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Measles virus (MV), a member of the family Paramyxoviridae, is a nonsegmented negative-strand RNA virus.
The RNA helicases retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5
(MDAS) are differentially involved in the detection of cytoplasmic viral RNAs and induction of alpha/beta
interferon (IFN-a/f3). RIG-I is generally believed to play a major role in the recognition of paramyxoviruses,
whereas many viruses of this family produce V proteins that can inhibit MDAS. To determine the individual
roles of MDAS and RIG-I in IFN induction after MV infection, small interfering RNA-mediated knockdown of
MDAS or RIG-I was performed in the human epithelial cell line H358, which is susceptible to wild-type MV
isolates. The production of IFN- mRNA in response to MV infection was greatly reduced in RIG-I knockdown
clones compared to that in H358 cells, confirming the importance of RIG-I in the detection of MV. The IFN-3
mRNA levels were also moderately reduced in MDAS knockdown clones, even though these clones retained fully
functional RIG-1. A V protein-deficient recombinant MV (MVAYV) induced higher amounts of IFN-3 mRNA at
the early stage of infection in H358 cells compared to the parental virus. The reductions in the IFN-3 mRNA
levels in RIG-I knockdown clones were less pronounced after infection with MVAYV than after infection with the
parental virus. Taken together, the present results indicate that RIG-I and MDAS both contribute to the
recognition of MV and that the V protein promotes MV growth at least partly by inhibiting the MDAS5-mediated

IFN responses.

Alpha/beta interferons (IFN-«/B) play central roles in the
host defense against viral infections (42). Pattern recognition
receptors are the host molecules that detect pathogen-associ-
ated molecular patterns and activate the innate immune re-
sponses that operate at the early stage of infections (1). Toll-
like receptor 3 (TLR3) and TLR7 recognize viral RNAs in the
endosome and induce the production of various cytokines,
including IFNs. In the cytoplasm of virus-infected cells, two
RNA helicases, melanoma differentiation-associated gene 5
(MDAY) and retinoic acid-inducible gene I (RIG-I), are in-
volved in virus recognition and IFN induction (21, 58, 59).
Studies have shown that MDAS recognizes long double-
stranded RNAs (dsRNAs) (22), which are produced in cells
infected with picornaviruses and reoviruses (23, 28), while
RIG-I detects single-stranded RNAs with 5’-triphosphate (19,
37) and short dsRNAs (22), which are found in cells infected
with a variety of RNA viruses. Therefore, it is generally be-
lieved that RIG-I plays a major role in the recognition of many
RNA viruses, including paramyxoviruses (23, 28), whereas
MDAS only acts as an RNA sensor for certain RNA viruses.

Measles is a febrile acute infectious disease that remains a
major cause of child deaths worldwide, especially in developing
countries (7). Measles virus (MV) is a member of the genus
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Morbillivirus in the family Paramyxoviridae. The MV genome
possesses six genes, which encode N (nucleocapsid), P (phos-
pho-), M (matrix), F (fusion), H (hemagglutinin), and L (large)
proteins, respectively (16). The P gene encodes two additional
proteins, the V and C proteins (5, 10). During transcription of
the P gene, an additional guanine residue may be inserted at a
specific site in the nascent transcript via the recognition of an
editing motif, producing the V mRNA (10). Consequently, the
V protein shares the N-terminal 231 amino acid residues with
the P protein but has a unique C-terminal region with 68 amino
acid residues. The C protein is translated from the P and V
mRNAs using an alternative reading frame (5). Although the
V and C proteins are dispensable for MV growth in some
cultured cells (40, 45), they promote viral replication by cir-
cumventing the host innate immune responses (11, 31, 53) and
are associated with MV virulence in vivo (12, 35, 53, 54). The
V protein blocks signal transduction in response to IFN-o/B (8,
13, 14, 32, 34, 41, 51, 57) and inhibits TLR7- and TLRY-
mediated IFN-a/B production in human plasmacytoid den-
dritic cells by binding to IkB kinase a and IFN regulatory
factor (IRF) 7 (36). Furthermore, the V proteins of many
paramyxoviruses, including MV, bind to MDAS and inhibit its
function (2). Therefore, the role of MDAS in the recognition
of paramyxoviruses may have been underestimated in previous
studies.

In the present study, we generated RIG-I and MDAS knock-
down human cells and a V protein-deficient recombinant MV
(MVAV) and examined the roles of RIG-I and MDAS in the
detection of MV and the resulting IFN induction. Our results
indicated that these antiviral RNA helicase proteins both con-
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tribute to IFN induction in response to MV infection and that
the V protein promotes MV growth at least partly by inhibiting
the MDAS-mediated response in infected cells.

MATERIALS AND METHODS

Plasmid constructions. Using the pBAsi-hU6 pur DNA vector (Takara Bio,
Inc., Shiga, Japan), we constructed three plasmids—pBAsi-MDAS, pBAsi-
RIG-I, and pBAsi-luciferase—that generated stem-loop type small interfering
RNAs (siRNAs). The siRNAs from pBAsi-MDAS, pBAsi-RIG-I, and pBAsi-
luciferase targeted the mRNAs of human MDAS and RIG-I and firefly lucifer-
ase, respectively. The target sequences for the human MDAS and RIG-I and
firefly luciferase mRNAs were 5'-GGAGAAUAACUCAUCAGAAUC-3',5'-G
CCAGAAUCUUAGUGAGAAUU-3', and 5'-GCCCGCGAACGACAUUUA
UAA-3', respectively.

The plasmid p(+)MV323-EGFP was derived from p(+)MV323, which en-
coded the full-length antigenomic cDNA of the virulent IC-B strain of MV, and
contained an additional transcriptional unit for enhanced green fluorescent pro-
tein (EGFP) (17, 50). The plasmid p(+)MVAV-EGFP was generated by intro-
ducing four nucleotide substitutions into the region corresponding to the RNA
editing motif of the P gene of p(+)MV323-EGFP. All four substitutions were
synonymous in the reading frame of the P protein. Recombinant MVs generated
from p(+)MV323-EGFP and p(+)MVAV-EGFP were designated wild-type (wt)
MYV and MVAV, respectively, in the present study.

Cells and viruses. H358 (49), VV5-4 (3), and B95a (24) cells were maintained
in RPMI 1640 medium (ICN Biomedicals, Aurora, OH) supplemented with
7.5% fetal bovine serum (FBS). To generate cells constitutively expressing the
siRNAs targeting the mRNAs of human MDAS and RIG-I and firefly luciferase,
H358 cells cultured in 3.5-cm dishes were transfected with 5 g of pBAsi-MDAS,
pBAsi-RIG-1, or pBAsi-luciferase using Lipofectamine 2000 (Invitrogen Life
Technologies, Carlsbad, CA), according to the manufacturer’s instructions. At
36 h posttransfection, the cells were harvested, transferred onto 10-cm dishes,
and selected in RPMI 1640 medium supplemented with 7.5% FBS and 1 ug of
puromycin/ml. After 3 weeks of culture, the puromycin-resistant clones formed
colonies on the 10-cm dishes, and three clones each were isolated from the
pBAsi-MDAS-transfected cells (clones M1, M2, and M3) and pBAsi-RIG-I-
transfected cells (clones R1, R2, and R3). One clone was also isolated from the
pBAsi-luciferase-transfected cells. These clones were propagated for further
analyses. Vero cells constitutively expressing human signaling lymphocyte acti-
vation molecule (SLAM) (Vero/hSLAM) (33) were maintained in Dulbecco’s
modified Eagle medium (ICN Biomedicals) supplemented with 7.5% FBS and
500 pg of Geneticin (G418; Nacalai Tesque, Tokyo, Japan)/ml. Recombinant
MVs were generated in VV5-4 cells from the cloned cDNAs and propagated as
described previously (29, 47).

Reagents and antibodies. A fusion blocking peptide (FBP), Z-D-Phe-Phe-Gly,
was purchased from Peptide Institute (Osaka, Japan) (43). IFN-aA/D was pur-
chased from Sigma-Aldrich (St. Louis, MO). A serum sample from a patient with
subacute sclerosing panencephalitis (56) was kindly provided by M. B. A. Old-
stone, The Scripps Research Institute, La Jolla, CA, and used to detect the MV
N protein. Rabbit polyclonal antibodies against the MV P and V proteins and a
mouse monoclonal antibody against the MV C protein (clone 2D10) were de-
scribed previously (30, 31). Rabbit polyclonal antibodies against MDAS and
RIG-I were purchased from ProSci., Inc. (Poway, CA). A rabbit polyclonal
antibody against IRF3 was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). A mouse monoclonal antibody against human actin (clone C2) and a
polyclonal antibody against IFN-induced protein with tetratricopeptide repeats 1
(ISG56) were purchased from Santa Cruz Biotechnology and Abnova Corp.
(Taipei City, Taiwan), respectively. Horseradish peroxidase-conjugated donkey
anti-rabbit and sheep anti-mouse immunoglobulin antibodies were purchased
from GE Healthcare (Piscataway, NJ). A horseradish peroxidase-conjugated
goat anti-human immunoglobulin antibody was purchased from EY Laboratories
(San Mateo, CA).

Virus titration. Monolayers of Vero/hSLAM cells on 12-well plates were
incubated with serially diluted virus samples for 1 h at 37°C, washed with phos-
phate-buffered saline, and overlaid with Dulbecco’s modified Eagle medium
containing 2% FBS and 1.5% methylcellulose 4000 (Wako Pure Chemical In-
dustries, Osaka, Japan). At 5 days after infection, the numbers of PFU were
determined.

Western blot analysis. After being washed with phosphate-buffered saline,
cells were lysed with a buffer (150 mM NaCl, 10 mM Tris-HCI [pH 7.4], 1%
Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]),
and the polypeptides in the lysates were reduced by heating in the presence of
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B-mercaptoethanol (Nacalai Tesque). For the detection of IRF3 dimers, cells
were lysed with a different lysis buffer (150 mM NaCl, 50 mM Tris-HCI [pH 8.0],
1% NP-40) (20) supplemented with serine/threonine phosphatase inhibitor
(Sigma-Aldrich), tyrosine phosphatase inhibitor (Sigma-Aldrich), and protease
inhibitor cocktails (Sigma-Aldrich), and the polypeptides in the lysates were not
reduced. The polypeptides were separated by SDS-polyacrylamide gel electro-
phoresis (PAGE), except for those prepared to detect IRF3 dimers, which were
separated by native PAGE (20). The separated polypeptides were electroblotted
onto polyvinylidene difluoride (PVDF) membranes (Hybond-P; GE Health-
care). The PVDF membranes were incubated with appropriate primary antibod-
ies for 16 h at 4°C, washed three times with Tris-buffered saline containing 0.05%
Tween 20 (TBST), and incubated with horseradish peroxidase-conjugated sec-
ondary antibodies for 1 h at room temperature. After three washes with TBST,
the PVDF membranes were treated with ECL Plus reagents (GE Healthcare),
and chemiluminescent signals were detected and visualized using a VersaDoc
3000 Imager (Bio-Rad, Hercules, CA). The relative amounts of the proteins were
determined by densitometry using the Quantity One software (Bio-Rad).

Reverse transcription-quantitative PCR (RT-qPCR). Total RNAs were ex-
tracted and purified from cells using TRIzol reagent (Invitrogen Life Technol-
ogies), treated with RQ1 DNase (Promega, Madison, WI), and reverse tran-
scribed into cDNAs by using a PrimeScript RT reagent kit and an oligo(dT)
primer (Takara Bio, Inc.), according to the manufacturer’s instructions. The
amounts of cDNAs for the viral mRNAs and host B-actin and IFN-B mRNAs
were quantified by using SYBR Premix Ex Taq II (Takara Bio, Inc.) and a
LightCycler (Roche Diagnostics, Indianapolis, IN) as described previously
(31, 48).

Transfection with MV leader RNA. MV leader RNA was synthesized in vitro
by using a MEGAshortscript kit (Ambion, Austin, TX) according to the manu-
facturer’s instructions, and the in vitro transcription products were purified by
using TRIzol reagent as previously described (31). Monolayers of cells on six-well
plates were transfected with 1 pg of MV leader RNA by using Lipofectamine
2000. Cellular RNAs were collected at 6 h posttransfection.

RESULTS

Generation of MDAS or RIG-I knockdown cells. For the
present study, we used the human epithelial cell line H358,
which is susceptible to clinical MV isolates via an as-yet-uni-
dentified receptor (49). Our preliminary results indicated that
the V protein may play an important role in MV growth in
H358 cells, since MV lacking the V protein exhibited reduced
growth in this cell line, but not in other cell lines (see below).
To evaluate the individual contributions of MDAS and RIG-I
to the induction of IFN-o/B after MV infection, we produced
H358 cells that constitutively expressed siRNAs targeting the
MDAS and RIG-I mRNAs. Three MDAS knockdown clones
and three RIG-I knockdown clones were selected to minimize
the effects of clonal variations. The expression levels of MDAS
and RIG-I were examined by Western blot analysis in these
clones at 24 h after treatment with IFN-aA/D (Fig. 1), since
MDAS and RIG-I were only expressed at low levels without
IFN treatment. The signal intensities for MDAS and RIG-I
were quantified and normalized by that for B-actin. All three
MDAS knockdown clones (M1, M2, and M3) expressed
MDAS at levels of <5% compared to the parental H358 cells,
whereas the RIG-I knockdown clones (R1, R2, and R3) ex-
pressed RIG-I at levels of 5 to 35% compared to the parental
H358 cells.

IFN-B mRNA expression in MDAS and RIG-I knockdown
clones after MV infection. IFN-B mRNA expression was ex-
amined by RT-qPCR in the MDAS5 and RIG-I knockdown
clones, as well as in H358 cells after infection with wt MV. A
clone expressing a nontargeting luciferase siRNA was also
included as a control for the analysis. The IFN-B mRNA levels
were very low in all cells at 24 h after infection (data not
shown). At 48 h after infection, all three RIG-I knockdown
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FIG. 1. Expression of MDAS and RIG-I in H358 cells and knock-
down clones. The expression levels of MDAS and RIG-I in the paren-
tal H358 cells, MDAS knockdown clones (MDAS KD: M1, M2, and
M3), and RIG-I knockdown clones (RIG-I KD: R1, R2, and R3) were
examined by Western blot analysis at 24 h after treatment with IFN-
aA/D. B-actin was evaluated as an internal control. Indicated blow
each band are the signal intensities of MDAS and RIG-I, which were
normalized by that of B-actin. The value of the parental H358 cells was
set to 100%.

clones produced IFN-B mRNA at levels of <5% compared to
the parental H358 cells (Fig. 2A), in agreement with previous
findings that RIG-I is a chief cytoplasmic RNA sensor for the
detection of paramyxovirus infections (23, 28). H358 cells in-
oculated with wt MV in the presence of the FBP or with
UV-inactivated wt MV expressed as low levels of IFN-B
mRNA as the mock-infected cells, confirming that MV repli-
cation in the cytoplasm was required for the induction of
IFN-B mRNA expression in H358 cells. Furthermore, the con-
trol H358 cells expressing a nontargeting siRNA produced
almost the same amount of IFN-B mRNA as the parental
H358 cells after infection with wt MV, indicating that the
presence of siRNA per se does not affect the expression of
IFN-B mRNA.

If RIG-I is largely responsible for detecting MV RNA,
knockdown of MDAS should not affect the expression levels of
IFN-B mRNA in H358 cells. However, expression of IFN-
mRNA was reduced by 60 to 80% in the three MDAS knock-
down clones (Fig. 2A). To confirm that RIG-I was functioning
properly in these MDAS knockdown clones, the clones were
treated with MV leader RNA transcribed in vitro, which has
been shown to induce IFN-o/f via RIG-I (38). All three
MDAS knockdown clones, as well as the control clone express-
ing a nontargeting siRNA, expressed similar or even higher
levels of IFN-B mRNA in response to the MV leader RNA
compared to the parental H358 cells (Fig. 2B). As expected,
the RIG-I knockdown clones exhibited reduced expression of
IFN-B mRNA in response to the MV leader RNA. These
results indicate that not only RIG-I but also MDAS is involved
in IFN induction after MV infection.

Generation and properties of a recombinant MV lacking the
V protein. Many previous studies may have failed to demon-
strate the contribution of MDAS5 to IFN induction because
paramyxoviruses produce V proteins that bind to MDAS,
thereby inhibiting its function. To examine the activity of
MDAS in the absence of the V protein, we generated a re-
combinant MV incapable of producing the V protein
(MVAV). To this end, four point mutations were introduced
into the P gene editing motif of wt MV, such that they were
synonymous in the reading frame of the P protein (Fig. 3A).
MVAYV grew efficiently in SLAM-positive B95a cells (data not
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FIG. 2. IFN-B mRNA expression in H358 cells and knockdown
clones after MV infection or transfection with MV leader RNA.
(A) The parental H358 cells, the clone expressing a nontargeting
luciferase siRNA (Luc), MDAS knockdown clones (MDA5 KD: M1,
M2 and M3) and RIG-I knockdown clones (RIG-I KD: R1, R2 and
R3) were infected with wt MV at a multiplicity of infection (MOI) of
0.5. H358 cells were also infected with UV-inactivated wt MV (UV),
treated with an FBP before wt MV infection (FBP), or mock infected
(mock). Total RNAs were extracted from the cells at 48 h after infec-
tion, and the IFN-B mRNA levels were quantified by RT-qPCR.
(B) H358 cells, the clone expressing a luciferase siRNA, and MDAS
and RIG-I knockdown clones were transfected with in vitro-tran-
scribed MV leader RNA. H358 cells were also mock transfected
(mock). Total RNAs were extracted from the cells at 6 h posttrans-
fection, and the IFN-B mRNA levels were quantified by RT-qPCR. All
data were normalized by the corresponding (-actin mRNA levels in
the respective cells. The mean value in the parental H358 cells infected
with wt MV (A) or transfected with MV leader RNA (B) was set to
100%. The data represent the means * the standard deviations of
triplicate samples. *, P < 0.05; =%, P < 0.01 (significant differences
based on a ¢ test).
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FIG. 3. Generation and properties of the V protein-deficient MV
(MVAV). (A) Diagram of the MV genome indicating the locations of
the introduced mutations to generate MVAV. Underlines indicate the
mutated nucleotides. The predicted amino acids are shown below the
trinucleotide codons. nt, nucleotide. (B) Protein synthesis in MV-
infected cells. B95a cells were infected with wt MV or MVAV at an
MOI of 0.01. At 36 h after infection, viral proteins (N, P, V, and C) in
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shown). cDNAs of the P and V mRNAs from MVAV-infected
B95a cells were amplified by PCR, and the PCR products were
cloned and sequenced to determine the frequency of the RNA
editing. Although 42% (20/48) of the PCR products from wt
MV-infected cells had one or more additional guanine residues
at the editing site, none (0/45) of the PCR products from
MVAV-infected cells had any additional nucleotides. Western
blot analysis further confirmed that the P and C proteins, but
not the V protein, were produced in MVAV-infected B95a
cells (Fig. 3B).

In H358 cells, IFN-B mRNA production was hardly in-
creased above the background (uninfected) level at 12 and 24 h
after infection with wt MV (Fig. 3C). MVAYV induced ~6 times
more IFN-B mRNA in H358 cells at 24 h after infection com-
pared to wt MV. Similarly, MVAYV induced a larger amount of
the IRF3-activated protein ISG56 at 24 h after infection com-
pared to wt MV (Fig. 3D). At 12 and 24 h after infection, the
amounts of the N mRNA determined by RT-qPCR were com-
parable between wt MV- and MVAV-infected H358 cells (Fig.
3E). Therefore, a difference in the amounts of viral RNAs
produced was unlikely to be responsible for the difference in
the amounts of IFN-B mRNA and ISG56 induced. Taken
together, these results suggest that the absence of the V pro-
tein led to enhanced activity of MDAS in MVAV-infected
cells, which in turn caused higher inductions of IFN-B and
ISG56. The amount of the N mRNA at 48 h after MVAV
infection was ~10-fold lower than that after wt MV infection
(Fig. 3E), which was probably due to the higher levels of IFN
induced at the early stage of infection (24 h after infection) in
MVAV-infected cells, resulting in the inhibition of virus rep-
lication. This reduction of MV replication (and therefore viral
RNA synthesis) at later times in MVAV-infected cells may also
explain why at 48 h after infection, there is little difference in
the amount of IFN produced between wt MV- and MVAV-
infected cells (Fig. 3C).

Infection of MDAS and RIG-I knockdown cells with MVAYV.
Next, we infected MDAS and RIG-I knockdown clones, as well
as H358 cells, with MVAV. Detection of MV infection ap-
peared to be suppressed in MVAV-infected MDAS knock-
down clones, as evidenced by decreases in the production of

the infected cells were detected by Western blot analysis. (C) IFN-B
mRNA levels in H358 cells infected with wt MV or MVAV at an MOI
of 0.5. At 12, 24, and 48 h after infection, total RNA was extracted
from the MV-infected cells, and the IFN-8 mRNA levels were quan-
tified by RT-qPCR. The data were normalized by the B-actin mRNA
levels, and the mean value in wt MV-infected cells at 48 h after
infection was set to 100%. The data represent the means = the stan-
dard deviations of triplicate samples. The IFN-B mRNA level in un-
infected cells is also shown (0 h). *%, P < 0.01 (significant difference
based on a ¢ test). (D) Induction of ISG56 in MV-infected cells. H358
cells were mock infected or infected with wt MV or MVAV at an MOI
of 0.5. At 24 h after infection, the ISG56 levels in the infected cells
were detected by Western blot analysis. 3-Actin was analyzed as an
internal control. (E) N mRNA levels in H358 cells infected with wt MV
or MVAV at an MOI of 0.5. At 12, 24, and 48 h after infection, total
RNA was extracted from MV-infected cells, and the N mRNA levels
were quantified by RT-qPCR. The data were normalized by the B-actin
mRNA levels, and the mean value in wt MV-infected cells at 48 h after
infection was set to 100%. *, P < 0.05 (significant difference based on
at test).
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FIG. 4. Inductions of IFN-8 mRNA and ISG56 and dimerization of
IRF3 in MVAV-infected cells. (A) The parental H358 cells, MDAS
knockdown clones (MDAS KD: M1, M2, and M3) and RIG-I knockdown
clones (RIG-I KD: R1, R2, and R3) were infected with MVAV at an MOI
of 0.5. H358 cells were also infected with UV-inactivated MVAV (UV),
treated with an FBP before MVAV infection (FBP), or mock infected
(mock). Total RNAs were extracted from the cells at 24 h after infection,
and the IFN-B mRNA levels were quantified by RT-qPCR. The data were
normalized by the B-actin mRNA levels, and the mean value in MVAV-
infected H358 cells was set to 100%. *, P < 0.05 (significant difference
based on a ¢ test). N.S., not significant. (B and C) H358 cells and MDAS
and RIG-I knockdown clones were infected with MVAV at an MOI of
0.5. H358 cells were also mock infected. At 24 h after infection, the
monomeric and dimeric forms of IRF3 in the cells were examined by
native PAGE and Western blot analysis (B), and the ISG56 levels in the
cells were detected by SDS-PAGE and Western blot analysis (C). B-Actin
was examined as an internal control.
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FIG. 5. Growth kinetics of wt MV and MVAYV in H358 cells and
knockdown clones. The parental H358 cells, an MDAS5 knockdown
clone (M3) and an RIG-I knockdown clone (R1) were infected with wt
MV or MVAYV at an MOI of 0.5. At 24 and 48 h after infection, the
cells were harvested, together with the culture media, and the virus
titers were determined by plaque assays. The data represent the
means * the standard deviations of triplicate samples. %, P < 0.05; *=*,
P < 0.01 (significant differences based on a ¢ test).

IFN-B mRNA (Fig. 4A), the dimerization of IRF3 (Fig. 4B),
and the production of ISG56 (Fig. 4C). As expected, these
three parameters were also suppressed in RIG-I knockdown
clones (Fig. 4A to C). In control experiments, all of the knock-
down clones were found to exhibit IRF3 dimer formation and
express ISG56 after transfection with Cardif/VISA/MAVS/
IPS-1, the common adaptor molecule downstream of MDAS
and RIG-I (42; data not shown). These findings indicate that
MDAS does indeed contribute to the detection of MV and
resulting induction of IFN-B and that MDAS and RIG-I are
both required for H358 cells to fully produce IRF3-activated
IFN-B and ISG56 after MVAV infection. It was noted that
significant levels of IFN-B mRNA were produced in MVAV-
infected RIG-I knockdown clones (Fig. 4A), unlike the case for
RIG-I knockdown clones infected with wt MV, in which the
production of IFN-B mRNA was negligible compared to wt
MV-infected parental H358 cells (Fig. 2A). These observations
may further support the role of MDAS in IFN induction after
MYV infection, which is only revealed in the absence of the V
protein.

Growth of wt MV and MVAYV in knockdown clones. The
growth kinetics of wt MV and MVAV were examined in H358
cells, an MDAS knockdown clone (M3), and a RIG-I knock-
down clone (R1) (Fig. 5). At 24 h after infection when the
productions of IFN-8 mRNA were still very limited (Fig. 3C),
there was little difference in the growth of wt MV among H358,
M3, and R1 cells. At 48 h after infection, the growth of wt MV
was accelerated in R1 cells, but not in M3 cells, compared to
H358 cells. Virus titers may be determined by the balance
between the speed of virus replication and antiviral action of
IFN. Thus, the reduction of IFN-B mRNA found in M3 cells
may not have been sufficient to enhance wt MV replication at
48 h after infection, unlike that in R1 cells. On the other hand,
the growth of MVAV was strongly suppressed in H358 cells.
Growth retardation of MVAV may be expected to be compen-
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sated for in MDAS knockdown cells, and MVAV did indeed
grow better in M3 cells than in H358 cells. However, the
growth of MVAYV in M3 cells was still less efficient than that of
wt MV in H358 cells. Furthermore, MVAYV growth was greatly
enhanced in R1 cells compared to H358 and M3 cells at 48 h
after infection, reconfirming the primary importance of RIG-I
in the detection of MV and subsequent IFN production.

DISCUSSION

In the present study, we have shown that RIG-I and MDAS
are both involved in the detection of MV in human cells and
that the V protein plays an important role in MV growth by
inhibiting the MDAS-mediated induction of the host IFN re-
sponses.

Previous studies using embryonic fibroblasts from MDAS5 '~
or RIG-I"/~ knockout mice in vitro, as well as these knockout
mice in vivo, have shown that these RNA helicases have dif-
ferential roles in the recognition of different viruses. Specifi-
cally, RIG-I is essential for the detection of many RNA viruses
including paramyxoviruses, orthomyxoviruses, rhabdoviruses
and flaviviruses, while MDAS5 is critical for the detection of
picornaviruses (15, 23, 28). Interestingly, dengue virus type 2, a
flavivirus, and reoviruses were shown to induce innate immune
responses in embryonic fibroblasts obtained from either
MDAS5 '~ or RIG-I"/~ mice, indicating that they trigger both
RIG-I- and MDAS5-dependent responses (28).

Although the above generalization may be made, the data
are more complicated for individual viruses. In studies with
knockout mice, IFN production was significantly diminished in
RIG-1"/" cells, but not in MDAS /™ cells, after infection with
paramyxoviruses such as Sendai virus (SeV), including that
lacking the V protein, Newcastle disease virus (NDV), and
respiratory syncytial virus (23, 28). On the other hand,
Yoneyama et al. (58) demonstrated that expression of IFN
mRNA after NDV infection was inhibited in mouse fibroblast
L929 cells by siRNA-mediated knockdown of either RIG-I or
MDAS. Studies with the monoclonal antibody J2, which spe-
cifically recognizes dsRNAs of more than 40 bp in length (55),
detected dsRNAs in NDV-infected cells (52) but not in SeV-
infected cells (52, 55).

In the case of MV, infection was found to trigger IFN re-
sponses in human Huh7 cells but not in their derivative Huh7.5
cells with nonfunctional RIG-I, although the MDAS pathway
was intact in both cell lines (38). Another study suggested that
MDAS is involved in MV-induced expression of IFN-B since
forced expression of MDAS, but not RIG-I or TLR3, led to
enhanced IFN-B promoter activity in MV-infected human
A549 cells (6). Shingai et al. (46) reported that vaccine strains
of MV contain defective interfering (DI) particles, which are
responsible for IFN-B induction. These authors also showed
that both RIG-I and MDAS detect the stem-loop structure of
DI RNAs, whereas only RIG-I senses DI RNAs with 5'-
triphosphate. Therefore, differences in the cell types (knockout
mouse-derived cells versus cultured cells) and assay systems
used may have led to various conclusions regarding the relative
roles of RIG-I and MDAS in the detection of different
paramyxoviruses. Furthermore, although all paramyxoviruses
have a common life cycle including genome replication and
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transcription (25), host cells may recognize different paramyxo-
viruses in different manners.

To determine the individual roles of MDAS and RIG-I in
IFN induction after MV infection, we established human epi-
thelial H358 cells constitutively expressing siRNAs targeting
the MDAS and RIG-I mRNAs. Even in the RIG-I knockdown
clones that still expressed considerable levels of RIG-I (clones
R2 and R3), induction of IFN-B mRNA after MV infection
was almost completely blocked, indicating that RIG-I plays a
major role in the recognition of MV. The results are consistent
with those obtained using Huh7 and Huh7.5 cells (38), as well
as with the general notion regarding the importance of RIG-I
in the detection of paramyxoviruses. However, our data further
showed that MDAS is also involved in the detection of MV,
since IFN-B mRNA production in MDAS knockdown clones
was reduced compared to that in the parental H358 cells. This
observation appears to contradict the finding that RIG-I
knockdown clones (expressing normal levels of MDAS) hardly
produced IFN-B mRNA after MV infection. Without RIG-I,
MDAS-mediated signaling probably does not function suffi-
ciently to induce IFN in the presence of the antagonizing V
protein.

To evaluate the contribution of MDAS to IFN induction in
the absence of the V protein, a V protein-deficient MV
(MVAV) was generated. IFN-B mRNA and ISG56 were in-
duced at higher levels in MVAV-infected cells than in wt MV-
infected cells at 24 h after infection. Similar enhancement of
IFN production has also been reported for the paramyxovirus
simian virus 5 with a defective V protein (18). Activation of
IRF3 and production of IFN-B mRNA and ISG56 in response
to MVAYV infection were reduced in MDAS knockdown cells
compared to the parental H358 cells. Importantly, significant
levels of IFN-B mRNA were produced in RIG-I knockdown
cells infected with MVAYV, unlike the case for those infected
with wt MV. Furthermore, the growth of MVAV, but not that
of wt MV, was enhanced in MDAS5 knockdown cells. All of
these results indicate that MDAS is indeed involved in the
recognition of MV and that the V protein is required for MV
to inhibit the MDAS-mediated IFN induction.

MDAS and RIG-I appear to recognize different RNA struc-
tures (19, 22, 37, 44). Leader RNA, a 5'-triphosphate ended
single-stranded RNA, is produced during the transcription of
MV and other paramyxoviruses (9, 26), and in vitro-synthe-
sized MV leader RNA was found to induce IFN through RIG-I
(38). Therefore, RIG-I probably detects leader RNA in MV-
infected cells and induces IFN production. Using the dsSRNA-
specific antibody J2 (55), we tried to detect intracellular
dsRNA, which is the ligand for MDAS (22). Although dsRNA
was not found in wt MV- or MVAV-infected Vero/hSLAM
cells, it was clearly detected in MVAC-infected cells (data not
shown). A recent study also reported that dsSRNA exists in cells
infected with a C protein-deficient SeV, but not in SeV-in-
fected cells (52). Therefore, the C proteins of both SeV and
MYV may act to limit the generation of intracellular dsRNA. It
is likely that dsRNA is generated at a low level in wt MV- or
MVAV-infected cells, although it cannot be detected by the J2
antibody in the presence of the C protein. Alternatively, un-
known structural motifs may exist in MV RNA that can acti-
vate MDAS.

The V protein interferes with multiple steps of host antiviral
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responses such as IFN-a/B induction (36, 39) and IFN-o/B-
mediated signal transduction (32, 34, 51, 57). Since the MV P
protein can inhibit IFN signaling like the V protein (13, 32),
the raison d’étre for the MV V protein may largely reside in its
blockade of MDAS5-mediated IFN induction. However, the
significance of this V protein function may vary among differ-
ent cell types, because MV lacking the V protein grows com-
parably to the parental virus in B95a cells (present study) but
not in H358 cells (present study) and rhesus monkeys (12). In
the present study, knockdown of MDAS weakened IFN induc-
tion in H358 cells after infection with wt MV or MVAV. On
the other hand, the growth defect of MVAV was not com-
pletely compensated for in MDAS knockdown H358 cells, in-
dicating that the V protein may contribute to efficient MV
growth partly by inhibiting MDAS-mediated IFN induction
and partly by other mechanisms.

Given the importance of RIG-I in the recognition of
paramyxoviruses, including MV, inhibition of RIG-I, rather
than MDAS, may be a better strategy for MV to achieve
efficient growth. Indeed, some paramyxoviruses block RIG-I-
mediated IFN-o/B induction (4, 27). Strong suppression of
innate immunity through blockade of RIG-I may increase MV
growth but possibly kill the host too quickly for the virus to
spread to other hosts. Blockade of MDAS may be more ad-
vantageous for MV survival, by allowing both sufficient growth
within a host and efficient spread to different hosts.
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