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The P, V, and C proteins of measles virus are encoded in overlapping reading frames of the P gene, which
makes it difficult to analyze the functions of the individual proteins in the context of virus infection. We
established a system to analyze the C protein independently from the P and V proteins by placing its gene in
an additional transcription unit between the H and L genes. Analyses with this system indicated that a highly
attenuated Edmonston lineage vaccine strain encodes a fully functional C protein, and the P and/or V protein
is involved in the attenuated phenotype.

Measles is a highly contagious disease characterized by
high fever and a maculopapular rash. About 4% of deaths in
children aged under 5 years are caused by measles world-
wide (9). The causative agent, measles virus (MV), belongs
to the genus Morbillivirus in the family Paramyxoviridae. The
genome of MV is a nonsegmented negative-strand RNA of
�16 kb in length and contains six genes. Each gene encodes
a single structural protein, namely the nucleocapsid (N),
phospho (P), matrix (M), fusion (F), hemagglutinin (H), and
large (L) proteins (17). The genome forms a helical ribonu-
cleoprotein complex with the N protein and viral RNA-
dependent RNA polymerase composed of the P and L
proteins. The P protein acts as an essential cofactor of
RNA-dependent RNA polymerase and tethers the L protein
onto the nucleocapsid template (20). The P gene encodes
additional gene products, the V and C proteins, by the
processes of RNA editing and alternative translational ini-
tiation in a different reading frame, respectively (17). Al-
though the V and C proteins are nonessential for MV rep-
lication (29, 35), they act as important virulence factors in
vivo (11, 28, 44–46). Many lines of evidence have indicated
that the C and V proteins of MV antagonize the host inter-
feron (IFN) responses (10, 16, 22, 23, 25, 26, 37, 42, 47). The
V protein directly interferes with pathways of IFN induction
(1) and IFN signaling (25, 26, 42), while the C protein
contributes to circumvention of IFN induction by control-
ling the levels of viral RNA synthesis (22, 23, 31). Direct
interference with IFN signaling by the C protein has also
been reported, although its effects are weaker than those of
the V protein (16, 37).

In a recent study, we showed that a recombinant IC-B
strain possessing the P gene of the attenuated Edmonston
tag strain (IC/EdP) replicates less efficiently than the paren-
tal IC-B strain (a virulent strain) (40). The Edmonston tag

strain is a recombinant MV derived from the Edmonston B
vaccine strain, which has been passaged numerous times in
various cultured cells (30). There are many amino acid dif-
ferences between the P gene products of the IC-B and
Edmonston tag strains (Fig. 1) (27, 30, 43). Most of the
changes found in the Edmonston tag strain are common to
the Edmonston lineage MV strains (27). However, owing to
two amino acid substitutions at positions 110 and 272, which
are not conserved among the Edmonston lineage MV strains
(25–27), the V protein of the Edmonston tag strain is de-
fective in counteracting IFN signaling (10, 12, 16, 25). The
changes at these two positions are also found in other lin-
eages of MV vaccine strains as well as cultured, cell-adapted
MV strains (2, 8, 40). Therefore, we consider the P gene of
the Edmonston tag strain to be a representative P gene
encoded in attenuated MV strains.

The C protein expressed from the newly created C gene
supports MV replication efficiently. Previous studies using ex-
pression plasmids have suggested that functional differences in
the C protein are possibly involved in the attenuated pheno-
types of the Edmonston and vaccine strains of MV (3, 24, 31).
These observations motivated us to compare the C protein
functions between the IC-B and Edmonston tag strains in the
context of virus infection. It should be noted that the licensed,
highly attenuated Zagreb vaccine strain encodes a C protein
with an amino acid sequence identical to that of the Edmon-
ston tag strain (4, 27). However, analyses of the C protein using
infectious MVs pose the problem that mutations in the C
protein are often accompanied by mutations in the P and V
proteins because they are encoded in overlapping reading
frames. In the present study, we established a reverse-genetics
system to analyze the C protein independently from the P and
V proteins by placing its gene in an additionally created tran-
scription unit (termed the C gene) between the H and L genes
(Fig. 2A). The expression levels of MV mRNAs decrease pro-
gressively from the 3� end to the 5� end of the virus genome.
Although the C protein is expressed from the P gene (the
second locus of the virus genome) in the original virus genome,
the expression level is relatively low. It is because the C protein
is translated using the second AUG codon in the P gene tran-
scripts via a leaky scanning mechanism. We, therefore, placed
the C gene at a downstream locus (between the H and L genes)
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of the virus genome in order to achieve an expression level of
the C protein similar to that from the P gene. The original
reading frame of the C protein in the P gene was knocked out
by introducing nonsense mutations into the frame, as reported
previously (22, 44), and the mutated P gene was termed P�C.
A recombinant MV IC-B strain possessing a genome with
these alterations was generated by reverse-genetics techniques
(39, 41) and designated IC�C-add[IC-C] (the C protein of the
IC-B strain was termed IC-C). Another recombinant MV, des-
ignated IC�C-add[�C], was also generated. This second re-
combinant MV possessed the C gene but lacked C protein
expression owing to introduced nonsense mutations. A third
recombinant MV, IC�C, which lacks C protein expression
from the P gene and does not have an additional C gene, has
already been reported (22, 44). All the recombinant MV
strains analyzed in the present study were derived from IC323-
EGFP (18) (termed the wild-type [wt] virus in this study),
which was engineered to express enhanced green fluorescent
protein (EGFP) from another additional transcriptional unit at
the first locus of the genome of the IC-B strain (Fig. 2A) (18).
A pulse-labeling experiment revealed that the expression levels
of the C protein from the newly created C gene at 24 h postin-
fection (p.i.) in Vero/hSLAM and A549/hSLAM cells were
similar to those from the original P gene (Fig. 2B).

Our previous studies indicated that IFN regulatory factor 3
(IRF3) is activated in cells infected with IC�C, leading to the
production of IFN (22, 23). Furthermore, protein translation is
inhibited in these cells through phosphorylation of the eukary-
otic translation initiation factor eIF-2� (22). Consequently,
IC�C replicates poorly in these cells possessing a functional
IFN system but replicates fairly well in cells with a defective
IFN system (22). As observed in IC�C-infected cells, IRF3 was
translocated into the nucleus in IC�C-add[�C]-infected cells,
whereas it was hardly translocated into the nucleus in IC�C-
add[IC-C]-infected cells (Fig. 2C). Synthesis of viral proteins
was restored in IC�C-add[IC-C]-infected cells (Fig. 2D). Fur-
thermore, this Western blot analysis reconfirmed the similar
expression levels of the C protein for the wt and IC�C-add[IC-
C] viruses at 24 h p.i. (Fig. 2D). IC�C-add[IC-C] replicated

efficiently, and its maximum virus titer was as high as that
of the wt virus (Fig. 2E). However, the virus titer of IC�C-
add[IC-C] dropped off more rapidly than that of the wt virus
(Fig. 2E), revealing some differences between the growth ki-
netics of the wt and IC�C-add[IC-C] viruses at the late stage of
virus infection. The rapid decrease in the virus titer of IC�C-
add[IC-C] may thus suggest some difference in the expression
levels of the C protein between IC�C-add[IC-C] and wt viruses
after 48 h p.i. Nevertheless, all the data indicate that the C
protein expressed from the newly created C gene efficiently
supports virus replication similar to that of the C protein ex-
pressed from the original P gene.

The C protein of the Edmonston tag strain supports MV
replication as efficiently as the wt C protein. Next, the function
of the C protein of the Edmonston tag strain (Ed-C) was
compared with that of IC-C using the newly developed recom-
binant virus system with the inserted C gene. Recombinant
IC�C-add[Ed-C], which encodes the C gene of Ed-C, was
generated. Synthesis of viral RNAs in either IC�C-add[IC-C]-
or IC�C-add[Ed-C]-infected cells was controlled to a level
similar to that in wt virus-infected cells, whereas it was accel-
erated in IC�C-add[�C]-infected cells, as observed in IC�C-
infected cells (Fig. 3A). No significant differences were found
between the intracellular distribution patterns of Ed-C and
IC-C in virus-infected cells (Fig. 3B). IRF3 was hardly trans-
located into the nucleus in IC�C-add[Ed-C]-infected cells
(Fig. 3C). In addition, IC�C-add[Ed-C] produced levels of
viral proteins similar to those of IC�C-add[IC-C] (Fig. 3D).
Consequently, IC�C-add[Ed-C] replicated as efficiently as
IC�C-add[IC-C] (Fig. 3E). These data indicate that Ed-C is
fully functional in supporting virus replication and circumvent-
ing host IFN responses, similar to IC-C. These results are
consistent with our previous observation that the ability of the
C protein to inhibit viral RNA synthesis is correlated with the
abilities of MV to circumvent IFN induction and support virus
growth in IFN-competent cells (23). Many studies regarding
the roles of the MV C protein in virus replication and patho-
genesis have been carried out using the Edmonston tag strain
(7, 15, 28, 29, 46). Our present study helps to validate the

FIG. 1. Amino acid differences between the P, C, and V proteins of the Edmonston tag strain and those of the IC-B strain. The white, gray,
and black boxes indicate the reading frames for the P protein and the C protein and the unique carboxyl terminus of the V protein of the
Edmonston tag strain, respectively. Substitutions in the P protein compared with the IC-B strain are shown above the boxes, while those in the
C and V proteins are shown below the boxes. The functional domains of the P protein (20) are shown as black lines above the white box, while
those of the C protein (24) are shown below the gray box. NLS, nuclear localization signal; NES, nuclear export signal.

VOL. 83, 2009 NOTES 11997



knowledge regarding the functions of the C protein obtained
using the Edmonston tag strain.

The P/V protein of the Edmonston tag strain is responsible
for the attenuated phenotype. None of the data showed any
functional differences between IC-C and Ed-C. Consequently,
the reduction in virus growth observed for IC/EdP (40) should
be caused by the P and/or V (P/V) protein of the Edmonston
tag strain. The P gene of the Edmonston tag strain in which C
protein expression was knocked out (EdP�C) was introduced
into the IC�C-add[IC-C] and IC�C-add[Ed-C] genomes to
replace P�C. The generated viruses were termed IC/EdP�C-
add[IC-C] and IC/EdP�C-add[Ed-C], respectively. Recombi-
nant MVs possessing EdP�C (IC/EdP�C-add[IC-C] and IC/
EdP�C-add[Ed-C]) synthesized smaller amounts of viral
RNAs (Fig. 4A) and replicated less efficiently (Fig. 4B) than
those possessing P�C (IC�C-add[IC-C] and IC�C-add[Ed-

C]). In addition, MVs possessing EdP�C, including the Ed-
monston strain and IC/EdP, produced smaller plaques than
those possessing P�C (Fig. 4C) (40). These data confirm that
the attenuated growth of IC/EdP is caused by the P/V protein
of the Edmonston tag strain and not by the C protein. It is
unlikely that the inability of the V protein of the Edmonston
tag strain to counteract IFN signaling (10, 12, 16, 25) is asso-
ciated with the growth attenuation of MV possessing EdP�C,
because we used Vero cells that are defective in the IFN
system (14, 21) in these analyses.

Implications. The mechanisms involved in the attenuation
of the Edmonston and vaccine strains of MV remain to be
elucidated. MV can be attenuated through adaptation to
growth in cultured cells (19), and the Edmonston and vaccine
strains have been generated through large numbers of passages
in various cultured cells (34). Mutations in the P gene are often

FIG. 2. The C protein expressed from the newly created C gene is fully functional in supporting MV replication. (A) Insertion of an additional
transcription unit (the C gene) between the H and L genes. Transcription regulatory regions (gene end [GE], intergenic, and gene start [GS]
sequences) and the coding sequence for the C protein (C-ORF) were inserted at the junction between the H and L genes using appropriate
restriction enzyme recognition sites (SpeI, FseI, and RsrII). The recombinant MV genome also possesses a transcription unit for EGFP (green).
Le and Tr indicate leader and trailer sequence, respectively. (B) Vero/hSLAM and A549/hSLAM cells were infected with wt and IC�C-add[IC-C]
viruses at a multiplicity of infection (MOI) of 0.5. At 12 and 24 h p.i., the cells were pulse-labeled with [35S]methionine-cysteine. The C proteins
were immunoprecipitated with an anti-C protein monoclonal antibody (2D10) (23), subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and detected using a Fuji BioImager 1000 (Fuji, Tokyo, Japan). (C) Indirect immunofluorescence assay for IRF3.
A549/hSLAM cells were infected with recombinant MVs (wt, IC�C, IC�C-add[IC-C], and IC�C-add[�C]), which express EGFP (18), at an MOI
of 0.5 and incubated in medium containing a fusion-blocking peptide (32). At 36 h p.i., IRF3 was detected by an indirect immunofluorescence assay.
Green and red fluorescence indicate EGFP encoded in the recombinant MV genome and IRF3, respectively. (D) Expression of viral proteins.
A549/hSLAM cells were infected with recombinant MVs at an MOI of 0.5. At 24 h p.i., the N, P, V, C, and H proteins in the cells were detected
by SDS-PAGE and Western blotting using appropriate primary and secondary antibodies. (E) Growth kinetics. Monolayers of A549/hSLAM cells
were infected with recombinant MVs (�, wt; ✕, IC�C; E, IC�C-add[IC-C]; ħ, IC�C-add[�C]) at an MOI of 0.01. At various time intervals, the
infectious virus titers were determined by plaque assays. Data represent the means � standard deviations (SD) of results from triplicate samples.
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observed during the adaptation process of MV (2, 13, 27, 38,
43) as well as in related viruses (5, 6, 33). The C protein was
shown to be dispensable for virus growth in some cultured cells
(29) but acts as an important virulence factor in vivo (11, 28,
44). Therefore, mutations in the C protein are possibly respon-
sible for the attenuated phenotypes of the Edmonston and
vaccine strains of MV. However, recent studies have indicated
that the C protein plays important roles in circumventing the
host innate immune responses (16, 22, 23, 37, 47) and is there-
fore dispensable for virus growth in cultured cells only when
the cells have a defective IFN system (15, 22, 44). Our data
indicate that Ed-C is fully functional in supporting virus growth
in cells possessing a functional IFN system. Preservation of a

functional C protein by the Edmonston tag and vaccine strains
of MV would be reasonable, since they have to grow in chicken
embryo fibroblasts (34), which possess an intact IFN system
(36).

It has long been believed that the Edmonston strain and
its derivative vaccines have acquired mutations that may
promote viral RNA synthesis in cultured cells. However, this
is unlikely to be the case. Our present data suggest that the
P/V protein of the Edmonston tag strain attenuates MV
growth by reducing the level of viral RNA synthesis. We
speculate that this may allow the virus to circumvent the
host innate immune responses effectively, thereby leading to
better survival in various cultured cells. Our present data

FIG. 3. The C protein of the Edmonston tag strain is equivalent in functionality to the C protein of the IC-B strain. (A) Quantification of viral
mRNAs. Vero/hSLAM cells were infected with recombinant MVs (red, wt; light blue, IC�C; purple, IC�C-add[IC-C]; blue, IC�C-add[�C];
yellow, IC�C-add[Ed-C]) at an MOI of 0.5. At 36 h p.i., the viral mRNA levels in the cells were analyzed by reverse transcription-quantitative PCR
as previously described (23). Data represent the means � SD of results from triplicate samples. (B) Intracellular distribution of the C protein.
Vero/hSLAM cells were infected with recombinant MVs expressing EGFP (18) at an MOI of 0.5 in the presence of a fusion-blocking peptide (32).
At 36 h p.i., the intracellular distribution of the C protein was analyzed by an indirect immunofluorescence assay using appropriate primary and
secondary antibodies (23). Green and red fluorescence indicate EGFP encoded in the recombinant MV genome and the C protein, respectively.
(C) Indirect immunofluorescence assay for IRF3. IC�C-add[Ed-C]-infected A549/hSLAM cells were subjected to an indirect immunofluorescence
assay for IRF3 using the same procedures described in the legend for Fig. 2C. (D) Expression of viral proteins. Viral proteins in recombinant
MV-infected A549/hSLAM cells were detected using the same procedures described in the legend for Fig. 2D. (E) Growth kinetics. Monolayers
of A549/hSLAM, HeLa/hSLAM, and H358 cells were infected with recombinant MVs (E, IC�C-add[IC-C]; ħ, IC�C-add[�C]; ‚, IC�C-add[Ed-
C]) at an MOI of 0.01. At various time intervals, the infectious virus titers were determined by plaque assays. Data represent the means � SD of
results from triplicate samples.
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provide clues toward understanding why MV vaccine strains
have become attenuated during the process of adaptation to
growth in unnatural host cells and which viral proteins have
contributed to this attenuation.
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