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The innate immune system guards against virus infection through a variety of mechanisms including
mobilization of the host interferon system, which attacks viral products mainly at a posttranscriptional level.
The influenza virus NS1 protein is a multifunctional facilitator of virus replication, one of whose actions is to
antagonize the interferon response. Since NS1 is required for efficient virus replication, it was reasoned that
chemical inhibitors of this protein could be used to further understand virus-host interactions and also serve
as potential new antiviral agents. A yeast-based assay was developed to identify compounds that phenotypically
suppress NS1 function. Several such compounds exhibited significant activity specifically against influenza A
virus in cell culture but had no effect on the replication of another RNA virus, respiratory syncytial virus.
Interestingly, cells lacking an interferon response were drug resistant, suggesting that the compounds block
interactions between NS1 and the interferon system. Accordingly, the compounds reversed the inhibition of
beta interferon mRNA induction during infection, which is known to be caused by NS1. In addition, the
compounds blocked the ability of NS1 protein to inhibit double-stranded RNA-dependent activation of a
transfected beta interferon promoter construct. The effects of the compounds were specific to NS1, because they
had no effect on the ability of the severe acute respiratory syndrome coronavirus papainlike protease protein
to block beta interferon promoter activation. These data demonstrate that the function of NS1 can be
modulated by chemical inhibitors and that such inhibitors will be useful as probes of biological function and
as starting points for clinical drug development.

Influenza is associated with significant morbidity and mor-
tality and is a continuing worldwide public health problem.
Seasonal influenza epidemics affect ca. 5 to 15% of the world’s
population, and estimates of annual mortality range from
250,000 to 500,000 (75), including approximately 30,000 deaths
and 200,000 hospitalizations in the United States (68). Groups
at high risk include the elderly, the very young, and those
suffering from chronic illness. Medical complications include
pneumonia and exacerbation of symptoms associated with
chronic illness (60).

In the 20th century, three influenza pandemics were recorded—in
1918, 1957, and 1968. The 1918 pandemic was the most severe
and was responsible for an estimated 20 to 40 million deaths,
including a significant percentage of young adults (58, 67). The
epidemiology of transmission and the genetics of the influenza
viruses make it likely that additional pandemics will occur due
to emergence of new strains, for which the world’s healthcare
network is not yet prepared (16, 50, 64). In this regard the
spread of H5N1 among avian species and sporadic spillage into
humans has attracted much attention (48, 51). Whereas this
virus has not yet acquired the ability to transmit from person to

person, the small number of humans infected by H5N1 due to
direct contact with birds has revealed a dangerously high rate
of mortality, ca. 60% (1, 16).

Control of seasonal influenza is an ongoing challenge (73).
Due to antigenic drift the widely used seasonal vaccine is
unevenly effective from year to year, and its use is lower than
optimal even in developed countries such as the United States
(7, 46). There are currently two classes of anti-influenza virus
drugs that have been used effectively in prevention and treat-
ment. These drugs target the viral M2 ion channel (e.g., aman-
tadine) and neuraminidase proteins (e.g., oseltamivir), respec-
tively (25, 44). Despite these successes there remain concerns
regarding drug efficacy, resistance, and cost (26).

In light of the continuing threat to public health, the current
state of prevention and treatment options, and the likelihood
of emergence of a pandemic strain for which the human pop-
ulation is immunologically unprepared, it makes sense to at-
tempt to develop novel antiviral agents that could be used
alone or in combination with existing modalities of treatment.
Such agents could take advantage of steps in the virus repli-
cative cycle that have not yet been exploited pharmacologi-
cally. These agents could also be designed to attack cellular
functions that are required to support virus replication or to
enhance the host innate or adaptive immune responses. Novel
agents that block virus replication could also be used as mo-
lecular probes of the biology of the virus, as well as virus-host
interactions.

We have explored the use of a novel target for the develop-
ment of anti-influenza virus compounds, the NS1 protein. NS1
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is a nonstructural protein encoded by segment 8 of influenza
virus A. Genetic analyses of NS1 have shown that viral repli-
cation, spread, and pathogenesis are very dependent on the
function of this protein (3, 4, 6, 10, 11, 13, 17, 18, 22, 27, 29, 30,
36, 63, 66, 74). This satisfies an important criterion for an
anti-influenza virus target, since drugs that inhibit the action of
the target must be able to slow virus production and/or patho-
genesis as a consequence. Several interesting functions for NS1
have been described. NS1 is an RNA-binding protein that can
interact with a variety of RNA species, including double-
stranded RNA (dsRNA) (10, 21, 23, 24, 54–56, 70). Binding of
NS1 to dsRNA inhibits the 2-5A oligoadenylase/RNase L path-
way for degradation of viral RNAs, blocks the activity of tran-
scription factor pathways that depend on dsRNA, and inhibits
activation of cellular PKR, to which NS1 also binds directly
(14, 20, 32, 35, 37, 41–43, 52, 65, 71). NS1 also inhibits the
induction of RNA interference through its ability to sequester
small interfering RNAs (5, 33). NS1 modifies cellular pre-
mRNA processing, including 3�-end formation, by binding to
the 30-kDa subunit of CPSF (for cleavage and polyadenylation
specificity factor) and binding to poly(A)-binding protein II
(31). It also inhibits cellular pre-mRNA splicing (69) and
blocks nuclear RNA export by associating with several cellular
proteins that mediate RNA export (15, 55, 61). Some of the
functions of NS1 serve to inhibit the host antiviral response
that is mediated by interferon (IFN) (18; reviewed in refer-
ences 14 and 31). For instance, NS1 blocks induction of IFN
gene transcription and mRNA maturation, thereby preventing
the cell from mounting an efficient innate defense (47, 65, 71).
Other functions of NS1 act to inhibit host cell gene expression
so as to favor viral gene expression, such as effects on cellular
RNA metabolism and export.

NS1 is a functionally complex protein and is a central player
in the virus’s response to host defense mechanisms and the
establishment of efficient viral gene expression. Because of its
importance to virus replication and virus-host interactions and
the fact that it is highly conserved across influenza virus A
strains (19, 62), NS1 seems a particularly good target for drug
discovery. We report here the identification of chemical com-
pounds that inhibit both NS1 function and influenza virus
replication.

MATERIALS AND METHODS

Mammalian cells and viruses. Vero E6, MA104, and 293 cells were main-
tained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine
serum. MDCK cells were maintained in Iscove medium supplemented with 10%
fetal bovine serum and 2 mM L-glutamine. All media and sera were from
Invitrogen. For infections, viral stocks were diluted in growth medium supple-
mented with 0.3% bovine serum albumin, 0.22% sodium bicarbonate, and 0.25 U
of TPCK (tolylsulfonyl phenylalanyl chloromethyl ketone)-trypsin (Invitrogen)/
ml. Influenza viruses A/PR/8/34 (PR), A/WSN/33 (WSN), and A/Tx/36/91 (TX)
were gifts from Adolfo Garcia-Sastre, and A/HK/19/68 (HK) was a gift from Tom
Braciale. The viruses were propagated in 10-day-old embryonated chicken eggs
at 37°C. Mutant delNS1 (a gift from Adolfo Garcia-Sastre) was propagated in
MDCK cells containing a stably transfected NS1PR gene (a gift from Luis Mar-
tinez-Sobrido and Adolfo Garcia-Sastre). The titered stock of respiratory syn-
cytial virus (RSV) strain RS�sh (49) was a gift from Gail Wertz. Titers of
influenza virus stocks were determined by 50% tissue culture infective dose
(TCID50) analysis on MDCK cells using the hemagglutination assay protocol of
Reed and Muench (57).

Plasmids. A full-length NS1 cDNA from A/WSN/33 (pCAGGS-NS1, a gift
from Peter Palese) was used to PCR amplify NS1 for cloning into the galactose-
inducible yeast expression vector pYES2 (Invitrogen) to create pYES-NS1.

cDNAs encoding NS1 from A/Tx/36/91 and A/PR/8/34 under the control of
chicken �-actin promoter [pCAGGS-NS1(Tx/91) and pCAGGS-NS1(PR/34)]
and a reporter plasmid encoding firefly luciferase under the control of IFN-�
promoter (p125-Luc [76]) were kindly provided by Adolfo Garcia-Sastre. Severe
acute respiratory syndrome (SARS) papainlike protease (PLP) was expressed
from a CAGGS plasmid.

Yeast strains and growth. Strain 9526-6-2 (MATa his3�1 leu2�0 lys2�0 ura3�0
pdr1::KanMX4 pdr3::KanMX4) was a gift from Dan Burke. It was derived by
tetrad dissection from two parent strains that had been modified by one step
gene replacements. The pdr1::KanMX4 was constructed in BY4741 (MATa
his3�1 leu2�0 met15�0 ura3�0) and the pdr3::KanMX4 was constructed in
BY4742 (MAT� his3�1 leu2�0 met15�0 ura3�0). PCR-mediated one-step gene
replacements, matings and tetrad dissections were performed as described pre-
viously (2). Strains 9526-6-2/pYES2 and 9526-6-2/pYES-NS1 were generated by
transformation of 9526-6-2 with the plasmids pYES2 and pYES-NS1, respec-
tively, and were maintained on synthetic complete medium (SC) lacking uracil.
For growth experiments and library screening, a single transformed colony was
grown overnight, and the cell number was determined by using a Coulter counter
(Beckman Coulter Corp.). The cells were diluted to 5 � 105 cells/ml in SC
lacking uracil and containing raffinose and 2% galactose. A 95-�l portion of this
culture was added to 5 �l of preplated test compounds in 96-well plates such that
the final drug concentration was 50 �M and the final dimethyl sulfoxide (DMSO)
concentration was 1%. The Diversity Set library (National Cancer Institute
Developmental Therapeutics Program) was used for the drug screen. It was
provided as 10 mM stocks in 100% DMSO. Optical density readings at 600 nm
(OD600) were taken every 12 h for 60 h using a Thermomax microplate reader
(Molecular Devices).

Virus replication assays. Confluent cell monolayers were infected at a multi-
plicity of infection (MOI) of 0.1 for 48 h in the presence or absence of drug.
Compounds were added at the beginning of infection and were present through-
out the infection. After 48 h virus titers were determined by TCID50 analysis as
described previously (57). Growth of RS�sh was quantified by TCID50 analysis
by scoring green fluorescent protein (GFP) fluorescence at 4 days postinfection.

Reverse transcriptase PCR (RT-PCR). MDCK cells were infected for 6 h with
PR or delNS1 at an MOI of 2.0 in the presence or absence of drug, and the total
RNA was isolated by using RNeasy (Qiagen). For first-strand cDNA synthesis, 2
�g of total RNA was primed with random nanomers (New England Biolabs) at
a final concentration of 2 �M. Reverse transcription was performed with 10 U of
Moloney murine leukemia virus RT (New England Biolabs)/�l in the presence of
1 U of RNase inhibitor/�l. Thereafter, 1/20 volume of cDNA was used as a
template for PCR (30 cycles). The following primer pairs were used: canine
IFN-� (accession no. XM538679), CCAGTTCCAGAAGGAGGACA and CCT
GTTGTCCCAGGTGAAGT; NS1 from A/PR/8/34 (accession no. J02150), CT
TCGCCGAGATCAGAAATC and TGGACCATTCCCTTGACATT; M2 from
A/PR/8/34 (accession no. V01099), ATGATCTTCTTGAAAATTTGC and CT
CCAGCTCTATGCTGAC; and canine �-actin (accession no. XM536230), GG
CATCCTGACCCTGAAGTA and GGGGTGTTGAAAGTCTCGAA.

Luciferase reporter assay. 293 cells were transfected with 0.2 �g of p125Luc
and 0.8 �g of pCAGGS-NS1(Tx/91) or pCAGGS-NS1(PR/34) using Polyfect
transfection reagent (Qiagen). At 16 h posttransfection the cells were stimulated
with 50 �g of poly[IC] (Sigma-Aldrich)/ml and treated with 50 �M drug for 24 h.
The cells were lysed with 1� passive lysis buffer (Promega), and 20 �l of the
lysate was used to measure luciferase activity using the luciferase assay system
(Promega) according to the manufacturer’s protocol. For SARS-CoV PLP ex-
periments, the luciferase plasmid alone or together with a SARS PLP-expressing
plasmid (100 ng/well each plasmid) was transfected into 293T cells in triplicate
using Fugene6 (Roche). At 6 h postinfection, the cells were treated with each
drug and allowed to incubate for an additional 18 h. At 24 h posttransfection, 500
ng of poly[IC]/well was transfected into cells by using Lipofectamine (Invitrogen)
to induce IFN-� gene transcription. At 6 h after poly[IC] addition, the cells were
lysed in Easy-Glo lysis reagent and quantitated. All transfection experiments
were conducted in triplicate.

Protein labeling and Western blot analysis. Confluent monolayers of MDCK
cells in 35-mm plates were infected at an MOI of 0.1 with A/HK/19/68 in the
presence or absence of 50 �M compounds. Compounds were added at the
beginning of infection and were present throughout the infection. The cells were
labeled with [35S]methionine and [35S]cysteine for the final hour of infection.
After 24 h the medium was replaced with Dulbecco modified Eagle medium
lacking L-cysteine and L-methionine (Sigma-Aldrich) and containing 10% fetal
bovine serum. After 30 min of starvation the cells were labeled for 1 h with 25
mCi of Express35S35S protein labeling mix (Perkin-Elmer)/ml. Labeled cells were
washed with phosphate-buffered saline and lysed using passive lysis buffer (Pro-
mega). The lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel
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electrophoresis (SDS-PAGE) and visualized by autoradiography using a Storm
Phosphorimager (GE Healthcare Life Sciences).

For analyzing NS1 expression in yeast, cells transformed with pYES-NS1 were
grown in SC containing raffinose and lacking uracil to an OD600 of 0.6 to 0.7. The
cells were then induced by replacing the medium with the identical medium but
containing 2% galactose, in the presence or absence of drug. Lysates were
prepared after 8 h. A total of 20 �g of each sample was resolved by SDS-PAGE,
followed by Western blotting and probing with a 1:1,000 dilution of rabbit
polyclonal antiserum �-NS1 (a gift from Peter Palese). To detect the expression
levels of NS1 in transfected cells, 293 cells were lysed by using passive lysis buffer
and subjected to SDS-PAGE and Western blotting. The blots were probed with
�-NS1 at a dilution of 1:1,000. As a loading control, the blots were also probed
with a 1:2,000 dilution of monoclonal �-tubulin antibody (Sigma-Aldrich).

Cytotoxicity assay. To determine the cell viability, a trypan blue dye exclusion
test was used. MDCK-UK, VeroE6, 293, and MA104 cells at 3 � 105 cells/ml
were seeded in the presence or absence of increasing concentrations of com-
pounds and incubated for 48 h. Aliquots of trypsin-treated cells were mixed with
an equal volume of phosphate-buffered saline containing 0.4% trypan blue. Cells
that excluded the dye were counted by using a hemacytometer. The experiment
was performed in duplicate.

RESULTS

Screen for compounds that inhibit NS1 function. Ward et al.
demonstrated that Saccharomyces cerevisiae strains expressing
NS1 protein from influenza virus A exhibit a pronounced slow-
growth phenotype (72). We investigated whether an NS1-
expressing yeast strain could be used to screen for small mol-
ecules that suppress the slow-growth phenotype by inhibition

of NS1 function. A test strain was generated that carries null
alleles for two genes that control drug efflux, PDR1 and PDR3,
thus allowing efficient retention of small molecules (59). This
in turn was used to create a strain expressing NS1 from
A/WSN/33 under the control of the GAL1 promoter, which is
inducible by galactose. Shown in Fig. 1A are spot tests of the
control and NS1-expressing strains. Growth on medium con-
taining galactose resulted in strong growth inhibition of the
NS1-expressing strain but not of the control strain, whereas
there was no difference between the two strains on glucose-
containing medium.

Time course experiments were performed using a 96-well
format to establish conditions for the drug screen. Cells were
plated at 5 � 105 cells/ml in either medium containing raffinose
as the sole carbon source or medium containing raffinose plus
2% galactose to induce the expression of NS1. Figure 1B shows
growth curves for the control and NS1-expressing strains under
these conditions over a 68-h period. The NS1-expressing strain
grew significantly more slowly than the control strain in the
presence of galactose. These data indicated a time period be-
tween 36 and 48 h, during which a significant growth differen-
tial could be exploited in a screen for small molecules that
suppress the slow-growth phenotype.

To perform the screen, cells from an overnight culture were
plated at 5 � 105 cells/ml in galactose-containing medium in

FIG. 1. Assay development and screening results. (A) Tenfold serial dilutions (left to right) of strains transformed with the indicated expression
plasmids were spotted on plates containing either glucose or galactose as the sole carbon source, and the plates were incubated for 3 days at 28°C.
(B) Next, 100 �l cultures of the indicated strains at 5 � 105 cells/ml were incubated at 28°C for the times shown. The OD was measured by using
a 96-well plate reader. Values shown are with blank (medium alone) subtracted. NS1, 9526-6-2/pYES-NS1; pYES, 9526-6-2/pYES2; Raf, raffinose;
Gal, galactose. (C) Strain 9526-6-2/pYES-NS1 was grown in medium containing raffinose plus 2% galactose in the presence of 50 �M drug or 1%
DMSO for the indicated times at 28°C. The final DMSO concentration in the drug-treated cultures was also 1%. (D) Western blot of whole-cell
lysates of 9526-6-2/pYES-NS1 grown in the absence (uninduced) or presence (induced) of 2% galactose and either 1% DMSO or the indicated
compounds at 50 �M for 8 h. The lysates were separated by SDS-PAGE and blotted for the presence of NS1. The band near the 37-kDa marker
is nonspecific.
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the presence 50 �M drug or 1% DMSO as a control. Approx-
imately 2,000 compounds from the National Cancer Institute
Diversity Set library (see http://dtp.nci.nih.gov/branches/dscb
/diversity_explanation.html) were screened manually. Optical
density readings were taken every 12 h for 60 h. This screen
resulted in 15 hits, 9 of which proved to be reproducible when
independent samples were obtained from the NCI. The nine
hits produced a �1.5-fold increase in OD over at least two
consecutive OD readings during the time course (data not
shown). Of these, four were studied further based on their
ability to inhibit influenza virus replication (see below). Of the
remaining five, two were toxic to MDCK cells and three
showed no activity against influenza virus replication (not
shown). Shown in Fig. 1C are individual growth curves for
galactose-containing cultures of the NS1-expressing strain
treated with each of the positive compounds. Their structures
are shown in Fig. 2.

One possible mechanism for suppression of the NS1-in-
duced growth defect in yeast could be a decrease in NS1
protein expression triggered by addition of the drugs. For ex-
ample, this could be due to drug effects on transcription from
the GAL1 promoter, on plasmid replication or metabolism, or
on stability of NS1 RNA or protein. To investigate whether any
of the compounds had such an effect, yeast cells expressing
NS1 were grown in the presence of drug for 8 h and analyzed
for protein expression by Western blotting. As shown in Fig.
1D, none of the compounds caused a change in the level of
NS1 protein. These data indicate that in yeast, the positive
compounds from the screen act either at the level of NS1
function itself to suppress the slow-growth phenotype, or pos-
sibly on cellular functions that specifically modify or bypass
NS1 function without altering its expression.

Effects on influenza virus replication. To test the effects of
the positive compounds on influenza virus replication, each

was used to challenge virus replication assays for A/Hong
Kong/19/68 (HK), A/WSN/33 (WSN), and A/PR/8 (PR).
MDCK cells were infected at an MOI of 0.1 and incubated for
48 h in the presence of drug or 1% DMSO as control, followed
by determination of TCID50 (57). As shown in Fig. 3A, all
three viral strains were sensitive to each of the four com-
pounds, with varying overall sensitivity and concentration de-
pendence. The greatest inhibition observed was �100-fold for
virus HK in cells treated with NSC109834, NSC128164, or
NSC125044. A 	10-fold inhibition of HK was observed with as
little as 10 �M NSC109834 or NSC125044. The 50% inhibitory
concentration for inhibition of virus replication was calculated
for each compound and is presented in Table 1. Also presented
in Table 1 are the selective index (SI) values for each com-
pound.

To determine the effect of NSC109834 and NSC128164 on
viral protein synthesis, cells were infected with HK at an MOI
of 0.1 and incubated in the presence of these compounds for
24 h. Protein synthesis was monitored by incorporation of
[35S]methionine and [35S]cysteine during the last 45 min of
infection, followed by analysis using SDS-PAGE. Figure 3B
(left) shows that both compounds significantly affected the
level of synthesis of the major viral proteins. Similar assays of
infected cells treated with NSC125044 or NSC95676 showed
that NSC125044 resulted in a decrease in viral protein synthe-
sis but that NSC96575 produced little or no effect (data not
shown). In addition, Western blot analysis was performed on
lysates from infected cells. The right panel of Fig. 3B shows
that the level of viral NP protein was inhibited in cells treated
with NSC109834 and NSC128164. Since NS1 is known to in-
hibit the cellular IFN response, the observed decrease in viral
protein synthesis may be due to an inhibition of viral reinfec-
tion and spread during the 24 h experiment. The data in Fig.
3A and B demonstrate that the yeast screen is capable of
identifying compounds that have significant anti-influenza vi-
rus activity. Of the nine reproducible positives from the screen,
four showed significant antiviral activity and are described
here. This suggests a hit rate for the screen of ca. 0.2%.

Assays for nonspecific effects. Two types of assays were
performed to examine the possibility of nonspecific effects of
the compounds that might explain their ability to inhibit influ-
enza virus replication. First, cell growth assays were performed
to determine the effects on cell replication. During a 48-h
treatment, which is the period used for the virus replication
assays shown in Fig. 3, none of the compounds exhibited sig-
nificant growth toxicity over a dose range of 20 to 100 �M (see
Fig. S1 and Table S1 in the supplemental material). Minor
effects on cell growth were observed when treatment was ex-
tended for up to 6 days (data not shown). A second assay for
nonspecific effects was to challenge the replication of an-
other negative-strand RNA virus, RSV. As shown in Fig. 4
none of the compounds had any measurable effect on RSV
replication in MA104 cells compared to the DMSO control.
Similar results were obtained with RSV infection of MDCK
cells (not shown). These data demonstrate that the com-
pounds do not affect the cell’s ability to support growth of
negative-strand RNA virus replication in general and argue
that the effects of the compounds on influenza virus repli-
cation are specific for that virus.

FIG. 2. Chemical structures of anti-influenza virus compounds.
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Interactions with the cellular IFN system. NS1 is a well-
characterized inhibitor of the IFN system (14). Blockade of the
IFN response by NS1 prevents establishment of the antiviral
state, which would otherwise significantly limit virus replica-
tion. Accordingly, mutant viruses with altered NS1 function
replicate poorly in cells with an intact IFN system but replicate
significantly better in IFN-deficient cells (18, 42). Cells with

defects in the IFN system might therefore be expected to be
resistant to compounds that inhibit NS1 function. To test this,
two African green monkey kidney cell lines were compared.
Vero E6 cells fail to produce IFN, whereas MA104 cells are
IFN competent (8, 12, 40). Each was tested for the ability to
support replication of virus PR in the presence of NSC109834
or NSC128164. Figure 5 shows that Vero cells were completely

FIG. 3. Inhibition of virus replication in MDCK cells. (A) Cells were infected with the indicated viruses at an MOI of 0.1 and treated with drug
or 1% DMSO (shown as 0 �M) starting 1 h postinfection. The DMSO concentration for all drug-treated cultures was 1%. After incubation for
48 h, the supernatants were collected and analyzed for TCID50 by the method of Reed and Muench (57). (B) Protein expression in infected cells.
In the left panel, MDCK cells were infected with A/HK/19/68 at an MOI of 0.1 for 24 h, in the presence or absence of the indicated compounds
at 50 �M. The cells were labeled with [35S]methionine and [35S]cysteine for the final hour of infection. Cell lysates were analyzed by SDS-PAGE
and visualized by using a phosphorimager. In the right panel, infected cells were analyzed for total NP protein expression by Western blotting. Blots
were also probed for �-tubulin and �-actin as loading controls.
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resistant to both compounds, whereas MA104 cells were sen-
sitive, a finding consistent with the idea that the compounds
inhibit NS1 function.

One function of NS1 during infection is inhibition of IFN
gene expression through effects on transcriptional activation
and mRNA maturation (14, 47, 65, 71). Compounds that block
NS1 function would therefore be expected to restore induction
of IFN-� mRNA in infected cells. To examine this, MDCK
cells were infected with either virus PR or with delNS1, a
derivative of PR that is deleted for NS1 coding sequences (18).
As expected, delNS1-infected cells showed a pronounced in-
duction of IFN-� as seen by RT-PCR analysis, whereas PR-
infected cells contained the same low level of IFN-� mRNA
observed in mock-infected cells (Fig. 6A). To test the effects of
the drugs, cells infected with PR at an MOI of 2.0 were treated
with each compound for 6 h, a period during which an initial
round of virus production normally occurs. The cells were
harvested for RNA isolation and assayed by RT-PCR for
IFN-� mRNA. As shown in Fig. 6A, all four compounds trig-
gered significant activation of IFN-� mRNA. For three of the
compounds (NSC128164, NSC109834, and NSC125044) acti-

vation of IFN-� was roughly the same as that seen when cells
were infected with delNS1 in the absence of drug and was also
as strong as for uninfected cells treated with the IFN-� inducer
poly[IC]. These data suggest a significant inhibition of NS1
function by these compounds. Importantly, none of the com-
pounds triggered induction of IFN-�� mRNA in the absence
of viral infection (Fig. 6B). Also shown in Fig. 6A are RT-PCR
results for three viral RNAs produced during infection: NP,
M2, and NS1. Except for NSC125044, a strong reduction for
M2 and NS1 RNA was observed, but no effect was seen for NP
RNA. These data indicate the possibility of differential effects
of some of the compounds on viral RNA production.

Interestingly, we observed that in delNS1-infected cells there
was only a moderate decrease in the level of M2 RNA com-

FIG. 4. Effect of anti-influenza virus compounds on RSV replication. (A) MA104 cells were infected at an MOI of 0.1 with the virus RS�sh
(49), in which the SH open reading frame is replaced with that of GFP. The infected cells were treated with the indicated compounds or 1% DMSO
(shown as 0 �M) starting at 1 h postinfection. After 48 h the cells were analyzed for GFP expression by fluorescence microscopy and photographed.
Representative fields are shown. (B) MA104 cells plated in 96-well plates were infected with serially diluted RS�sh. After 48 h, quadruplicate wells
were scored for the presence or absence of GFP expression by fluorescence microscopy, and the data were analyzed for determination of TCID50.

FIG. 5. A/PR/8 replication in drug-treated Vero and MA104 cells.
Cells were infected A/PR/8 at an MOI of 0.1 and treated with drug or
1% DMSO (shown as 0 �M) starting 1 h postinfection. After incuba-
tion for 48 h, supernatants were collected and analyzed for TCID50 by
the method of Reed and Muench (57).

TABLE 1. 50% Inhibitory concentrations and selective indexes of
anti-NS1 compounds on different influenza strains cultured

in MDCK-UK cellsa

Anti-NS1
compound

IC50 (�M)/SI

PR HK WSN

NSC128164 14/16.6 5/44.4 13/18.5
NSC109834 10/32.3 2/200.3 12/28.2
NSC95676 12/104.9 20/62.8 19/64.5
NSC125044 11/12.4 7/18.9 12/11.8

a SI 
 CC50/IC50. The 50% inhibitory concentration (IC50) of the compounds
was calculated by interpolation of the dose-response curves shown in Fig. 3A.
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pared to wild-type virus, whereas in cells infected with wild-
type virus and treated with NSC128164, NSC109834, or
NSC95676, a more severe inhibition of M2 RNA was observed.
This result would not be expected if the level of M2 RNA
expression were a simple function of NS1 activity. One possi-
bility to explain this result is that the compounds have an
NS1-independent activity that results in a decrease in M2 RNA
expression. To test this, cells were infected with delNS1 at an
MOI of 2.0 and treated with each compound during a 6-h
infection. Again, RNA was recovered for RT-PCR analysis. As
shown in Fig. 6C, the compounds had no effect on M2 RNA
levels in delNS1-infected cells, indicating that their effect on
M2 RNA in wild type-infected cells was indeed NS1 depen-
dent. Furthermore, the compounds had no effect on IFN-�
mRNA levels in delNS1-infected cells, a finding consistent with
the data shown in Fig. 6B. The mechanism by which the com-
pounds affect M2 RNA levels in wild type-infected cells will
require further investigation; however, the data are consistent
with the possibility that NS1 is allosterically regulated by the
compounds so as to alter expression of M2 and other viral
RNAs (see Discussion). The fact that NSC125044 had no effect
on M2 RNA levels despite strong activity in terms of IFN-�
mRNA accumulation (Fig. 6A) suggests that its mechanism of
action differs from that of the other compounds.

A titration experiment was performed to assess the concen-
tration dependence of the effect on IFN-� mRNA induction.
Figure 6D shows that NSC109834 induced IFN-� RNA be-
tween 20 and 50 �M. NSC128164 restored induction even at
the lowest concentrations tested, with nearly maximal induc-
tion between 10 and 20 �M. Also, in Fig. 6 are shown the
results of RT-PCR analysis of viral RNAs from infected Vero
cells challenged by each of the compounds. As expected, there
was little or no effect on viral RNA expression in Vero cells
due to the lack of IFN expression (Fig. 6E).

Drug activity is linked to NS1 function. To determine
whether the activities of the various compounds are specific for
NS1 function, a transfection experiment was performed. Hu-
man 293 cells were cotransfected with a luciferase reporter
driven by the IFN-� promoter and also expression plasmids
encoding the NS1 protein from either PR or A/TX/36/91 (TX).
As shown in Fig. 7A, in the absence of NS1 expression the
IFN-� reporter was fully inducible by poly[IC] (second lane),
whereas in the presence of either NS1PR8 or NS1TX, induction
was almost completely inhibited (“DMSO” lane), as has been
shown previously (28). Significantly, each compound efficiently
restored induction of the IFN-� reporter, as shown in Fig. 7A.
NSC128164 was the most efficient, increasing IFN-� promoter
activity to maximal levels through inhibition of both NS1PR8

and NS1TX. NSC95676 also strongly restored induction.
NSC109834 and NSC125044 differentially affected NS1PR8 and
NS1TX activity, perhaps suggesting a structural difference be-
tween these proteins as they relate to the compounds. Impor-
tantly, none of the compounds triggered induction of the
IFN-� reporter construct in the absence of cotransfected NS1
(Fig. 7B). This demonstrates that NS1 protein is absolutely
required for the function of the compounds and is consistent
with the idea that NS1 is their direct target. These results are
also fully consistent with those presented in Fig. 6 for induction
of cellular IFN-� mRNA in virus-infected cells, where induc-
tion was only observed in the presence of virus infection. As an

FIG. 6. Drug-dependent restoration of IFN-� mRNA induction in
virus-infected cells. (A) MDCK cells were infected with A/PR/8 at an
MOI of 2.0 and incubated in the presence of 50 �M concentrations of
the indicated compounds for 6 h. Cells were harvested for RT-PCR
analysis of cellular IFN-� and �-actin mRNAs, as well as influenza
virus RNAs corresponding to NP, M2, and NS1 sequences. Also shown
are RT-PCR products for cells treated with poly[IC] for 6 h (second
lane) and cells infected with the NS1 deletion virus delNS1 for 6 h
(rightmost lane). Mock, uninfected cells. (B) Cells were uninfected,
except for the third lane, where cells were infected with PR. Drug
treatment and RT-PCR were as described for panel A. (C) Same as
panel A except cells were infected with delNS1, as indicated. (D) Cells
were treated and analyzed as in panel A, except the drug concentra-
tions are as indicated in the figure. (E) Vero cells were infected with
A/PR/8 at an MOI of 2.0 and incubated in the presence of 50 �M
concentrations of the indicated compounds for 6 h. Cells were ana-
lyzed for the indicated RNAs as in panel A.
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additional control, transfected cells were analyzed for NS1
protein expression by Western blotting to determine whether
drug treatment altered the cellular levels of NS1. As shown in
Fig. 7C, treatment with the compounds had no effect on NS1
protein levels, indicating that restoration of reporter activity
was not due to drug-induced effects on NS1 gene expression or
protein turnover. In performing the Western blot experiments
we successfully reproduced data from Kochs et al. (28) that
showed that NS1TX protein dramatically inhibits its own ex-
pression in transfection experiments (Fig. 7C). Despite the low

expression of NS1TX this protein clearly was active in inhibi-
tion of IFN-� promoter activity (Fig. 7A, DMSO lane). There-
fore, we conclude that drug-dependent induction of IFN-��
promoter activity in the case of NS1TX, as for NS1PR, was due
to the inhibition of NS1-dependent function by the compounds
under study. In addition, we used the compounds to challenge
an independent inhibitor of IFN-� induction, the SARS-CoV
PLP (9), as shown in Fig. 7D. Consistent with published re-
sults, cells cotransfected with the IFN-� reporter and a SARS-
CoV PLP expression plasmid were significantly inhibited for

FIG. 7. Specific inhibition of NS1-dependent function. (A) 293 cells were cotransfected with a firefly luciferase reporter driven by the human
IFN-� promoter and expression constructs encoding the indicated NS1 proteins. At 16 h after transfection the cells were treated with 50 �g of
poly[IC]/ml and incubated for an additional 24 h prior to harvesting for determination of the luciferase activity. Drug treatment with 50 �M
concentrations of the indicated compounds was for the final 24 h of the experiment. “Con” indicates the luciferase activity of untransfected cells;
“DMSO” indicates treatment with 1% DMSO. (B) 293 cells were transfected with the IFN-� reporter and treated with poly[IC] (first lane only),
1% DMSO, or 50 �M concentrations of the indicated anti-NS1 compounds in the absence of poly[IC]. (C) 293 cells were transfected with
constructs to express the indicated NS1 proteins and harvested for Western blot analysis 40 h later. Drug treatment with 50 �M concentrations
of the indicated compounds was for the final 24 h of the experiment. Whole-cell extracts were blotted for NS1 or �-tubulin, whose positions are
indicated. “Con” indicates the signal from untransfected cells. “DMSO” indicates DMSO control. (D) 293T cells were transfected with the IFN-�
luciferase plasmid alone or together with a SARS PLP-expressing plasmid. At 6 h posttransfection cells were treated with the indicated drugs,
incubated for an additional 18 h and then treated with poly[IC] for 6 h. The cells were then lysed and measured for luciferase activity.
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IFN-� reporter induction by poly[IC] (9). However, none of
the anti-NS1 compounds had any effect in restoring IFN-�
induction that had been inhibited by SARS-CoV PLP. These
data demonstrate the specificity of these compounds for influ-
enza virus NS1 in restoration of IFN-� induction.

DISCUSSION

It is widely appreciated that global influenza pandemics re-
present a considerable risk to human health and the economy,
and new therapeutic approaches and drug targets are needed
to protect the public health, especially against RNA viruses
that evolve quickly in response to chemotherapeutic interven-
tion (25, 26, 50, 51). In the present study compounds were
identified based on their ability to suppress the phenotypic
effect of NS1 in S. cerevisiae. The precise mechanism of growth
inhibition by NS1 in yeast is not known, although Ward et al.
showed that regions within the N-terminal and C-terminal
domains are required for toxicity in yeast (72). Regardless, the
fact that the compounds identified in the yeast screen also
inhibit virus replication and specifically reverse NS1-depen-
dent inhibition of IFN-� mRNA induction strongly indicates
that the mechanism of growth inhibition in yeast is directly
related to the function of NS1 during infection. This illustrates
an advantage of the yeast-based drug discovery assay used
here: it is not necessary to know the precise mechanism(s) of
the target in order to identify relevant inhibitory compounds,
so long as expression of the target protein induces a phenotypic
change in yeast that can be incorporated into an assay for drug
discovery, and physiologically relevant models (i.e., virus infec-
tion and IFN-� mRNA induction) can be used as secondary
assays. This situation also suggests that compounds with en-
tirely different mechanisms of action can be derived from the
same screen, assuming that multiple features of the target
contribute to the phenotypic effect. Additional advantages of
the yeast system include identification of compounds that are
able to enter living cells and the fact that the selection is
positive for growth, which eliminates compounds that are se-
verely toxic, at least in yeasts.

An impressive list of functional domains of NS1 has been
established that includes regions that mediate RNA binding
(10, 34, 70), binding to RIG-I (20, 41, 52), inhibition of nuclear
RNA export (53, 61), binding to CPSF (28, 45), and other
activities (14). Additional experiments will determine which
domain(s) of NS1 are involved in the response to the com-
pounds under study. A method for high-throughput screening
against the RNA-binding activity of NS1 was reported recently
(39). It is important to emphasize that, based on the design of
the yeast screen, direct targets of the compounds can be either
NS1 itself or possibly cellular proteins. Whereas our results
firmly establish NS1 as a required participant in drug-mediated
effects (Fig. 6 and 7), they do not rule out the possibility that
the direct target is a cellular protein that regulates NS1 or one
that can be caused to bypass its activity. This question is the
subject of ongoing investigation.

NS1 has been shown to inhibit induction of IFN-� by several
independent mechanisms. Two of these are transcriptional
mechanisms involving the N-terminal domain of NS1 and are
triggered by binding to dsRNA or to RIG-I (10, 20, 41, 52, 71).
An additional mechanism is posttranscriptional and is carried

out by binding of the “effector” domain of NS1 to CPSF (28,
45). As reported by Kochs et al., both NS1PR and NS1Tx are
able block IFN-� induction in virus-infected cells and can also
bind to RIG-I and interfere with activation of IRF3 (28). This
indicates that both proteins share the capacity to inhibit tran-
scriptional activation of IFN-�. Interestingly, Kochs et al. also
found that only NS1Tx, but not NS1PR, was able to suppress
cellular gene expression posttranscriptionally through binding
to CPSF (28). Since we found that both NS1PR and NS1Tx were
sensitive to the effects of the compounds reported here, this
suggests that the compounds are acting, at least in part, to
counter the transcriptional mechanism(s) carried out by the
N-terminal domain of NS1 and not the mechanism involving
CPSF. We also observed that the compounds were active only
in cells that express NS1 and that also have an intact IFN
system (Fig. 5 to 7). In the absence of NS1, the compounds
failed to induce IFN-� mRNA or promoter activity on their
own (Fig. 6 and 7). Also, when cells were treated with poly[IC]
in the absence of NS1 to activate IFN-� transcription or were
infected with delNS1, which allowed activation of IFN-�, the
compounds did not cause a further increase in activation.
These data indicate that the compounds are not simply target-
ing cellular components of the IFN-� activation pathway that
are poised to activate IFN-� in the absence of NS1. Further-
more, our experiments showed that the compounds did not
restore IFN-� induction that had been inhibited by the SARS-
CoV PLP protein (Fig. 7D). This also suggests that they are
not acting at the level of a common signaling molecule in the
activation of IFN-� transcription. Rather, our data suggest a
direct, NS1-dependent function for the drugs. As mentioned
above, this could involve direct binding to NS1 or to a cellular
function that regulates it.

As shown in Fig. 6A, three of the compounds (NSC128164,
NSC109834, and NSC95676) triggered a significant reduction
in viral M2 and NS1-specific RNAs, as judged by RT-PCR
assay. However, NSC125044 did not affect viral RNA levels
despite triggering a significant increase in IFN-� mRNA (Fig.
6A) and a significant reduction in overall viral production, as
the other three compounds also did (Fig. 3). These data sug-
gest that at least two antiviral mechanisms are at play here.
Interestingly, in contrast to the decrease in viral RNAs caused
by NSC128164, NSC109834, and NSC95676, complete deletion
of NS1 sequences in virus delNS1 did not cause the same
decrease in viral RNA levels (Fig. 6A and 6C). This indicates
that in a wild-type infected cell that is treated with NSC128164,
NSC109834, or NSC95676, NS1 has a negative effect on viral
RNA expression that is not observed in cells infected with
the delNS1 virus. Since these compounds are only active in the
presence of NS1 protein and are not simply mimicking the
absence of NS1, this suggests that there may be interactions
between these compounds and NS1 that allosterically regulate
the ability of NS1 to control transcription, RNA stability, or
other processes. As reported previously, several temperature-
sensitive mutants of NS1 affect viral RNA levels. For instance,
an Arg-to-Lys mutation at position 25 was shown to lead to a
significant decrease in M1 and HA mRNAs (36). Other studies
have implicated NS1 in the function or regulation of the viral
polymerase complex (38, 43), a process that could be affected
directly by some of the compounds reported here. On the other
hand, another temperature-sensitive mutant of NS1, also with
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a change in the N-terminal domain at amino acid 11, showed a
drastic decrease in formation of virus particles without large
changes in transcription of viral RNAs. Thus, allosteric effects
of the compounds on NS1 function may trigger a variety of
effects that result in reduction of overall virus replication.
Therefore, it is anticipated that the compounds identified here
may be of use in elucidating these or novel interactions be-
tween NS1 and viral or host functions, in addition to their
potential clinical utility.
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