal control) reporter con-
structs and either left uninfected or infected with RSV. Luciferase
activities were expressed as fold activation over the corresponding
uninfected condition and analyzed as mean = SEM of triplicate

MDAS5 Is Essential for Persistent IRF-3-Dependent

IFIT1 Antiviral Gene Expression

The observation that active IRF-3 is subjected to pro-
teasomal degradation at earlier times in the absence of
MDAS compared to control cells suggests that MDAS5 is
required for prolonged IRF-3-dependent antiviral gene
expression. To further characterize the relative roles of
RIG-I and MDAS5 in IRF-3-dependent gene expression,
IFIT1 gene (encoding for IFIT1/ISG56) promoter activ-
ity and endogenous IFIT1 protein expression were in-
vestigated at various time points in RSV-infected A549
cells transfected with Ctrl, RIG-I or MDAS5 RNAI. As
shown in figure 7a, RSV-mediated stimulation of the IF-
IT1-promoter activity, measured by luciferase reporter
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experiments by a one-way ANOVA-Dunnett post hoc test using
siCtrl-infected cells as controls. b WCE were analyzed by immu-
noblot (IB) using anti-IFIT1 and anti-actin antibodies. Represen-
tative immunoblots of three independent experiments are shown.
Immunoblots were quantified by densitometric analysis using the
Image] software. Quantification data (arbitrary units) are ex-
pressed as mean + SEM. Statistical comparison was performed us-
ing a two-way ANOVA post hoc Bonferroni test using siCtrl-in-
fected cells as controls. hpi = Hours post-infection.

assay, was highly decreased in RIG-I-depleted cells com-
pared to cells transfected with siCtrl at early (8 h) and
late (16 h) times post-infection. Interestingly, downreg-
ulation of MDAS5 only weakly interfered with IFITI-
promoter activity at an early time point (8 h) post-infec-
tion, while it dramatically decreased it at a late time
point (16 h; fig. 7a). Similar profiles were observed when
endogenous IFIT1 expression was analyzed by immu-
noblot. IFIT1 expression was strongly abrogated at ev-
ery time point during RSV infection (0-16 h) in the ab-
sence of RIG-I compared to control cells. In the absence
of MDAS, IFIT1 expression was similar to control cells
up to 12 h post-infection, while it was significantly low-
er at 16 h post-infection (fig. 7b). To exclude the contri-
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Fig. 8. Silencing of RIG-I, MDA5 or MAVS results in increased
RSV replication. Released RSV infectious virions were quantified
from A549 cells transfected with Ctrl-, RIG-I-, MDA5- or MAVS-
specific RNAi by plaque-forming unit (pfu) assay. The virus titers
were analyzed as mean + SEM of independent triplicates followed
by a one-way ANOVA-Dunnett post hoc test using siCtrl cells as
controls.

bution of type-I IFN in RIG-I- or MDA5-mediated ef-
fects on IFIT1 expression, the same experiment was per-
formed in HECI1B cells deficient in type-I IFN receptor
[27]. Similar to results observed in A549 cells, RIG-I
downregulation resulted in inhibition of RSV-induced
IFITI promoter induction at all time points of the infec-
tion, while in the absence of MDAS5, IFIT1 promoter ac-
tivity was comparable to control cells at 8 h, but was
significantly impaired at 24 h (fig. 7c). These data sug-
gest that RIG-I is essential for IRF-3 target gene expres-
sion, but MDAS5 induction is only required for persistent
expression. In agreement with a role of both RIG-I and
MDAS in IRF-3 activation, silencing of RIG-I or MDA5
resulted in the increase of RSV replication as measured
by plaque-forming unit assay. Interestingly, increase in
RSV replication was higher following MAVS knock-

MDAS5 Regulates IRF-3 Activation
Duration

down, which acts downstream of both RIG-Iand MDAS5,
(fig. 8). Altogether, these results support a model in
which MDAS5-dependent signaling plays a major role in
preventing early degradation of active IRF-3 by the pro-
teasome, thereby sustaining the IRF-3-dependent anti-
viral response.

Discussion

Accumulating evidence indicates that most or all RNA
viruses produce several PAMPs that are detected by dif-
ferent PRRs of the RLR and Toll-like receptor families
[28, 29]. The current consensus view of the cooperation
of different families of PRRs in the recognition of a single
pathogen is that it provides multiple redundant mecha-
nisms in the immune responses, thereby offering effective
protection of the host. It is currently thought that this
concept of redundancy also applies to RLRs, as several
viruses, including the paramyxoviruses SeV and RSV, are
recognized by both RIG-I and MDAS5 [13, 15, 16, 26]. Al-
though their distinct role in ligand recognition starts to
be better understood [30], the current model proposes
that RIG-I and MDAS5 activate a common downstream
signaling cascade(s) initiated through their interaction
with MAVS that leads to the activation of IRF-3 and NF-
kB and the subsequent induction of antiviral and proin-
flammatory cytokines. In contrast to this model, our ex-
periments yielded interesting results supporting the belief
that temporal involvement of RIG-I and MDAS5 contrib-
utes to the control of the initiation and the duration of
IRF-3 activation during RSV and SeV infections. Based
on specific RNAi-mediated knockdown of RIG-I and
MDADS coupled to a detailed kinetic analysis, we demon-
strated that IRF-3 activation and downstream IFIT1 gene
expression are severely impaired in the absence of RIG-I.
On the other hand, we provided the first evidence that
expression of MDAS5 while viral replication proceeds is
not essential for the initiation of IRF-3 activation, but is
rather implicated in the prevention of active IRF-3 deg-
radation, thereby sustaining IRF-3 activation and down-
stream gene expression. Importantly, ectopic expression
of MDAS5 was able to prolong IRF-3 activation triggered
by the RIG-1 ligand 5'ppp-dsRNA.

Spatiotemporal changes in the localization of RIG-I
and MDAS5 during RSV infection recently highlighted
that both sensors colocalize with RSV in cytoplasmic in-
clusion bodies that contain RSV N and genomic RNA at
an early time of infection. At a late time of infection, only
MDAS colocalized with viral RNA filaments [31]. These

J Innate Immun 2014;6:650-662 659
DOI: 10.1159/000360764


http://dx.doi.org/10.1159%2F000360764

specific subcellular localizations have not yet been corre-
lated with activation of the innate antiviral response acti-
vation, but rather with the capacity of RSV proteins to
inhibit this response. Other reports that have analyzed the
role of RIG-I and MDA5 in RSV- and SeV-mediated IRF-
3 activation have studied their temporal involvement
with far less experimental scrutiny. Our results are con-
sistent with previous reports showing that RIG-I controls
the early antiviral responses against RSV and SeV [13, 16,
26], a result that was reinforced by the successful detec-
tion of RSV and SeV RNA binding to RIG-I [5, 17]. Con-
flicting results have been reported concerning the role of
MDAS in RSV sensing. In HeLa cells, RNAi-mediated
knockdown of either RIG-I or MDAS slightly decreased
RSV-induced IFN expression [32]. In murine embry-
onic fibroblasts deficient in MDA5 (MEF MDA5"),
RSV-induced ISGs expression was relatively delayed
compared to control wild-type MEF cells [13], hence sup-
porting an accessory physiological function of MDA5 in
amplifying the RSV-induced innate immune response.
However, MEF MDA5”/~ cells were found less permissive
to RSV infection. Thus, it cannot be excluded that delayed
expression of ISGs was a result of decreased RSV replica-
tion, as NF-kB and IRF-3 activation is dependent on virus
replication [16; N.G., unpubl. data]. In primary nasal ep-
ithelial cells and A549 cells, RNAi-mediated knockdown
of MDAS5 did not decrease IRF-3-dependent IFN-11 gene
induction following RSV infection [33]. However, this
study was limited to a single time point and thereby was
not appropriate for evaluating the potential role of MDA5
in the sustainability of the response. In mice infected by
SeV, MDA5 was shown to be required for sustained ex-
pression of type-I and III IFN expression, suggesting a
role of MDAS at late time points of infection [15]. Simi-
larly, in a mouse model of West Nile virus infection,
MDAS5 was shown to contribute to the innate immune
response at late time points of infection likely due to the
generation of RIG-Iand MDAS5-specific PAMPs with dif-
ferential kinetics over the course of viral replication [34].
These observations are consistent with our results. How-
ever, we have provided the first mechanistic study high-
lighting the importance of MDAS activation to sustain
RIG-I-induced IRF-3 activation and the thereof mediated
antiviral gene expression.

RIG-T and MDAS exhibit distinct substrate specificity
but other known functional divergences are restricted to
their regulation at basal level, a key feature to prevent un-
necessary innate immune responses that might promote
the development of allergy, necrosis, chronic inflammatory
and autoimmune diseases [35]. Specifically, in the unligan-
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ded state, the CARD domains of RIG-I are involved in a
strong inhibitory intramolecular interaction with the Hel2i
domain, which is relieved upon binding of the ligand [36-
38].In contrast, structural data have recently confirmed the
previous biochemical evidence showing that MDA5 does
not undergo inhibitory intramolecular interaction in the
absence of RNA [36, 39]. Currently, the only known nega-
tive regulator specific to MDAS is the DAK kinase that is
thought to keep MDA inactive in the steady state through
specific interaction with its CARD domain [40]. To our
knowledge, there is currently no data reporting distinct sig-
naling cascade events downstream of RIG-I and MDA5
that could provide a likely mechanism for their differential
role in the regulation of IRF-3. RIG-I and MDAS5 are
thought to act in parallel to elicit identical signaling cas-
cades via their CARD-mediated interaction with MAVS
[10]. Ultimately, this leads to activation of the IkB-kinase
(IKK)-related kinases, TANK-binding kinase-1 and IKKze,
which play a key role in a complex set of phosphorylation
events that regulate IRF-3 dimerization, nuclear accumula-
tion, transactivation capacities and finally degradation via
aproteasome-dependent mechanism [18, 20,41, 42]. Here,
consistent with previous reports, we have shown that
downregulation of RIG-Timpaired IRF-3 phosphorylation,
dimerization and transactivation capacities. However, we
demonstrated for the first time that in the absence of
MDAS5, initial IRF-3 phosphorylation, dimerization and
transactivation capacities were not affected compared to
control cells, but that IRF-3 polyubiquitination was in-
creased and proteasome-mediated degradation occurred at
earlier time points, ultimately resulting in the incapacity of
the cell to sustain IRF-3-dependent antiviral gene expres-
sion. Several E3 ubiquitin ligases, including the suppressor
of cytokine signaling (SOCS1), the RBCC protein interact-
ing with PKC1 (RBCK1), Ro52, also known as TRIM21,
RAUL and an uncharacterized Cullinl-based E3 ligase,
have been implicated in the polyubiquitination and degra-
dation of IRF-3 [20, 43-46]. However, whereas the putative
Cullin1-based E3 ligase recognizes the active phosphory-
lated forms of IRF-3 by a mechanism dependent on the
binding of the prolyl isomerase Pinl [19], the other E3 li-
gases target IRF-3 independently of its phosphorylation
status, thereby regulating the basal turnover of the protein.
Importantly, in this study, we did not observe a reduction
in IRF-3 levels in the absence of MDAS in uninfected cells.
This points to a specific role of MDA5-dependent signaling
in the regulation of the degradation of active IRF-3. The
precise nature of the signal eliciting polyubiquitination of
activated IRF-3 still remains elusive, but might be part of
an intricate interrelation between highly complex phos-
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phorylation, SUMOylation, and ISGylation modifications,
which were all shown to regulate IRF-3 activation intensity
and duration [20, 47-49]. It will be of great interest to eval-
uate whether MDA5-dependent signaling controls the ac-
tivity of the Cullinl-based IRF-3 E3 ligase that specifically
mediates polyubiquitination of the active forms of IRF-3
once it is identified. A complete picture of the biochemical
processes regulating all the post-translational modifica-
tions of IRF-3 and their dynamics involved in the control
of IRF-3 ubiquitination and stability is required to further
unveil the specific function of RIG-I and MDAS5 in the reg-
ulation of the antiviral response.

Altogether, our study reveals that the initial trigger of
IRF-3-dependent innate immunity through recognition
of paramyxoviruses, RSV and SeV, by RIG-I is sustained
through the upregulation of MDAS5 that prevents early
degradation of IRF-3. Our work uncovers novel mecha-

nistic insight into the temporal involvement of RIG-I and
MDA in the innate antiviral response, and thereby pro-
vides a new interesting avenue for therapeutic modula-
tion of the intensity and duration of the innate immune
response during the infection.
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