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The influenza A virus NS1 protein, a virus-encoded alpha/beta interferon (IFN-�/�) antagonist, appears to
be a key regulator of protein expression in infected cells. We now show that NS1 protein expression results in
enhancement of reporter gene activity from transfected plasmids. This effect appears to be mediated at the
translational level, and it is reminiscent of the activity of the adenoviral virus-associated I (VAI) RNA, a known
inhibitor of the antiviral, IFN-induced, PKR protein. To study the effects of the NS1 protein on viral and
cellular protein synthesis during influenza A virus infection, we used recombinant influenza viruses lacking the
NS1 gene (delNS1) or expressing truncated NS1 proteins. Our results demonstrate that the NS1 protein is
required for efficient viral protein synthesis in COS-7 cells. This activity maps to the amino-terminal domain
of the NS1 protein, since cells infected with wild-type virus or with a mutant virus expressing a truncated NS1
protein—lacking approximately half of its carboxy-terminal end—showed similar kinetics of viral and cellular
protein expression. Interestingly, no major differences in host cell protein synthesis shutoff or in viral protein
expression were found among NS1 mutant viruses in Vero cells. Thus, another viral component(s) different
from the NS1 protein is responsible for the inhibition of host protein synthesis during viral infection. In
contrast to the earlier proposal suggesting that the NS1 protein regulates the levels of spliced M2 mRNA, no
effects on M2 protein accumulation were seen in Vero cells infected with delNS1 virus.

Protein expression in eukaryotic cells is controlled by com-
plex regulatory mechanisms, and viral infection usually results
in an intricate interplay between viral and cellular products
leading to significant changes in protein expression patterns.
On one hand, cells encode several antiviral pathways dedicated
to shutting off protein synthesis when infected by viruses. On
the other hand, many viruses, including influenza A viruses,
have developed mechanisms favoring the translation of viral
over cellular mRNAs and leading to a switch from cellular to
viral protein synthesis, while inhibiting the cell-encoded anti-
viral pathways (12). A key role in the modulation of expression
of cellular and viral proteins during influenza virus infection
has been attributed to the viral NS1 protein. This protein has
been described to enhance viral protein expression by promot-
ing translation of viral mRNAs over cellular ones (1, 6, 8, 9).
Moreover, the NS1 protein has been postulated to inhibit host
protein synthesis by blocking cellular mRNA polyadenylation
and nuclear export (4, 10, 23, 27). The latter effects on host
mRNA processing have been suggested to be a major cause of
shutoff of host cellular protein synthesis during influenza virus
infection (for reviews, see references 3 and 20). Expression of
the NS1 protein in tissue culture cells was also reported to
inhibit mRNA splicing (10, 17). This activity of the NS1 protein
might also contribute to the regulation of host and viral protein

expression in infected cells. In addition, it has been suggested
that the NS1 protein enhances transcription of specific viral
genes, contributing to higher viral protein expression (21). A
recently described function of the NS1 protein is that of an-
tagonizing the alpha/beta interferon (IFN-�/�) system (for a
review, see reference 13). The anti-IFN properties of the NS1
protein map to its double-stranded (dsRNA)-binding domain,
which is able to inhibit dsRNA activated antiviral pathways
(30, 33). By this mechanism the NS1 protein prevents the
synthesis of IFN-�/�, as well as the activation of the antiviral
enzymes PKR (2, 15, 18, 32) and 2�-5�-oligoadenylate syntheta-
ses (N. Donelan and A. Garcı́a-Sastre, unpublished observa-
tions).

To directly study the effects of the NS1 protein on viral
protein synthesis and on host cell protein expression inhibition
during influenza virus infection, we took advantage of a re-
combinant influenza virus lacking the NS1 gene (delNS1 virus)
(14). Since this virus lacks the IFN antagonist activity of the
NS1 protein, it is attenuated and does not replicate efficiently
in IFN-competent systems. However, delNS1 virus can repli-
cate in IFN-deficient systems to levels only slightly lower than
those of wild-type virus. We also used recombinant viruses
NS1-99 and NS1-126 (31, 33) expressing carboxy-terminal(ly)
truncated NS1 proteins of 99 and 126 amino acids, respec-
tively. These truncated NS1 proteins contain a functional
RNA-binding domain but lack the effector domain that has
been suggested to be involved in the inhibition of mRNA
splicing, polyadenylation, and transport (3, 26). In the present
study, the effects of the NS1 protein on protein expression
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were investigated in cells infected with these recombinant vi-
ruses, as well as in cells transfected with NS1-expressing plas-
mids. Our results indicate that the NS1 protein of influenza A
virus is a general translational enhancer, most likely through its
PKR-inhibitory activity, and that this protein is not required
for the shutoff of host cell protein expression during virus
infection.

MATERIALS AND METHODS

Cells and viruses. Influenza A/PR/8/34 virus (wild type, PR8) and transfectant
NS1-126, NS1-99, and delNS1 viruses were grown in 7-day embryonated chicken
eggs. All transfectant viruses are in a PR8 background, and their generation has
been described elsewhere (14, 31, 33). NS1-99 and NS1-126 viruses encode
truncated NS1 proteins containing the first 99 and 126 amino acids of wild-type
(230 amino acids) NS1, respectively. DelNS1 virus does not encode an NS1
protein due to a deletion in its NS gene. Viral titers were obtained by plaque
assay on MDCK cells as described previously (33). MDCK cells were maintained
in minimal essential medium with 10% fetal calf serum (FCS) plus antibiotics.
Vero, COS-7 and 293 cells were maintained in Dulbecco modified Eagle medium
(DMEM) with 10% FCS plus antibiotics. U3A cells, a human cell line defective
in STAT1 expression (22), were also maintained in DMEM–10% FCS plus
antibiotics.

Expression plasmids. pCAGGS-NS1(SAM) and pCAGGS-NS1-R38AK41A
(SAM) contain the open reading frame of NS1 of PR8 virus in an expression
vector under the control of a chicken �-actin promoter. They encode wild-type
NS1 protein and an NS1 protein with two amino acid mutations (R38A and
K41A) (30). pCAGGS-hPKR expresses human PKR with the same chicken
�-actin promoter. This plasmid was constructed as follows. First, the PKR open
reading frame from pcDNAI/Neo-PKR (kindly provided by Michael Katze) was
amplified by PCR with the oligonucleotides 5�-GGCCGAGCTCACCATGGCT
GGTGATCTTTCAGCAGG-3� and 5�-GCGCCTCGAGCTAACATGTGTGT
CGTTCATTTTTCTC-3�. The generated PCR product was digested by using
SacI and XhoI restriction enzymes and cloned into SacI-XhoI digested pCAGGS.
PKR expression from this plasmid was confirmed by Western blot analysis in
pCAGGS-hPKR-transfected 293 cells by using the PKR-specific antibody K-17
(Santa Cruz Biotechnology) (data not shown). STAT1 was expressed in vector
pRcCMV (Invitrogen) as previously described (25). pAdvantage (Promega) ex-
presses the adenoviral virus-associated I RNA (VAI RNA) under the control of
an RNA polymerase III promoter. The pCAT-control and pGL2-control plas-
mids (Promega) contain the coding regions for chloramphenicol acetyltrans-
ferase (CAT) and firefly luciferase, respectively, under the control of the simian
virus 40 promoter and enhancer sequences. The pEGFP-N1 expression plasmid
(Clontech) contains the EGFP cDNA under the control of the cytomegalovirus
promoter.

Protein labeling experiments. Confluent cell monolayers of Vero or COS-7
cells in 12-well plates were infected at a multiplicity of infection (MOI) of 5 with
wild-type or transfectant influenza viruses. At various intervals postinfection,
cells were labeled with L-[35S]cysteine and L-[35S]methionine for 30 min. Labeled
cells were washed with phosphate-buffered saline and lysed in radioimmunopre-
cipitation assay buffer. Labeled proteins were subjected to sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by autora-
diography.

Western blots. The ratio of M1 and M2 proteins in virus-infected cells was
determined by Western blotting. Confluent cell monolayers of Vero cells in
35-mm dishes were infected at an MOI of 5 with wild-type or delNS1 viruses. At
15 h postinfection, cells were washed with phosphate-buffered saline and lysed in
200 �l of SDS loading buffer. One-tenth portions of the cell extracts were blotted
onto a nitrocellulose membrane after SDS–12.5% PAGE. The membrane was
incubated in buffer solution containing first a 1:100 dilution of the mouse mono-
clonal antibody E10 (0.35 mg/ml) and then a 1:500 dilution of peroxidase-
coupled secondary anti-mouse antibody (Boehringer Mannheim). The E10 an-
tibody recognizes an amino-terminal peptide that is common to the M1 and M2
proteins. Bands corresponding to the M1 and M2 proteins were visualized by
chemiluminescence (NEN Life Science Products). The viral nucleoprotein (NP)
was visualized by Western blotting as previously described (31). Western blotting
to detect the levels of green fluorescent protein (GFP) was also performed in
U3A cells transfected with the GFP expression plasmid by using specific peptide
antiserum from Clontech, according to the manufacturer’s protocol.

CAT assays. 293 cells were transfected with pCAT-control plasmid or pGL2-
control plasmid in combination with the indicated expression plasmids. At 48 h
postransfection, cell extracts were made and assayed for CAT activity as de-

scribed previously (19) or for luciferase activity. Luciferase assays were per-
formed by using the Promega Luciferase Assay System. All experiments with
CAT and luciferase reporter genes were repeated at least three times, and the
results from one representative experiment were represented.

RT-PCR of GFP mRNA. Total RNA was prepared from transfected U3A cells
at 48 h postransfection by using Trizol reagent (Gibco-BRL). The RNA was
treated with DNase I and subjected to reverse transcription-PCR (RT-PCR)
analysis as previously described (30). RNA was first reverse transcribed by using
random hexamer primers and Moloney murine leukemia virus reverse transcrip-
tase. The resulting cDNA was used as a template for 25 cycles of PCR in the
presence of [32P]dATP with the following primers specific for GFP mRNA:
5�-ACGTAAACGGCCACAAGTTC-3� and 5�-AAGTCGTGCTTCATGTG-3�.
To rule out potential plasmid contamination, PCRs were also performed by using
non-reverse-transcribed samples as a template. No products were observed in the
absence of RT.

RESULTS

Enhancement of reporter gene activity by cotransfection
with an NS1 expression plasmid. The expression of the NS1
protein of influenza A virus has been associated with the inhi-
bition of host mRNA polyadenylation and transport (4, 10, 23,
27). These NS1 activities may lead to the inhibition of cell gene
expression in NS1 protein-expressing cells. In order to inves-
tigate the effects of the NS1 protein on gene expression, we
cotransfected the luciferase reporter plasmid pGL2-control
with increasing concentrations of pCAGGS-NS1(SAM), en-
coding the NS1 protein of influenza A/PR/8/34 virus. Surpris-
ingly, we found that expression of the NS1 protein resulted in
an enhancement and not a decrease of reporter gene activity.
This increase in reporter gene expression was NS1 dose de-
pendent, and luciferase activity was increased almost 20-fold
when pGL2-control was cotransfected with 1 �g of pCAGGS-
NS1(SAM) (Fig. 1).

Enhancement of reporter gene activity by expression of in-
fluenza A NS1 protein and adenovirus VAI RNA. The previ-
ously described inhibitory properties of the NS1 protein on

FIG. 1. NS1 protein expression enhances reporter gene activity.
293T cells were transfected with 0.5 �g of the luciferase-expressing
plasmid pGL2-control, together with the indicated amounts of the
NS1-expressing plasmid pCAGGS-NS1(SAM). The total amount of
DNA remained constant among transfections by adding pCAGGS
empty plasmid to a total of 4 �g. At 48 h posttransfection, cell extracts
were made and the luciferase activity was measured. The y axis rep-
resents the relative luciferase activity compared to that in cells trans-
fected with pGL2-control plasmid in the absence of pCAGGS-
NS1(SAM).
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PKR activation (2, 15, 18, 32) may explain the NS1-mediated
enhancement of plasmid gene expression. Transfection of
mammalian cells with an expression plasmid often results in
suboptimal protein expression due to the activation after trans-
fection of the translation inhibitory protein PKR. pAdvantage
is a commercial plasmid which enhances transient protein ex-
pression after cotransfection with protein expression plasmids
by increasing translation initiation through the expression of
adenoviral VAI RNA, a known PKR inhibitor (16, 24, 29). We
therefore compared the abilities of pCAGGS-NS1(SAM) and
pAdvantage plasmids to mediate enhancement of reporter
gene expression. When pCAGGS-NS1(SAM) was cotrans-
fected with the reporter plasmid pCAT-control in 293 cells, we
observed an approximately 10-fold induction in CAT expres-
sion (Fig. 2A). Cotransfection of pCAT-control with pAdvan-
tage also resulted in enhancement of CAT expression, al-
though the results were less dramatic (ca. threefold induction).
Interestingly, when both pAdvantage and pCAGGS-
NS1(SAM) were cotransfected with pCAT-control, there were
no cooperative effects on CAT expression. This result suggests
that the NS1 protein and the VAI RNA might enhance re-
porter gene expression through a common pathway and not by
two independent mechanisms. However, it is still possible that
these two viral products act through separate pathways that do
not synergize.

Expression of NS1 partly overcomes the inhibition of trans-
lation by PKR. In order to directly test whether the NS1 pro-
tein would prevent the inhibitory effects of PKR on gene ex-
pression, we investigated the effects of NS1 expression on
reporter gene activity in 293 cells overexpressing PKR. Over-
expression of PKR resulted in a decrease in luciferase activity
after cotransfection of the reporter plasmid pGL2-control and
pCAGGS-hPKR. These effects are known to be mediated by
increased PKR kinase levels due to overexpression, resulting in
phosphorylation of eIF-2� and in inhibition of translation.
Coexpression of NS1 with PKR partly restored luciferase ac-
tivity in pGL2-control transfected cells (Fig. 2B). These results
are in agreement with the described NS1-mediated inhibition
of eIF-2� phosphorylation by PKR (15, 18).

Enhancement of gene expression by the NS1 protein re-
quires its RNA-binding activity. We next investigated whether
the dsRNA-binding properties of the NS1 protein are required
for its reporter gene expression enhancement. The luciferase
reporter gene pGL2-control was cotransfected into 293 cells
with pCAGGS-NS1(SAM) or with pCAGGS-NS1-R38AK41A
(SAM), the latter expressing a mutant form of NS1 with im-
paired dsRNA-binding activity (5). In contrast to wild-type
NS1 protein, the mutant NS1 protein was unable to enhance
reporter gene expression (Fig. 2C). Interestingly, the anti-PKR
activity of the NS1 protein also requires an intact NS1 dsRNA-
binding domain (18). Consequently, when we cotransfected

FIG. 2. Analysis of the NS1 protein-mediated enhancement of re-
porter gene expression. (A) 293 cells were transfected with 0.5 �g of
the CAT expressing plasmid pCAT-control, together with 1 �g of NS1
protein expressing plasmid pCAGGS-NS1(SAM), pAdvantage (ex-
pressing VAI RNA), or a combination of both plasmids. The total
amount of DNA remained constant among transfections by adding
pCAGGS empty plasmid to a total of 2.5 �g. At 48 h posttransfection,
cell extracts were made and the CAT activity was measured. The y axis
represents the relative CAT activity compared to that in cells trans-
fected only with pCAT-control plasmid. (B) 293 cells were transfected
with 1 �g of the luciferase-expressing plasmid pGL2-control, together
with 2 �g of pCAGGS empty plasmid, pCAGGS-hPKR, or a combi-
nation of pCAGGS-hPKR and pCAGGS-NS1(SAM). The total
amount of DNA remained constant among transfections by adding
pCAGGS empty plasmid to a total of 5 �g. At 48 h posttransfection,

cell extracts were made and the luciferase activity was measured. (C)
293 cells were transfected with 1 �g of pGL2-control, together with
pCAGGS-NS1(SAM) or pCAGGS-NS1-R38AK41A(SAM). At 48 h
posttransfection, cell extracts were made and the luciferase activity was
measured. The y axis represents the relative luciferase activity com-
pared to that in cells transfected with pGL2-control and pCAGGS-
empty plasmids.
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pCAGGS-NS1-R38AK41A(SAM) together with the reporter
plasmids pGL2-control and pCAGGS-hPKR, expression of
this RNA-binding-defective NS1 mutant protein, in contrast to
that of wild-type NS1 protein, did not result in increased lu-
ciferase activity (data not shown).

Enhancement of gene expression by the NS1 protein is me-
diated at a translational level. The above-described experi-
ments support a model whereby the NS1 protein enhances
gene expression due to an increase in translation through the
inhibition of PKR and possibly of other dsRNA-activated an-

tiviral pathways. In order to prove that the NS1 protein func-
tions as a translational enhancer, we determined GFP-specific
mRNA and protein levels in cells cotransfected with
pCAGGS-NS1(SAM) and a GFP reporter plasmid. As shown
in Fig. 3A, no major differences were found in GFP mRNA
levels in cells expressing or not expressing the NS1 protein.
However, coexpression of NS1 and GFP resulted in the ap-
pearance of green cells which were brighter than those trans-
fected with GFP reporter plasmid alone (data not shown).
Measurement of total amounts of GFP protein by Western
blotting confirmed higher GFP expression in cells transfected
with the NS1 expression plasmid (Fig. 3A). In these experi-
ments we used the STAT1-deficient U3A cell line. Transfec-
tion of these cells with an STAT1 expression plasmid in the
presence or absence of IFN treatment allowed us to determine
whether the translational enhancement properties of the NS1
protein were affected by the presence of STAT1 and/or IFN.
Regardless of STAT1 expression, the NS1-mediated transla-
tional enhancement was not influenced by IFN treatment. The
same results were obtained when the NS1 expression plasmid
was replaced by the PKR inhibitor VAI expression plasmid
(Fig. 3B), suggesting again that both VAI RNA and NS1 pro-
tein enhance translation through a common mechanism.

The NS1 protein is not required for shutoff of host protein
expression by influenza A virus. Despite the proposed role of
the NS1 protein of influenza A virus in inhibiting host mRNA
processing, no inhibition of reporter gene mRNA or protein
expression was observed in cells expressing NS1 (Fig. 3A).
However, the NS1 protein may still inhibit host protein expres-
sion during influenza virus infection, resulting in the observed
shutoff of cell protein expression in virus-infected cells. There-
fore, we compared levels of protein expression at different
times postinfection in cells infected with wild-type PR8 virus,
with NS1-99 virus (expressing a truncated NS1 protein lacking
the NS1-effector domain postulated to be associated with the
inhibition of cell mRNA processing and transport), and with
delNS1 virus (lacking the entire NS1 gene). In this experiment
we used IFN-deficient Vero cells, which previously were found
to be highly permissive for delNS1 virus replication (14). As
shown in Fig. 4, host protein synthesis shutoff was evident at

FIG. 3. NS1 protein expression enhances translation. (A) STAT1-
deficient U3A cells were transfected with a GFP expression plasmid,
together with NS1 and/or STAT1 expression plasmids as indicated.
When indicated, cells were treated at 42 h posttransfection for 6 h with
1,000 U of IFN/ml. Cell extracts were made at 48 h posttransfection,
and the levels of GFP mRNA and of GFP protein were determined in
parallel samples by RT-PCR and Western blot analysis, respectively.
(B) GFP Western blotting was done in parallel in U3A cells trans-
fected under the same conditions, except that the NS1 expression
plasmid was replaced by a VAI RNA expression plasmid.

FIG. 4. Patterns of protein expression in Vero cells infected with wild-type (W), NS1-99 (N), and delNS1 (�) viruses. Vero cells infected at an
MOI of 5 were 35S labeled for 30 min at the indicated times postinfection. Labeled proteins were analyzed by SDS–12% PAGE. Labeled
mock-infected cells are also shown. The positions of the major viral proteins HA, NP, M1, and NS1 are indicated on the right.
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4 h postinfection. No significant differences were found in the
levels of host protein synthesis shutoff among the three viruses.
Therefore, the NS1 protein does not seem to play a role in
regulating decreased host cell protein expression during infec-
tion of IFN-deficient Vero cells. In addition, levels of viral
protein synthesis, with the exception of the NS1 protein, were
comparable among the three viruses, although expression of
the M1 protein appeared to be slightly decreased in delNS1-
and NS1-99-infected cells.

The NS1 protein is not involved in the regulation of M1/M2
protein levels in influenza A virus-infected cells. It has previ-
ously been reported that expression of NS1 protein results in
the inhibition of splicing of the M segment-derived mRNA
(17). This inhibition would result in a higher ratio of M1
protein (encoded by the unspliced M-specific mRNA) versus
M2 protein (encoded by the spliced M-specific mRNA) in the
presence of NS1. To investigate the role of the NS1 protein in
the regulation of expression of the M gene products, we de-
termined relative M1/M2 protein levels in Vero cells infected
with wild-type virus or delNS1 mutant virus by using a mono-
clonal antibody which recognizes both proteins. As shown in
Fig. 5, no differences were found for either virus, suggesting
that the splicing of the M-derived mRNA in Vero cells is not
affected by the NS1 protein during influenza virus infection.

The NS1 protein is required for efficient viral protein ex-
pression in COS-7 cells. In order to investigate the NS1-me-
diated effects on protein expression in cells not deficient in
IFN-�/�, we performed protein-labeling experiments in COS-7
cells. No differences in protein expression were found in
COS-7 cells infected with wild-type virus or with the mutant
virus NS1-126 expressing an NS1 protein lacking the effector
domain (Fig. 6). In contrast, a general reduction of both cel-
lular and viral protein expression was found in COS-7 cells
infected with delNS1 virus, demonstrating a requirement of the
RNA-binding domain of the NS1 protein for efficient protein
expression in COS-7 cells. Interestingly, cells infected with the
NS1-99 virus showed an intermediate phenotype and displayed

reduced levels of hemagglutinin (HA) and M1 protein synthe-
sis but not of NP.

DISCUSSION

The NS1 protein of influenza A virus has been implicated in
a plethora of functions related to the regulation of gene ex-
pression in infected cells. Some of these described functions,
such as the inhibition of mRNA polyadenylation, splicing, and
nucleocytoplasmic transport, would result in inhibition of gene
expression and possibly in shutoff of host protein synthesis (4,
10, 17, 23, 27). Some others, such as the inhibition of PKR (2,
15, 18, 32) and of IFN-�/�-related pathways (28, 30, 33), would
result in sustained protein synthesis during viral infection,
which otherwise should induce the host IFN-�/� antiviral sys-
tem. Thus, in the absence of NS1 protein expression, activation
of PKR in virus-infected cells would lead to the phosphoryla-
tion and inactivation of the translational factor eIF-2�, result-
ing in protein synthesis inhibition (11). We have investigated
here the overall effects of the NS1 protein on cellular and viral
gene expression. Transfection experiments resulted in the en-
hancement of reporter gene expression when reporter plas-
mids were cotransfected with an NS1 expression plasmid (Fig.
1 to 3). This effect did not appear to be promoter specific, since
it was seen with both simian virus 40- and cytomegalovirus-
based reporter plasmids.

The NS1-mediated enhancement of reporter plasmid ex-
pression was found to occur at a posttranscriptional level (Fig.
3). Interestingly, a translational enhancement activity of the
NS1 protein has already been proposed (1, 6, 8). However, it
was believed that this effect is specific for a subset of influenza
virus mRNAs (8). While we cannot exclude the possibility that
the NS1 protein preferentially enhances the translation of
some or of all viral mRNAs, our results show that the NS1
protein, in the absence of any other influenza virus protein,
functions as a general enhancer of protein translation. In fact,
the effects of NS1 expression in reporter gene activity are
comparable to or even more dramatic than the effects of a

FIG. 5. The NS1 protein does not affect the relative levels of M1
and M2 proteins in influenza virus-infected cells. Vero cells were
infected at an MOI of 5 with wild-type PR8 or delNS1 virus. At 15 h
postinfection, cell extracts were made and analyzed by Western blot-
ting with an antibody (E10) recognizing both M1 and M2 proteins
(left) and NP-specific antibody (right).

FIG. 6. Patterns of protein expression in COS-7 cells infected with
delNS1, NS1-99, NS1-126, and wild-type PR8 viruses. COS-7 infected
cells at an MOI of 5 were 35S labeled for 30 min at the indicated times
postinfection. Labeled proteins were analyzed by SDS–10% PAGE.
Labeled mock-infected cells are also shown. The positions of the major
viral proteins HA, NP, M1, and NS1 are indicated on the left.
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known translational enhancer molecule, the adenoviral VAI
RNA (Fig. 2A and 3). Further experiments will be required to
completely understand the effects of NS1 in viral and cellular
translation, especially as relates to its ability to interact with
the eukaryotic initiation factor 4GI (1).

Three different lines of indirect evidence suggest that the
NS1-mediated translational enhancement is at least partly a
result of the inhibition of PKR activity in transfected cells.
First, coexpression of VAI RNA and NS1 protein does not
have a cooperative effect in reporter gene expression (Fig. 2A).
Second, expression of NS1 partly overcomes the translational
inhibition induced by overexpression of PKR (Fig. 2B). Third,
a mutant NS1 impaired in its ability to inhibit PKR is also
compromised in translational enhancement activity (Fig. 2C).
These results are also in agreement with the known anti-PKR
activity of the NS1 protein of influenza A virus (2, 15, 18, 32).
However, at this point we cannot rule out the involvement of
other cellular proteins besides PKR in the translational en-
hancement mediated by the NS1 protein.

Only recently has it become possible to study the effects of
the NS1 protein on viral expression by using recombinant mu-
tant viruses containing selected mutations in their NS1 genes
(7, 9, 14, 34). We have taken advantage of different influenza
A virus recombinants containing deletions in their NS genes to
study the effects of the NS1 protein on protein expression
during influenza A virus infection. A number of different vi-
ruses, including influenza A viruses, induce cellular protein
synthesis shutoff while maintaining viral protein synthesis in
infected cells. It has been postulated that the NS1 protein
affects cellular mRNA processing and that this protein may be
responsible for the influenza virus-induced protein synthesis
shutoff (4, 23). Therefore, we investigated the overall levels of
cellular protein synthesis in cells infected with wild-type virus,
with NS1-99 virus lacking the NS1 carboxy-terminal effector
domain postulated to be involved in inhibition of mRNA pro-
cessing, and with delNS1 virus. In order to distinguish effects
due to NS1 protein expression from those due to low levels of
viral replication, we used IFN-deficient Vero cells, in which the
levels of replication of wild-type and NS1 mutant viruses are
comparable (7, 14). Since no major differences in overall pro-
tein expression were found among the three viruses, we con-
clude that the NS1 protein does not play a major role in host
cell protein synthesis shutoff. Clearly, some other viral prod-
uct(s) plays a more prominent role than the NS1 protein in the
shutoff of cell protein expression in influenza virus-infected
cells. Our results are in agreement with recent findings from
Zürcher et al. (34) showing identical levels of protein synthesis
shutoff in cells infected with mutant influenza A viruses ex-
pressing truncated NS1 proteins. These mutants express NS1
proteins of 81 and 156 amino acids which lack the effector
domain. However, Enami and Enami (9) recently reported
impaired protein synthesis shutoff in MDBK cells infected with
an influenza A virus mutant expressing an NS1 protein of 110
amino acids. The reason for this discrepancy could be that this
NS1 truncated protein has unusual characteristics in MDBK
cells. Furthermore, this group did not have the benefit of
working with a virus lacking the entire NS1 gene, and no
experiments were done in IFN-deficient cell systems.

The NS1 protein has also been implicated in the inhibition
of mRNA splicing during influenza A virus infection (10, 17).

Specifically, it was shown that expression of the NS1 protein
results in the inhibition of splicing of the M-specific mRNA in
transfection assays, resulting in high levels of unspliced M1
mRNA and low levels of spliced M2 mRNA (17). However, in
our experiments no changes in the levels of M1/M2 protein
expression were found in cells infected with delNS1 virus,
demonstrating that the NS1 protein does not have a major
impact on the levels of M1 and M2 protein expression in
virus-infected cells.

Despite all of the proposed functions of the carboxy-termi-
nal domain of the NS1 protein in overall cellular mRNA pro-
cessing, we were unable to detect major changes on overall
protein expression in IFN-deficient Vero cells infected with
delNS1 virus or with a recombinant virus expressing an NS1
protein lacking the effector domain. In fact, only when COS-7
cells were used did we find that the presence of the NS1
protein is required for preventing a general inhibition of viral
protein expression in infected cells. These results are consis-
tent with a role of NS1 in inhibiting antiviral responses in cells
having an intact IFN system. Thus, no major effects on viral
protein expression are expected when the NS1 protein is ex-
pressed in infected Vero cells unable to produce IFN and
therefore unable to induce high levels of PKR and other an-
tiviral proteins encoded by IFN-stimulated genes. However,
infection of COS-7 cells with delNS1 virus most likely results in
the stimulation of IFN synthesis, leading to the transcriptional
induction of IFN-stimulated genes, such as PKR, and to the
inhibition of protein synthesis. In fact, activation of PKR
readily occurs when IFN-competent substrates are infected
with delNS1 virus or with NS1 temperature-sensitive (ts) mu-
tant viruses at a nonpermissive temperature (2, 15). The
NS1-99 virus displayed an intermediate phenotype between
delNS1 and wild-type viruses in COS-7-infected cells. Thus,
while HA and M1 protein expression was reduced in cells
infected with this virus, NP expression was comparable to that
observed in cells infected with wild-type virus. Similar results
have been reported with other NS1 mutant viruses (7, 9).
Interestingly, we found that the NS1-99 protein was poorly
expressed in virus-infected cells, suggesting that this truncated
protein is unstable (data not shown). Therefore, we also used
in these experiments NS1-126 virus, expressing a stable NS1
protein of 126 amino acids lacking an effector domain (33).
The results clearly show that this mutant virus induces a wild-
type pattern of viral and cellular protein expression in infected
COS-7 cells. Thus, the effect seen in NS1-99 virus-infected cells
most likely reflects low levels of NS1 protein expression. Nev-
ertheless, we cannot exclude the possibility that a domain be-
tween amino acid residues 99 and 126 is required for efficient
expression of the HA and M1 proteins. In any case, it is
intriguing that the expression of the late HA and M1 proteins
is more sensitive to NS1 regulation than the expression of the
early NP protein. A slight defect in M1 protein expression was
also observed in Vero cells infected with NS1-99 and delNS1
viruses (Fig. 4). These effects might be attributed to activation
of basal levels of PKR in Vero cells and/or to decreased or lack
of interaction between NS1 and eIF-4GI, resulting in a re-
duced translational rate for the M1 mRNA.

The necessity for a virus to take over the cellular synthetic
machinery in order to replicate its own genome is balanced by
the necessity that the cell maintain a basal level of synthesis
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sufficient to permit its survival until the end of the replication
cycle. The NS1 protein of influenza A virus appears to inhibit
PKR and other dsRNA-activated pathways to maintain high
levels of viral protein synthesis. This effect is mainly due to the
amino-terminal, RNA-binding domain of this protein. Al-
though it is still possible that the expression of selected cellular
genes might be inhibited by the NS1 carboxy-terminal (effec-
tor) domain, we have disproved a major role of the NS1 pro-
tein and its effector domain in the overall inhibition of protein
synthesis in cells transfected with an NS1 expression plasmid or
in influenza A virus-infected cells. Therefore, we conclude that
non-NS1-mediated mechanisms are responsible for the ob-
served generalized host shutoff of cell protein synthesis during
influenza virus infection.
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