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In addition to the phosphoprotein, the P gene of measles virus (MV) also encodes the V and C proteins by
an RNA editing process and by alternative initiation of translation in a different reading frame, respectively.
Although the MV C protein is required for efficient MV replication in vivo and in some cultured cells, its exact
functions in virus infection are currently unclear. Here, we report that a recombinant MV lacking the C protein
(MV�C) grew poorly in a human cell line possessing the intact interferon (IFN) pathway and that this growth
defect was associated with reduced viral translation and genome replication. The translational inhibition was
correlated with phosphorylation of the alpha subunit of eukaryotic translation initiation factor 2. Moreover,
increased IFN induction was observed in MV�C-infected cells. The NS1 protein of influenza virus, which binds
to double-stranded RNA (dsRNA) and consequently inhibits IFN induction and dsRNA-dependent protein
kinase activation, complemented the growth defect of MV�C. These results indicate that the MV C protein
inhibits IFN induction and modulates host antiviral responses, thereby ensuring MV growth in host cells.

Measles virus (MV), a member of the genus Morbillivirus of
the family Paramyxoviridae, is an enveloped virus with a non-
segmented negative-sense RNA as a genome. The MV genome
has six genes that encode the nucleocapsid (N), phospho- (P),
matrix (M), fusion (F), hemagglutinin (H), and large (L) pro-
teins. In addition to the P protein, the P gene encodes two
other proteins, the V and C proteins, by an RNA editing
process and by alternative initiation of translation in a different
reading frame, respectively (20). A recombinant MV lacking
the C protein propagates efficiently in certain cultured cell
lines (14, 40), but not in other cell lines (14, 45, 51), human
peripheral blood mononuclear cells (PBMCs) (14, 45, 51), or
animal models, such as CD46 transgenic mice, severe com-
bined immunodeficiency mice engrafted with human thymus/
liver implants, and macaques (38, 51, 55). The cause of its
growth defect in vitro and in vivo is currently unknown. In a
minigenome system, the MV C protein was found to inhibit
viral transcription and genome replication (4, 42). The C pro-
tein is also known to play a role in virus assembly (11). Fur-
thermore, one study reported that the C protein inhibits the
interferon (IFN) response (45), although other studies failed
to confirm this observation (36, 51). The contributions of these
activities of the C protein to MV growth and pathogenicity
remain to be determined.

Host cells initiate antiviral responses by detecting pathogen-
associated molecular patterns, such as double-stranded RNA
(dsRNA), highly structured single-stranded RNA, and enve-
lope glycoproteins in the case of viruses (1). Cytoplasmic
dsRNAs are detected by two intracellular RNA helicases,
RIG-I and mda-5 (1). These helicases transmit signals to a

downstream adapter molecule, IPS1, which in turn activates
specific kinases (1). Although it has been difficult to obtain
direct evidence that dsRNA is produced in negative-stranded
RNA virus-infected cells (57), RIG-I was shown to play a
major role in IFN induction in these cells (1, 27). The activated
kinases phosphorylate IFN-regulatory factors (IRFs), leading
to the production of IFN-�/� (28). Following secretion, IFN-
�/� bind to IFN-�/� receptors on the surface of adjacent cells,
thereby activating the Jak/Stat signaling pathway (28). Phos-
phorylated Stats activate the transcription of specific genes,
referred to as IFN-stimulated genes, containing an IFN-stim-
ulated response element in their transcriptional enhancer se-
quences (28). The products of the IFN-stimulated genes usu-
ally possess activities that inhibit viral growth at various steps
of the viral replication cycle. Among the IFN-inducible anti-
viral proteins, the most well-characterized are the dsRNA-
dependent protein kinase R (PKR), 2�,5�-oligoadenylate syn-
thetase, and Mx protein, which play roles in inhibiting virus
translation, cleaving viral RNA, and sequestering viral N pro-
teins, respectively (19, 28, 30). PKR, a serine/threonine kinase,
is normally inactive but becomes activated by binding dsRNA.
Activated PKR phosphorylates the alpha subunit of eukaryotic
translation initiation factor 2 (eIF2�), thereby preventing the
recycling of initiation factors and consequently inhibiting
translation (28).

In order to ensure their growth, many viruses encode pro-
teins in their genome that regulate host antiviral responses (17,
21, 28). These proteins often inhibit molecules involved in
the induction, signal transduction, or effector activity of the
IFN system. For example, the nonstructural NS1 protein of
influenza virus binds dsRNA, thereby inhibiting IFN induc-
tion and PKR activation (12, 23). Accordingly, an NS1 protein-
deficient influenza virus grows poorly in IFN-competent cell
lines (5, 18).

In the present study, we demonstrate that a recombinant
MV lacking the C protein was unable to grow efficiently in a
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human cell line possessing the intact IFN pathway and that this
growth defect was linked to reduced viral translation and ge-
nome replication. The translational inhibition was correlated
with the phosphorylation of eIF2�. Moreover, enhanced IFN
induction was observed in the infected cells. The NS1 protein
of influenza virus complemented the growth defect of the C
protein-deficient MV. Taken together, these results indicate
that the MV C protein can modulate host antiviral responses.

MATERIALS AND METHODS

Cells and viruses. Vero cells constitutively expressing human signaling lym-
phocyte activation molecule (SLAM), an MV receptor (54), designated Vero/
hSLAM cells (37), were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; ICN Biomedicals, Aurora, Ohio) supplemented with 7.5% fetal bovine
serum (FBS) and 500 �g/ml Geneticin (G418; Nacalai Tesque, Tokyo, Japan).
A549 cells constitutively expressing human SLAM, designated A549/hSLAM
cells (49), and Chinese hamster ovary (CHO) cells constitutively expressing
human SLAM, designated CHO/hSLAM cells (54), were maintained in RPMI
1640 medium (ICN Biomedicals) supplemented with 10% FBS and 500 �g/ml
G418. B95a cells (29) were maintained in RPMI 1640 medium supplemented
with 7.5% FBS. HeLa cells constitutively expressing the NS1 protein of the
influenza A virus PR8 strain (HeLa/NS1) or the neomycin resistance gene alone
(HeLa/neo) were provided by K. Takeda. These cells were generated by trans-
fecting HeLa cells with pCXN2-FLAG-PR8-NS1, encoding the FLAG-tagged
PR8-NS1 protein, or pCXN2 (35), respectively, and maintained in DMEM sup-
plemented with 7.5% FBS and 500 �g/ml G418. Recombinant MVs were gen-
erated as described previously (33, 47, 48). Briefly, CHO/hSLAM cells were
infected with vTF7-3 (15), a vaccinia virus encoding the T7 RNA polymerase (a
gift from B. Moss), and transfected with a full-length genome plasmid that
encodes the antigenome of MV under the control of the T7 promoter and three
support plasmids, pCAG-T7-IC-N, pCAG-T7-IC-P�C, and pGEMCR-9301B-L
(48). The cells were then incubated in the above-described medium containing 50
�g/ml z-Asp-CH2-DCB (Peptide Institute Inc., Osaka, Japan), a caspase inhib-
itor (33, 47, 48). On the next day, the transfected CHO/hSLAM cells were
cocultured with B95a cells to amplify the recombinant MV rescued from the
full-length genome plasmid. Since B95a is an Epstein-Barr virus-transformed
marmoset B-lymphoid cell line, the viruses underwent one passage in Vero/
hSLAM cells, which are nonsusceptible to the Epstein-Barr virus. All the recom-
binant MVs used in the present study had a transcriptional unit of enhanced
green fluorescent protein (EGFP) at the first 3� locus of the virus genome (22).
Throughout the study, multiplicities of infection (MOIs) were calculated using
the virus titers determined on Vero/hSLAM cells. Since A549- and HeLa-derived
cell lines show lower infectivity titers after MV infection than Vero-derived cell
lines, the MOIs for the A549- and HeLa-derived cell lines may be overestimated.

Reagents and antibodies. A fusion blocking peptide, Z-D-Phe-Phe-Gly (Pep-
tide Institute Inc.) (43), was used at 100 �g/ml in appropriate experiments. The
serum of a patient with subacute sclerosing panencephalitis (59), a cocktail of
mouse monoclonal antibodies against the MV M protein (Chemicon, Temecula,
CA), a rabbit polyclonal antibody against the MV H protein (a gift from T.
Kohama), and a rabbit polyclonal antibody against the MV F protein (a gift from
R. Cattaneo) (8) were used to detect the N, M, H, and F proteins, respectively.
Antibodies for detecting the P, V, and C proteins were raised against the pep-
tides (C)PPNPSRASTSETPIKKGT, CRTDTGVDTRIWYHNLPEIPE, and
(C)WPSRKPWQHGQKYQTTQDRTE, respectively. These peptides corre-
spond to 18 amino acids at positions 215 to 232 of the P protein, 21 amino acids
at positions 279 to 299 of the V protein, and 21 amino acids at positions 20 to 40
of the C protein, respectively. The cysteines (C) at the termini of the peptides
were used for coupling to keyhole limpet hemocyanin for immunization of
rabbits. A monoclonal antibody, JL-8 (BD Biosciences/Clontech, Palo Alto, CA),
was used for detecting EGFP. A horseradish peroxidase-conjugated donkey
anti-rabbit immunoglobulin (Ig) antibody (Amersham Biosciences, Piscataway,
NJ), a goat anti-human Ig antibody (EY Laboratories, San Mateo, CA), and a
sheep anti-mouse Ig antibody (Amersham Biosciences) were used as secondary
antibodies. For indirect immunofluorescence labeling, a mouse monoclonal an-
tibody against human IRF3 (SL-12.1; BD PharMingen, Heidelberg, Germany)
and a rabbit polyclonal antibody against eIF2� phosphorylated at Ser51 (Cell
Signaling Technology, Beverly, MA) were used in combination with Alexa Fluor
594-conjugated donkey anti-mouse and anti-rabbit IgG (H�L) antibodies (Mo-
lecular Probes, Eugene, OR), respectively.

Construction of full-length genome plasmids. All full-length genome plasmids
were derived from p(�)MV323, which encodes the full-length antigenomic
cDNA of the virulent IC-B strain of MV (50). The plasmid p(�)MV323-EGFP,
containing an additional transcriptional unit of EGFP, was described previously
(22). p(�)MV�C-EGFP was generated by introducing an opal mutation and an
amber mutation in the reading frame of the C protein at amino acid positions 2
and 6, respectively. These mutations were synonymous in the reading frame of
the P and V proteins. The viruses rescued from p(�)MV323-EGFP and
p(�)MV�C-EGFP are referred to as MV wild type (MVwt) and MV�C, re-
spectively. MV�C was incapable of producing the C protein, as reported previ-
ously (51). The plasmid p(�)MV323/EdH-EGFP, which encodes the Edmonston
H protein in place of the IC-B H protein, was described previously (22). The
plasmid p(�)MV�C/EdH-EGFP was generated by replacing the PacI-SpeI frag-
ment containing the open reading frame of the H protein of p(�)MV�C-EGFP
with the corresponding fragment of p(�)MV2A (a gift from M. A. Billeter)
encoding the full-length antigenomic cDNA of the Edmonston strain (41). The
viruses rescued from p(�)MV323/EdH-EGFP and p(�)MV�C/EdH-EGFP are
referred to as MVwt-EdH and MV�C-EdH, respectively.

Virus titration. Monolayers of Vero/hSLAM cells on six-well plates were
incubated with serially diluted virus samples for 1 h at 37°C. The monolayers
were then washed with phosphate-buffered saline (PBS) and overlaid with
DMEM containing 5% FBS and 0.5% agarose. At 3 days postinfection (p.i.), the
PFU were determined by counting the numbers of plaques under a fluorescence
microscope.

Reverse transcription-quantitative PCR (RT-QPCR). Total RNA was ex-
tracted from virus-infected cells with the TRIzol reagent (Life Technologies,
Gaithersburg, MD), treated with DNase I, and reverse transcribed into cDNAs
using SuperScript II reverse transcriptase (Invitrogen Life Technologies, Carls-
bad, CA). The cDNAs of the viral RNA genome, viral mRNAs, and cellular
IFN-� and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNAs were
quantified using SYBR Premix Ex Taq (TaKaRa Bio Inc., Shiga, Japan) and a
LightCycler (Roche Diagnostics, Indianapolis, IN) as described previously (47,
49). For quantification of the cDNA of the IFN-� mRNA, we used the primer
pair 5�-CTCCTGGCTAATGTCTATCA-3� and 5�-GCAGAATCCTCCCATAA
TAT-3�. Data were analyzed with the LightCycler software (version 3.5; Roche
Diagnostics).

ELISA. Monolayers of A549/hSLAM cells were infected with MVwt or MV�C
at an MOI of 0.5. At 48 h p.i., the amount of IFN-� in the culture medium was
determined by enzyme-linked immunosorbent assay (ELISA) using a HuIFN-�
ELISA kit (Fujirebio Inc., Tokyo, Japan).

Immunoblotting. Monolayers of A549/hSLAM, HeLa/neo, and HeLa/NS1
cells were infected with each virus. At 24 h p.i., the cells were lysed in passive lysis
buffer (Promega, Madison, WI). The polypeptides in the cell lysates were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, blotted onto
polyvinylidene difluoride membranes (Hybond-P; Amersham Biosciences), and
incubated with primary antibodies against the MV proteins diluted in Tris-
buffered saline and 0.05% Tween 20 (TBST) containing 5% nonfat dry milk at
4°C for 16 h. The membranes were then washed five times with TBST and
incubated with peroxidase-conjugated secondary antibodies for 1 h at room
temperature. After five washes with TBST, the membranes were treated with the
ECL Plus reagent (Amersham Biosciences), and chemiluminescent signals on
the membranes 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).

Immunofluorescence staining. Cells were seeded on coverslips in six-well
plates and infected with each virus in the presence of the fusion blocking peptide.
At 36 h p.i., the cells were fixed and permeabilized with PBS containing 2.5%
formaldehyde and 0.5% Triton X-100. The fixed cells were washed with PBS and
then sequentially incubated with a primary antibody against IRF3 (SL-12.1) or
phosphorylated eIF2� for 1 h at room temperature, followed by an Alexa Fluor
594-conjugated secondary antibody for 1 h at room temperature. Nuclear DNA
was stained with 4�,6�-diamidino-2-phenylindole (DAPI; Nacalai Tesque) at
0.2 �g/ml. Cells were observed using a confocal microscope (Radiance 2100;
Bio-Rad).

RESULTS

Characterization of a recombinant MV lacking the C pro-
tein. A C protein-deficient MV has been reported to exhibit a
growth defect in vitro and in vivo (14, 38, 45, 51, 55). In an
attempt to determine the cause of this defect, we examined
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whether MV�C, a C protein-deficient recombinant MV based
on the wild-type IC-B strain, could grow in A549 cells consti-
tutively expressing human SLAM (A549/hSLAM cells) (Fig.
1A). A549 cells have functional IFN induction and signal trans-

duction pathways and are commonly used to study interactions
between the IFN system and negative-stranded RNA viruses
(46, 56). All the recombinant MVs used in the present study
expressed EGFP. MV�C replicated poorly in A549/hSLAM
cells, and its peak titer was almost 2 logs lower than that of the
parental MVwt (Fig. 1A). Moreover, the cytopathic effects in
MV�C-infected cells were different from those in MVwt-in-
fected cells. At 48 h p.i., cells infected with MV�C at an MOI
of 0.01 had rounded up and detached from the culture dish,
while those infected with MVwt at the same MOI formed large
syncytia (Fig. 1B). These results for A549/hSLAM cells were
similar to previous observations for 293 cells expressing human
SLAM (51), confirming that this type of cytopathic effect is
characteristic of MV�C-infected cells.

To determine the defective step or steps of the infectious
cycle of MV�C, we used RT-QPCR to examine the amounts of
viral mRNAs in cells infected with MVwt or MV�C at an MOI
of 0.5 (Fig. 1C). Similar amounts of all the viral mRNAs were
detected in cells infected with either MV�C or MVwt at 8 and
24 h after infection. However, at 48 h p.i., the amounts of all
the viral mRNAs were severalfold lower in MV�C-infected
cells than in MVwt-infected cells. Next, we performed Western
blot analyses on the amounts of viral proteins at 24 h after
infection at an MOI of 0.5, when all the viral mRNAs were
present at similar amounts in MVwt- and MV�C-infected
cells. The amounts of viral proteins and virus-encoded EGFP
were lower in MV�C-infected cells than in MVwt-infected
cells (Fig. 1D). Quantitative analyses revealed that the N and
H protein levels were �5-fold lower in MV�C-infected cells
than in MVwt-infected cells, while the relative amounts of
EGFP and the P, V, M, and F (F1 subunit) proteins were even
lower in MV�C-infected cells (Fig. 1E). Furthermore, we car-
ried out RT-QPCR to analyze the amounts of genomic RNAs
in cells infected with MVwt or MV�C at several time points
after infection at an MOI of 0.5 (Fig. 1F). Although the
amount of genomic RNA increased with time in MVwt-in-
fected cells, it hardly changed in MV�C-infected cells from 8
to 48 h after infection. These results suggest that MV�C can-
not replicate efficiently in A549/hSLAM cells, at least partly
because it produces much lower amounts of viral proteins and
genomic RNA in infected cells than MVwt, despite the fact
that it expresses almost equal amounts of viral mRNAs to
MVwt.

Viral transcription and translation in MV�C-infected cells
in the presence of a fusion blocking peptide. The above exper-
iments were performed under conditions in which multiple
steps of MV growth occurred. To exclude the possible effect of
multiple rounds of infection on the findings, we repeated the
experiments in the presence of a fusion-blocking peptide that
can prevent secondary infections from taking place. The
amounts of viral mRNAs in MV�C-infected cells were com-
parable to those in MVwt-infected cells at 8 h and 24 h p.i.
under these experimental conditions (Fig. 2A). The amounts
of viral proteins and virus-encoded EGFP in MV�C-infected
cells at 24 h p.i. were again drastically reduced compared with
those in MVwt-infected cells (Fig. 2B). These results con-
firmed that MV�C growth is inhibited at the step of viral
protein production in infected cells.

Next, we examined a possible cause of the translational
inhibition. eIF2� is a component of the translation initiation

FIG. 1. Characterization of the recombinant C protein-deficient MV
during multiple steps of growth. (A) Replication kinetics. A549/hSLAM
cells were infected with MVwt or MV�C at an MOI of 0.01. At various
intervals, cells were scraped into the culture medium and the virus titers
were determined on Vero/hSLAM cells. Circles, MVwt; squares, MV�C.
The data represent the means � standard deviations of triplicate samples.
(B) Syncytium formation. A549/hSLAM cells were infected with MVwt or
MV�C at an MOI of 0.01. At 48 h p.i., the cells were observed under a
fluorescence microscope. (C) Quantification of viral transcripts. A549/
hSLAM cells were infected with MVwt or MV�C at an MOI of 0.5. At 8,
24, and 48 h p.i., the N, P/V, M, F, H, and L mRNAs in the virus-infected
cells were quantified by RT-QPCR. All data were normalized by the
corresponding level of GAPDH mRNA. Filled bars, MVwt; open bars,
MV�C. The data represent the means � standard deviations of triplicate
samples. (D) Detection of viral proteins by immunoblotting. A549/
hSLAM cells were infected with MVwt or MV�C at an MOI of 0.5. At
24 h p.i., EGFP and the N, P, V, M, F (F1 subunit), and H proteins in the
virus-infected cells were detected by immunoblotting using appropriate
primary and secondary antibodies. (E) Quantification of the chemilumi-
nescence signals of the immunoblotting shown in panel D. Filled bars,
MVwt; open bars, MV�C. (F) Quantification of the viral genome by
RT-QPCR. A549/hSLAM cells were infected with MVwt or MV�C at an
MOI of 0.5. Total RNA samples extracted from the infected cells were
reverse transcribed into cDNAs with genome-specific primers, and the
amounts of the cDNA for the genome were quantified by RT-QPCR.
Filled bars, MVwt; open bars, MV�C. The data represent the means �
standard deviations of triplicate samples.
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complex, and virus infections are generally known to induce
phosphorylation of eIF2�, which in turn inhibits translation
(16, 24). Immunofluorescence labeling revealed that �50% of
the MV�C-infected cells showed stronger signals for phosphor-
ylated eIF2� than the surrounding uninfected cells, while the
signals of most MVwt-infected cells remained as weak as those
of uninfected cells (Fig. 2C). These data suggest that enhanced
phosphorylation of eIF2� accounts, at least partly, for the
translational inhibition observed in MV�C-infected cells.

Increased IFN induction and production in MV�C-infected
cells. A C protein-deficient MV has been reported to grow
normally in Vero cells (14, 40, 45), which have a defect in IFN
production (32). Moreover, eIF2� is phosphorylated by the
IFN-inducible PKR (3, 58). Therefore, we considered that the
growth defect of MV�C may be related to the IFN response
and examined the levels of IFN induction in MV�C- and
MVwt-infected cells (Fig. 3A and B). Regardless of the pres-
ence of the fusion-blocking peptide, the amounts of IFN-�
mRNA were 5- to 10-fold higher in MV�C-infected cells than
in MVwt-infected cells at all the time points examined. The
amounts of secreted IFN-� were analyzed by ELISA and
found to be higher in medium samples from MV�C-infected

cells than in those from MVwt-infected cells (Fig. 3C). The
distribution of IRF3, a transcription factor for the IFN-� gene,
in the infected cells was analyzed by immunofluorescence
staining (Fig. 3D). The cytoplasm of all the cells was homog-
enously stained and weakly positive. Nuclear translocation of
IRF3 was detected in �75% of MV�C-infected cells, com-
pared to only �5% of MVwt-infected cells (Fig. 3E). These
results indicate that MV�C activates IRF3 and induces IFN-�
more strongly than MVwt.

Restoration of MV�C growth by the influenza virus NS1
protein. Since the influenza virus NS1 protein is known to
counteract the host antiviral responses mediated by the IFN
and PKR systems, we next examined whether the NS1 protein
can complement the growth defect of MV�C. To this end, we

FIG. 2. Translational inhibition in MV�C-infected cells. (A) Quanti-
fication of viral transcripts in a single step of growth. A549/hSLAM
cells were infected with MVwt or MV�C at an MOI of 0.5 and incu-
bated in the presence of a fusion-blocking peptide. At 8 and 24 h p.i.,
the EGFP, N, P/V, M, F, H, and L mRNAs in the virus-infected cells
were quantified by RT-QPCR. All data were normalized by the cor-
responding level of GAPDH mRNA. Filled bars, MVwt; open bars,
MV�C. The data represent the means � standard deviations of trip-
licate samples. (B) Detection of viral proteins by immunoblotting.
A549/hSLAM cells were infected with MVwt or MV�C at an MOI of
0.5 and incubated in the presence of a fusion-blocking peptide. At 24 h
p.i., EGFP and the N, V, M, and H proteins in the virus-infected cells
were detected by immunoblotting using appropriate primary and sec-
ondary antibodies. (C) Immunofluorescence staining of phospho-
eIF2� in MV-infected cells. A549/hSLAM cells were infected with
MVwt or MV�C at an MOI of 0.5 and incubated in the presence of a
fusion-blocking peptide. At 36 h p.i., the cells were fixed and perme-
abilized, and phospho-eIF2� was detected by indirect immunofluores-
cence staining using a phospho-eIF2�-specific antibody. Green and red
fluorescence indicates EGFP and phospho-eIF2�, respectively.

FIG. 3. Increased IFN induction in MV�C-infected cells. (A) Quan-
tification of IFN-� mRNA in MV�C-infected cells. A549/hSLAM cells
were infected with MVwt or MV�C at an MOI of 0.5. At 24 and 48 h
p.i., total RNAs were extracted from the cells, and the levels of IFN-�
mRNA were quantified by RT-QPCR. All data were normalized by the
corresponding level of GAPDH mRNA. Filled bars, MVwt; open bars,
MV�C. The data represent the means � standard deviations of trip-
licate samples. (B) IFN-� induction in a single step of growth. The
experiments shown in panel A were repeated in the presence of a
fusion-blocking peptide. (C) Monolayers of A549/hSLAM cells were
infected with MVwt or MV�C at an MOI of 0.5. At 48 h p.i., the
amounts of IFN-� in the culture medium were determined by ELISA.
(D) Immunofluorescence staining of IRF3 in virus-infected cells.
A549/hSLAM cells were infected with MVwt or MV�C at an MOI of
0.5 and incubated in the presence of a fusion-blocking peptide. At 36 h
p.i., the cells were fixed and permeabilized, and IRF3 was detected by
indirect immunofluorescence staining. Green and red fluorescence
indicates EGFP and IRF3, respectively. Nuclear DNA was stained
with DAPI (blue). (E) The percentages of cells with nuclear localiza-
tion of IRF3 relative to the total number of infected cells were deter-
mined using a fluorescence microscope.
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used HeLa cells constitutively expressing the NS1 protein of
the influenza virus PR8 strain (HeLa/NS1 cells). Since MV�C
cannot infect HeLa cells due to their lack of SLAM expression,
we prepared MV�C-EdH containing the H protein of the
Edmonston strain instead of the IC-B H protein. This virus can
use the ubiquitously expressed CD46 as an alternative receptor
(13, 34, 54).

We infected HeLa/neo and HeLa/NS1 cells with MVwt-
EdH or MV�C-EdH at an MOI of 0.01 (Fig. 4A). HeLa/neo
cells infected with MV�C-EdH rounded up and detached from
the culture dish, similar to MV�C-infected A549/hSLAM cells
(Fig. 1B), while MVwt-EdH induced large syncytia in the cells.
In HeLa/NS1 cells, MV�C-EdH caused large syncytia similar
to those induced by MVwt-EdH. We next examined the growth
of MV�C-EdH in HeLa/neo and HeLa/NS1 cells infected at
an MOI of 0.01. MV�C-EdH hardly replicated in HeLa/neo

cells, unlike MVwt-EdH (Fig. 4B), consistent with a previous
report (45). On the other hand, MV�C-EdH grew much more
efficiently in HeLa/NS1 cells, although its growth was not as
efficient as that of MVwt-EdH (Fig. 4C). The amount of the N
protein in HeLa/NS1 cells infected with MV�C-EdH at 48 h
p.i. was partially restored, compared with the amount in HeLa/
neo cells (Fig. 4D). A similar result was obtained for the H
protein (data not shown). These results indicate that the influ-
enza virus NS1 protein can complement the growth defect of
MV�C in IFN-competent cells.

DISCUSSION

A C protein-deficient MV grows well in some cell lines but
not in other cell lines, such as HeLa and 293 cells, human
peripheral blood mononuclear cells, or cynomolgus monkeys
(14, 38, 40, 45, 51). Although these observations suggest that
the C protein of MV is a cell-type-specific virulence factor, the
mechanism by which it supports viral growth in certain cells
remains unclear. In the present study, we found that MV�C
grew poorly in A549/hSLAM cells, due to reduced production
of viral proteins and genomic RNA, compared with MVwt.
Since the N protein of MV converts the viral RNA-dependent
RNA polymerase from the transcription mode to the genome
replication mode (39), it is likely that the decreased genomic
RNA synthesis in MV�C-infected cells results from a reduc-
tion in the level of newly synthesized N protein.

Previously, the MV C protein was found to inhibit viral
transcription and genome replication in a minigenome system
(4, 42). We also observed a similar inhibitory effect of the C
protein of the IC-B strain in our minigenome assay system and
virus rescue system (48) (unpublished observation). These
findings are somewhat in conflict with the finding that MV�C-
infected cells produced almost the same amounts of viral
mRNAs as MVwt-infected cells. We speculate that the C pro-
tein expression level may be controlled such that it does not
inhibit viral RNA synthesis in infected cells. The MV C protein
was also reported to play a role in virus assembly (11). How-
ever, we found that MV�C replicated well in HeLa/NS1 cells,
as well as in Vero/hSLAM cells (data not shown). Thus, the
role of the MV C protein in virus assembly may not be critical
for MV replication in cultured cells.

In the present study, the level of phosphorylated eIF2� was
higher in MV�C-infected cells than in MVwt-infected cells,
accounting for the reduced translation in the former cells. It
will be of great interest to clarify whether the translational
inhibition in MV�C-infected cells is viral protein specific or
generally found for all viral and cellular proteins. At present,
we are unable to answer this question because the low titers of
our MV�C stocks have prevented us from performing exper-
iments at high MOIs. We observed that MV�C induced stron-
ger nuclear translocation of IRF3 and higher IFN-� produc-
tion than MVwt. Shaffer et al. showed that neutralizing
antibodies against IFN-�/� could restore the growth defect of
a C protein-deficient MV (45), whereas Takeuchi et al. (51)
and ourselves observed only small effects of anti-IFN-�/� an-
tibodies on the growth of MV�C (data not shown). These
observations suggest that viral stress-inducible genes other
than IFNs (44, 53) may also contribute to the growth defect of
MV�C. Furthermore, constitutively expressed PKR may be

FIG. 4. Restoration of the growth of MV�C by the influenza virus
NS1 protein. (A) Syncytium formation. HeLa/neo and HeLa/NS1 cells
were infected with MVwt-EdH or MV�C-EdH at an MOI of 0.01. At
48 h p.i., the cells were observed under a light or fluorescence micro-
scope. (B and C) Replication kinetics. HeLa/neo (B) and HeLa/NS1
(C) cells were infected with MVwt-EdH or MV�C-EdH at an MOI of
0.01. At various intervals, the cells were scraped into the culture me-
dium, and the virus titers were determined on Vero/hSLAM cells.
Circles, MVwt-EdH; squares, MV�C-EdH. The data represent the
means � standard deviations of triplicate samples. (D) Detection of
viral proteins by immunoblotting. HeLa/neo or HeLa/NS1 cells
were infected with MVwt-EdH or MV�C-EdH at an MOI of 0.5 and
then incubated in the presence of a fusion-blocking peptide. At 48 h
p.i., the N protein levels in the virus-infected cells were detected by
immunoblotting.
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activated by dsRNA after virus infection and subsequently
phosphorylate eIF2�, thereby inhibiting translation even in the
presence of anti-IFN antibodies. Nevertheless, our data sug-
gest that the translational inhibition and growth defect of
MV�C are at least partly related to increased IFN induction in
MV�C-infected cells.

A C protein-deficient MV has been reported to grow well in
Vero, B95a, and human neuroblastoma SK-N-MC cells (14, 38,
40, 45, 51). We also observed that MV�C replicated well in
Vero/hSLAM cells, although the plaque sizes were smaller
than those of MVwt (data not shown). Importantly, these cell
lines have a defect in the IFN and/or PKR system (10, 26, 32).
Thus, the C protein of MV is likely to be able to modulate
the IFN and PKR systems, since MV�C showed growth in
cells with defects in these systems. The C protein of the MV
Edmonston strain, a laboratory strain that has adapted to a
variety of cultured cells, inhibits the Jak-Stat pathway of IFN-
�/� signaling (45). However, we and others have failed to
detect any inhibition of this pathway by the C protein of the
wild-type IC-B strain (viruses derived from this strain were
used in the present study) or that of the Edmonston strain (36,
51). Therefore, we consider that the C protein of the MV IC-B
strain inhibits the induction of IFN but probably not the Jak-
Stat pathway. The V proteins of many paramyxoviruses coun-
teract mda-5, which detects cytoplasmic dsRNA and transmits
a signal for IFN induction (2). In a reporter assay using ex-
pression plasmids, the V protein of the MV IC-B strain did
indeed block the signal of mda-5 (unpublished observation).
Since MV�C produces the V protein, the insufficient blockage
of IFN induction by MV�C may indicate that MV needs both
the V and C proteins to effectively inhibit IFN induction and
ensure its replication in cells.

Many viruses produce some proteins to evade host antiviral
responses (17, 21). We examined whether the NS1 protein of
influenza virus could complement the growth of MV�C in
HeLa cells, since a previous study indicated that MV lacking
the C protein is unable to grow efficiently in this cell line (45).
We found that MV�C grew and translated viral proteins al-
most as efficiently as MVwt in HeLa cells constitutively ex-
pressing the NS1 protein, indicating that the NS1 protein can
counteract the translational inhibition in MV�C-infected cells
and support efficient growth of MV�C. Thus, the C protein of
MV appears to have a similar function to the NS1 protein of
influenza virus. However, unlike the influenza virus NS1 pro-
tein, the MV C protein did not block IFN induction in a
standard reporter assay using poly(I-C) as an inducer (unpub-
lished observation). Therefore, these two proteins may differ
somewhat in their exact functions.

Some viral proteins that modulate the PKR pathway can
also regulate viral RNA synthesis (7, 25, 31, 52). These viral
proteins generally have the capacity to bind RNA (6, 9, 25).
The NS1 protein of influenza virus, Tat protein of human
immunodeficiency virus type 1, NS5A protein of hepatitis C
virus, and E3L protein of vaccinia virus can bind to RNA
specifically or nonspecifically and modulate IFN induction,
PKR activity, and/or viral RNA synthesis (6, 7, 9, 17, 25). The
C protein of MV may have similar properties to these proteins.
In fact, previous studies have indicated that the C protein of
MV can regulate viral RNA synthesis (4, 42), and our present
study showed that it can modulate the IFN and PKR systems.

It will be of interest to examine the RNA-binding activity of the
MV C protein, since it has abundant basic amino acids, a
property found in other RNA-binding proteins. Studies are
currently in progress to elucidate the precise mechanism by
which the C protein of MV modulates the host innate im-
munity.
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