
The influenza virus NS1 protein as a therapeutic target

Daniel A. Engel
Department of Microbiology, Immunology and Cancer Biology University of Virginia School of 
Medicine Charlottesville, VA 22908

Abstract

Nonstructural protein 1 (NS1) of influenza A virus plays a central role in virus replication and 

blockade of the host innate immune response, and is therefore being considered as a potential 

therapeutic target. The primary function of NS1 is to dampen the host interferon (IFN) response 

through several distinct molecular mechanisms that are triggered by interactions with dsRNA or 

specific cellular proteins. Sequestration of dsRNA by NS1 results in inhibition of the 2’-5’ 

oligoadenylate synthetase/RNase L antiviral pathway, and also inhibition of dsRNA-dependent 

signaling required for new IFN production. Binding of NS1 to the E3 ubiquitin ligase TRIM25 

prevents activation of RIG-I signaling and subsequent IFN induction. Cellular RNA processing is 

also targeted by NS1, through recognition of cleavage and polyadenylation specificity factor 30 

(CPSF30), leading to inhibition of IFN- mRNA processing as well as that of other cellular 

mRNAs. In addition NS1 binds to and inhibits cellular protein kinase R (PKR), thus blocking an 

important arm of the IFN system. Many additional proteins have been reported to interact with 

NS1, either directly or indirectly, which may serve its anti-IFN and additional functions, including 

the regulation of viral and host gene expression, signaling pathways and viral pathogenesis. Many 

of these interactions are potential targets for small-molecule intervention. Structural, biochemical 

and functional studies have resulted in hypotheses for drug discovery approaches that are 

beginning to bear experimental fruit, such as targeting the dsRNA-NS1 interaction, which could 

lead to restoration of innate immune function and inhibition of virus replication. This review 

describes biochemical, cell-based and nucleic acid-based approaches to identifying NS1 

antagonists.

1. NS1 biology in the context of drug discovery

Non-structural protein 1 (NS1) of influenza A virus has attracted much attention for its role 

in modifying the host innate immune response and controlling virus replication. NS1 is 

encoded by viral segment 8, which also encodes the viral nuclear export protein, NEP. NS1 

has come under scrutiny as a potential target for antiviral drug discovery based on its 

structure, activities, genetics, and overall importance in virus replication and pathogenesis. It 
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is a highly conserved protein of 230-237 amino acids that is produced in abundant levels 

throughout infection. Structurally, NS1 consists of two distinct domains, each of which 

contributes to homodimer formation and function. The RNA binding domain (RBD) 

encompasses amino acids 1-73. It binds nonspecifically to RNA and is also required for 

interaction with specific cellular proteins. The C-terminal “effector” domain (ED) includes 

amino acids 86–230/237 and also interacts with a variety of cellular proteins. Together both 

domains contribute to the highly multifunctional nature of NS1 (Das et al., 2010; Garcia-

Sastre, 2011; Hale et al., 2008b; Krug and Aramini, 2009).

The number of cellular proteins reported to associate with NS1 has grown very large (Table 

1), although not all interactions have been proven to be direct, and there are (and are likely 

to be) strain-specific differences for some interactions. Primary among the functions of NS1 

is inhibition of the host interferon (IFN) system, which is accomplished through several 

molecular mechanisms. Additional effects include regulation of viral RNA and protein 

synthesis and viral mRNA splicing, and activation of the PI3K pathway (Ayllon et al., 2012; 

Ehrhardt and Ludwig, 2009; Garcia-Sastre, 2011; Hale et al., 2008b). Therefore, it is thought 

that chemical inhibition of NS1 might exert pleiotropic effects that enhance innate immunity 

and significantly limit virus replication mechanisms in humans.

Importantly, genetic analyses of NS1 in the context of infected cells and animals have 

demonstrated that virus replication, spread, and pathogenesis are very dependent on the 

function of this protein. As part of efforts to develop a live, attenuated influenza vaccine 

carrying deletions of NS1 coding sequences, it has been demonstrated that viruses lacking 

NS1 function have highly diminished replication and pathogenic capacity in a variety of 

animal models. (Falcon et al., 2005; Garcia-Sastre et al., 1998; Richt and Garcia-Sastre, 

2009; Talon et al., 2000b; Zhou et al., 2010). These findings satisfy 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 pathogenesis as a consequence. They also suggest that 

treatment of humans with NS1 inhibitors would not result in toxicity due to dysregulation of 

the innate immune response.

2. Targeting the IFN-antagonist functions of NS1

Several fascinating functions for NS1 have been described that form the basis for its anti-

IFN activity, and most therapeutic targeting strategies include disruption of these functions 

in order to relieve viral inhibition of the innate immune response. As an RNA-binding 

protein, NS1 can interact with a variety of RNA species, including double-stranded RNA 

(dsRNA), the 3’ poly-A tail of mRNAs, the U6 snRNA and negative-sense viral RNA 

(Hatada and Fukuda, 1992; Hatada et al., 1997; Hatada et al., 1992; Qiu and Krug, 1994; 

Qiu et al., 1995). Binding to dsRNA inhibits the 2’-5’ oligoadenylate synthetase/RNase L 

pathway for degradation of viral RNAs, thereby limiting a major arm of the IFN system. It 

also dampens the activity of transcription factor pathways that depend on dsRNA, thus 

reducing the expression of IFN- in infected cells (Ludwig et al., 2002; Min and Krug, 2006; 

Talon et al., 2000a; Wang et al., 2000). NS1 also inhibits activation of RIG-I, a pattern-

recognition receptor that senses viral RNA and in turn triggers the IFN response (Gack et al., 

2009; Guo et al., 2007; Inn et al., 2011; Opitz et al., 2007; Pichlmair et al., 2006). NS1 
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inhibits RIG-I by binding to the ubiquitin ligases TRIM25 and Riplet that are required for 

RIG-I activation (Gack et al., 2009; Inn et al., 2011; Rajsbaum et al., 2012).

NS1 also modifies cellular pre-mRNA processing, including 3′-end formation, by binding to 

the 30-kDa subunit of cleavage and polyadenylation specificity factor (CPSF30), which 

results in inhibition of IFN- mRNA processing, among other cellular mRNAs (Krug et al., 

2003; Nemeroff et al., 1998; Noah et al., 2003; Twu et al., 2006). NS1 also binds directly to 

and inhibits activation of cellular PKR, an important effector of the IFN system (Bergmann 

et al., 2000; Min et al., 2007; Pindel and Sadler, 2011), and it inhibits nuclear non-viral 

RNA export by associating with several cellular proteins that mediate RNA export, 

including NXF1/TAP, p15/NXT, Rae1/mrnp41, and E1B-AP5 (Fortes et al., 1994; Qiu and 

Krug, 1994; Satterly et al., 2007).

3. Structural basis for small-molecule inhibition of NS1

X-ray crystallographic and NMR studies of NS1 have revealed structures of the individual 

RBD and ED homodimers, as well as the RBD homodimer in association with dsRNA (Das 

et al., 2010). A crystallographic study of full-length NS1 from the highly pathogenic avian 

H5N1 strain has also been reported (Bornholdt and Prasad, 2008). The RBD exists in a 

unique six-helical symmetric head-to-tail homodimer structure (Cheng et al., 2009; Chien et 

al., 1997; Liu et al., 1997; Yin et al., 2007). Arginine 38 within this domain interacts directly 

with dsRNA, and both members of the dimer contribute to the RNA-binding architecture. 

Accordingly, mutation of Arg38 results in a highly attenuated virus, and NS1 protein 

carrying this mutation is defective in dsRNA binding in vitro. Dimerization itself is also 

required for dsRNA binding activity (Min and Krug, 2006; Wang et al., 1999). Thus, the 

dsRNA-NS1 interaction is a potential target for small-molecule inhibition, either by 

disruption of the dsRNA-NS1 complex or by interfering with homodimer stability (Krug and 

Aramini, 2009). Such inhibitors would be expected to restore dsRNA-dependent antiviral 

functions such as activation of the 2’-5’ oligoadenylate synthetase/RNase L and PKR 

pathways, and RIG-I mediated activation of the IFN response. As new interactions between 

the RBD and specific cellular proteins are explored, additional opportunities for small-

molecule intervention may become apparent through structural analysis.

The isolated ED of NS1 also forms a homodimer in solution, with each subunit containing a 

novel -helix -crescent fold. However, structural studies of the ED from different influenza 

strains have yielded conflicting results regarding the architecture of the dimer interface 

(Bornholdt and Prasad, 2006; Bornholdt and Prasad, 2008; Hale et al., 2008a; Kerry et al., 

2011; Xia et al., 2009). Tryptophan 187 (W187) in the ED is required for dimer formation, 

and mutation at this position resulted in exclusively monomeric species (Aramini et al., 

2011; Hale et al., 2008a; Xia and Robertus, 2010). Interestingly, the interface responsible for 

ED dimer formation includes amino acid residues that help form a hydrophobic pocket for 

binding to CPSF30. Cellular expression of a small fragment of CPSF30 sufficient to bind 

NS1 was also shown to inhibit virus replication and increase production of IFN-β mRNA, 

presumably through a dominant negative mechanism (Aramini et al., 2011; Das et al., 2008; 

Twu et al., 2006). It was therefore proposed that the hydrophobic CPSF30-binding pocket in 
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NS1 is an attractive target for drug discovery (Das et al., 2010; Krug and Aramini, 2009; 

Twu et al., 2006).

An NS1 protein with a W187Y mutation in the ED also retained the ability to bind CPSF30, 

and the structure of its CPSF30 binding pocket was almost identical to that of wild-type ED, 

suggesting that this non-dimerized mutant could provide an efficient platform for drug 

discovery targeting the NS1-CPSF30 interaction (Xia and Robertus, 2010). Structural and 

biochemical definition of the dimer interface and the CPSF30 binding pocket of NS1 are 

therefore likely to lead to new NS1 inhibitors through small-molecule screening or rational 

design. The ED has also been co-crystallized with the inter-SH2 (coiled-coil) domain of 

p85beta subunit of PI3K, which may lead to proposals for inhibitor design (Hale et al., 

2010).

Based on structural data from the H5N1 A/Vietnam/1203/2004 strain (Bornholdt and 

Prasad, 2008) and the large number of virus isolates whose sequence has been determined, 

Darapaneni et al. analyzed NS1 for its most highly conserved amino acid residues, then used 

the Q-SiteFinder binding site prediction algorithm (Laurie and Jackson, 2005) to identify 

conserved pockets that might function as protein-protein interaction sites. Several pockets 

were identified and proposed as potential sites for small-molecule inhibition of NS1 function 

(Darapaneni et al., 2009).

4. In vitro platforms for NS1-targeted drug discovery

Cho et al. reported the development of a high-throughput screen (HTS) assay to identify 

NS1 inhibitors, in which the RNA-binding activity of NS1 from A/Udorn/72 was targeted 

using a sensitive fluorescence polarization (FP) assay (Cho et al., 2012). A filter-binding 

assay previously reported by Chien et al. (Chien et al., 2004) was adapted to detect 

displacement of prebound, labeled dsRNA. The assay measured FP changes in the presence 

of small-molecules that inhibit the interaction between NS1 and a fluorescein-labeled 16-

mer dsRNA, resulting in a decrease in FP that correlated with the efficiency of 

displacement. Importantly, a mutant NS1 containing an Arg38 to Ala substitution, which 

abolishes binding to dsRNA, failed to yield an FP signal with the probe dsRNA, confirming 

the specificity of the screening assay for the dsRNA-NS1 interaction.

A pilot screen using 466 compounds from the NIH clinical collection demonstrated high 

signal to noise ratios and Z’ scores in the range of 0.71 – 0.82. Hits were validated by re-

screening, followed by counterscreening to rule out direct effects on the dsRNA probe. Four 

of 6 hit compounds showed concentration-dependent inhibition of binding. One of these, 

epigallocatechin gallate (EGCG, see Figure 1), potently inhibited binding (IC50 0.29 M). 

Interestingly EGCG had previously been reported as an inhibitor of influenza virus 

infection, but without identification of its target (Furuta et al., 2007; Nakayama et al., 1993; 

Song et al., 2005). Based on its structure, a second study explored a quinoxaline scaffold, 

which shares structural similarities with EGCG (You et al., 2011). A library of 46 

compounds was synthesized that retained the quinoxaline core and several of these showed 

significant inhibition of RNA-NS1 binding. One compound was tested for antiviral activity 

against A/Udorn/72 in an MDCK cell assay at 30 and 60 M and inhibited replication by 10-
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fold over a time course of infection (see Figure 1, Compound 44), although cytotoxicity data 

were not reported.

Maroto et al. also reported the development of a HTS assay that targeted the RNA-NS1 

interaction. Microplate wells were precoated with His-tagged NS1, and the binding of a 35S-

labeled RNA probe was measured in the presence or absence of small-molecules (Maroto et 

al., 2008). A 240-nucleotide negative-polarity RNA corresponding to a portion of influenza 

segment 8 was used to form the target complex. It had been shown previously that this RNA 

interacts with NS1 in a manner that is not competed using a 1000-fold excess of nonspecific 

RNA (Marion et al., 1997). Assay optimization resulted in a signal-to-noise ratio of 16 and a 

Z’ score of 0.78. A screen was carried out with a Merck collection of small-molecules 

composed of 27,520 mixtures, each containing 10 compounds, using a combination of 96-

well and 384-well formats. A cut-off of 40% inhibition of binding was chosen, and a 

counterscreen was conducted using an RNA-Staufen complex as the target, to rule out 

nonspecific inhibitors of RNA-protein interactions. This resulted in 13 NS1-specific hits that 

were subsequently deconvoluted, but their structures were not reported. Five of the hits were 

reported to have IC50s in the range of 0.12-0.85 M. The antiviral activity of three 

compounds was qualitatively demonstrated using MDCK cells and virus A/Victoria/3/75, 

but the SI appeared to be quite low (see Maroto et al., Figure 7).

5. Cell-based platforms

Nuclear NS1 directly inhibits mRNA processing and export by interacting with specific host 

factors, resulting in changes in cellular gene expression (Nemeroff et al., 1998; Qian et al., 

1994; Qiu and Krug, 1994; Satterly et al., 2007; Wolff et al., 1998). An important 

consequence of this regulation is a decrease in mature cytoplasmic IFN mRNA and other 

mRNAs encoding antiviral factors. Accordingly, Mata et al. targeted the ability of NS1 to 

inhibit host gene expression. A CMV promoter-driven luciferase reporter was used in cells 

co-transfected with an NS1 expression construct, which triggered a 95% reduction in 

luciferase expression. Cells were screened with 5 M of 200,000 compounds assembled from 

ChemDiv, ChemBridge, ComGenex and TimTek libraries. Those that restored luciferase 

expression were evaluated for antiviral activity against A/WSN/1933 in immortalized 

human bronchial epithelial cells (HBECs). Eight structural classes of compounds were 

identified among the hits, and one of the most active was a naphthalimide compound that 

was explored further, including analysis of analogs (Mata et al., 2011).

Non-cytotoxic concentrations of one analog (see Figure 1, Mata et al. Compound 3) reduced 

viral titers from 103-106-fold, depending on the influenza virus strain and dose, and also 

significantly relieved virus-induced retention of poly(A) RNA in the nucleus. A/WSN/1933, 

A/Texas/36/91 and A/Brevig/Mission/1/1918 were used as challenge virus in these studies, 

and it will be interesting to determine if the observed differences in compound sensitivity 

are due to genetic differences in NS1 between the different strains. The selective index (SI) 

for this compound was 31 for MDCK cells infected with A/WSN/1933. Interestingly, 

compound 3 also had activity against vesicular stomatitis virus (VSV), suggesting a 

common, cellular target. To explore this possibility, gene expression profiles were 

determined in the presence and absence of the compound, and this analysis suggested the 
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possible involvement of the mTORC1 pathway. REDD1, an inhibitor of this pathway, was 

found to be induced at the mRNA and protein levels in cells treated with compound 3. 

Significantly, REDD1−/− mouse embryonic fibroblasts were observed to be hypersensitive 

to influenza virus and VSV infection compared to REDD1+/+ cells, and the inhibitor had no 

effect on virus replication in REDD−/− cells. Likewise, the inhibitor had no effect on viral 

protein expression in TSC2-knockout cells, further solidifying the chemical-genetic 

interactions between the mTORC1 pathway and compound 3. Together these data defined 

REDD1 as a host defense factor and demonstrated that chemical induction of REDD1 can 

overcome the effects of NS1 on host gene expression.

A second hit (see Figure 1, Compound 1, Zhang et al) from the screen conducted by Mata et 

al. is structurally related to brequinar, a quinolone carboxylic acid known to inhibit 

dihydroorotate dehydrogenase (DHODH) (Vyas and Ghate, 2011; Zhang et al., 2012). 

Inhibitors of DHODH have been shown to have activity against a variety of DNA and RNA 

viruses including influenza (Hoffmann et al., 2011). Compound 1 at 10 M inhibited A/WSN/

1933 in MDCK cells by a factor of 104 with no cytotoxicity. Indeed, novel analogs of the 

compound 1 inhibited DHODH in vitro, (Zhang et al., 2012). Analog 1-14 (Figure 1) also 

prevented the NS1-mediated blockade of host cell RNA export usually seen in influenza 

virus-infected cells. This result is consistent with the idea that inhibition of DHODH causes 

reduced viral RNA synthesis through its effects on pyrimidine synthesis, leading to 

decreased NS1 protein production and increased export of host cell nuclear mRNAs. 

Interestingly however, inhibition of DHODH also reversed NS1-dependent effects on 

mRNA export in uninfected cells containing an NS1 expression construct. This finding 

indicated a novel relationship between the pyrimidine biosynthetic pathway and the 

regulation of mRNA export by NS1. Accordingly, RNAs encoding members of the cellular 

HIF1-pathway, part of the antiviral response, were found enriched among those released 

from the mRNA export block by DHODH inhibition. In addition, inhibition of DHODH 

triggered accumulation of the mRNA export protein NXF1 in cells expressing NS1.

Basu et al. employed a yeast-based phenotypic assay to identify specific NS1 antagonists 

(Basu et al., 2009). Expression of NS1 from a galactose-inducible promoter in S. cerevisiae 

produced a pronounced slow growth phenotype, as had been reported previously (Ward et 

al., 1994). This was exploited to screen for small-molecules that could restore growth by 

direct or indirect inhibition of NS1 function. Nine positive compounds were identified from 

the National Cancer Institute Diversity Set library of ~2,000 compounds, four of which also 

inhibited influenza virus replication in MDCK cells, but not respiratory syncytial virus 

(RSV) replication (Figure 1, see NSC compounds). Depending on the influenza strain (A/

Hong Kong/19/68, A/WSN/1933, or A/PR/8/34) and the inhibitor used, EC50s were found in 

the range of 2 – 20 M, with SI values ranging from 12 -- 200. It will be important to 

determine if the variations in strain sensitivity are due to differences in NS1 sequence. 

Interestingly, in cells infected with WT A/PR/8/34, all four inhibitors restored levels of IFN- 

mRNA, comparable to those seen when cells were infected with a viral NS1 deletion 

mutant, indicating that the compounds significantly reversed the anti-IFN effects of NS1. In 

addition, the compounds had no effect on IFN mRNA levels in uninfected cells, 

demonstrating that they are not direct inducers of IFN, and that virus infection was required 
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for the activity of the compounds. To confirm the role of NS1 in compound sensitivity, cells 

were co-transfected with an NS1 expression plasmid plus an IFN- reporter construct, and the 

four compounds were able to efficiently reverse the effects of NS1 on dsRNA-dependent 

IFN- promoter activation.

In subsequent studies, compound NSC125044 from Basu et al. was analyzed further and an 

initial structure-activity relationship study was conducted. Non-toxic concentrations of 

analog JJ3297 inhibited A/PR/8/34 replication with an EC50 of 0.8 M and a maximal 

inhibition of >1000-fold. This compound retained the ability of the parental NSC125044 to 

restore IFN- expression in infected cells. Moreover, JJ3297 facilitated the induction of an 

IFN-like antiviral state in cells infected at a low MOI, resulting in increased resistance to 

subsequent challenge with vesicular stomatitis virus (VSV). The activity of JJ3297 

absolutely required the function of cellular RNase L, indicating that an intact IFN system is 

essential for function of the compound (see Figure 2) (Walkiewicz et al., 2011). Additional 

medicinal chemistry development of JJ3297 resulted in compound A22 (Figure 1), with an 

EC50 of ~50 nM (Jablonski et al., 2012). Together, these findings indicate that this class of 

compounds acts as an NS1 antagonist. It will be interesting to determine if the compounds 

act directly on the NS1 protein or perturb an aspect of NS1-related pathways.

6. Nucleic acid-based NS1 inhibitors

Nucleic acid-based approaches are also being to be used to target NS1. Wu et al. reported 

antisense RNA targeting of the avian H5N1 NS1 sequence using three selected oligomers of 

18 nucleotides (Wu et al., 2008), building on previous reports of siRNA or antisense 

approaches that effectively controlled influenza A replication in vitro or in vivo by targeting 

other viral genes (DeVincenzo, 2012; Wong et al., 2010). In chicken embryo fibroblast cells, 

2 M of the transfected NS1-directed oligonucleotides reduced viral replication to 2.4–7.3 

HA units, compared with titers of 52.4 and 55.9 in control transfections. Importantly, these 

oligonucleotides were effective in protecting SPF chickens from H5N1-induced clinical 

symptoms and mortality. FITC-labeled oligonucleotides delivered intranasally were shown 

to be efficiently taken up in the lung and observed 24 hours after administration, and a 

mixture of three unlabeled oligonucleotides protected 87.5% of infected birds up to 14 days 

post-infection. This correlated with a 5- to 7-fold reduction in lung viral titer at 24 hours 

post infection. However, gastrointestinal involvement in these H5N1 infections was not 

addressed. It is interesting to note that a substantial protection rate was associated with this 

modest decrease in lung viral titer (although lung titers at later time points were not 

measured). This could be due to an amplified innate immune response when decreased 

amounts of NS1 are present in the animal.

Rajput et al. observed a 60% inhibition of NS1 RNA with either of two NS1-specific 

siRNAs in co-transfection experiments using an NS1 expression construct in MDCK cells 

(Rajput et al., 2012). Remarkably, intravenous administration of increasing doses of NS1-

specific siRNA in BALB/c mice challenged with 2×106 p.f.u. of A/PR/8/34 resulted in a 

greater than 6-log decrease in lung viral titer, assayed two days postinfection. This 

corresponded to a 92% decrease in NS1 RNA and a 90% decrease in NS1 protein in lung 

lysates. Bronchoalveolar lavage fluid showed siRNA dose-dependent increases in IL-1 , 
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IFN- 1 and IFN- compared with untreated controls, and 15- to 20-fold decreases in IFN- and 

TNF- . The large decreases in IFN- and TNF- are likely a reflection of a decreased cytokine 

response due to significantly lower viral replication in the lungs. In a survival study, the 

siRNA protected 100% of mice under conditions that were lethal to 60% of the mice over a 

22-day period following virus challenge; however, the time course of the lethal response 

was unusually long in the control animals.

7. Conclusions and ongoing challenges

Considering the central role of NS1 in influenza virus replication and pathogenesis, potent 

inhibitors of this protein may prove to have clinical utility, either alone or in combination 

with other antiviral drugs such as the neuraminidase inhibitors (Govorkova and Webster, 

2010). The field of anti-NS1 inhibitors is still in its infancy, but the methodological, 

structural and biochemical underpinnings required to drive further discoveries toward drug 

development are in place and continue to expand. More biochemical small-molecule screens 

are needed to add lead compounds to the pipeline. As additional structural data reveal details 

of novel NS1-protein interactions, new potential ligand-binding pockets can be targeted for 

drug discovery. Cell-based screens are also likely to lead to novel chemical-genetic 

interactions that can be exploited for therapeutic development. Use of animal models to 

demonstrate antiviral efficacy will be an important next step to establish in vivo proof-of-

concept for targeting NS1
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Highlights

The influenza virus NS1 protein dampens the host IFN response and facilitates viral 

replication.

The central role of NS1 in replication and spread make it an attractive antiviral target.

Several anti-IFN mechanisms have been elucidated, as well as the 3-dimensional 

structure of NS1.

Interactions between NS1 and dsRNA or a variety of protein partners could be targeted 

for small-molecule intervention.

Biochemical, cell-based and nucleic acid-based approaches are being applied to identify 

compounds that inhibit NS1.
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Figure 1. 
Major cellular antiviral pathways affected by the influenza virus NS1 protein, and potential 

points of intervention by NS1 antagonists. The roles of dsRNA, TRIM25, PKR and 

CPSF-30 are described in the text. Blue Xs indicate inhibition of cellular antiviral pathways 

by NS1. NS1 antagonists (red) could act by binding directly to NS1 or by interfering with 

interactions between NS1 and its cellular targets, or by other mechanisms. RBD: NS1 RNA 

binding domain; ED: NS1 effector domain.
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Figure 2. 
Compounds that antagonize the influenza virus NS1 protein in biochemical or cell-based 

assays. Biochemical assays were used identify inhibitors of the dsRNA-NS1 interaction 

(Cho et al., 2012; You et al., 2011). Cell-based assays identified compounds that bypass 

NS1 function and relieve the block to cellular RNA export (Mata et al., 2011; Zhang et al., 

2012). An NS1-dependent assay in yeast identified compounds that specifically reverse NS1 

activity in mammalian cells (Basu et al., 2009; Jablonski et al., 2012; Walkiewicz et al., 

2011).
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Figure 3. 
JJ3297 activity depends on an intact interferon system. The antiviral activity of JJ3297 was 

tested against influenza virus A/PR/8/34 in wild-type and RNase L−/− murine embryo 

fibroblasts (MEFs). Wild-type (A) or RNase L−/− (B) MEFs were infected at an MOI of 0.1 

and treated with 5 μM JJ3297 or 1% DMSO. After 48 h the cells were fixed and stained for 

the viral nucleoprotein NP, a marker for virus replication. DAPI was used to visualize cell 

nuclei. There was a drastic effect on virus replication in WT cells, but no effect on RNase 

L−/− cells was observed, indicating a strong requirement for RNase L or an upstream 

component of the IFN system to mediate the effects of this compound (Walkiewicz et al., 

2011).
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Table 1

Host-cell proteins that interact with the influenza A virus NS1 protein.

*
interacting protein Process affected by NS1 Interaction domain Reference

NS1-I Unknown Unknown (Wolff et al., 1996)

CPSF30 RNA processing ED (Nemeroff et al., 1998)

NS1-BP **
RNA splicing

Unknown (Wolff et al., 1998)

PABII RNA processing ED (Chen et al., 1999)

Staufen Unknown Unknown (Falcon et al., 1999)

eIF4GI Viral translation aa 1-113 (Aragon et al., 2000)

PABPI Viral translation RBD (Burgui et al., 2003)

p85- PI3K activation ED (aa Y89) (Hale et al., 2006)

PKR Protein synthesis ED (aa 123-127) (Li et al., 2006)

PACT Unknown Unknown (Li et al., 2006)

NXF1, Rael, E1B-AP5 RNA export RBD and ED (Satterly et al., 2007)

p15 RNA export ED (Satterly et al., 2007)

Importin NS1 nuclear targeting RBD and NLS2 (Melen et al., 2007)

Crk and CrkL PI3K activation SH3 binding domain (Heikkinen et al., 2008)

RIG-I IFN induction Likely indirect through 
TRIM25

(Mibayashi et al., 2007)

(Gack et al., 2009)

nucleolin, B23 and fibrillarin Nucleolar targeting RBD (Murayama et al., 2007)

NLS1,NLS2/NoLS (Melen et al., 2012)

TRIM25, Riplet RIG-I activation/IFN induction RBD (aa R38/K41) and ED 
(aa E96/E97)

(Gack et al., 2009)

(Rajsbaum et al., 2012)

Viral Pol complex **
Viral RNA replication

Unknown (Kuo and Krug, 2009)

Gas8 Unknown Unknown (Zhao et al., 2009)

Akt Akt pathway activation RBD and ED (Matsuda et al., 2010)

p53 Apoptosis Unknown (Wang et al., 2010)

Scribble, Dlg1, MAGI-1, 
MAGI-2, MAGI-3

Tight junctions PDZ-binding motif (Golebiewski et al., 2011)

PARP10 **
Cell cycle control

Unknown (Yu et al., 2011)

RIL, c-Src c-Src activation PDZ-binding motif SHB 
domain

(Bavagnoli et al., 2011)

Hsp90 Apoptosis Unknown (Zhang et al., 2011)

Viral nucleoprotein (NP) Viral RNA replication RBD (aa R38/K41) (Robb et al., 2011)

(Kuo and Krug, 2009)

PDZ-containing proteins Viral pathogenesis PDZ-binding motif (Javier and Rice, 2011)

NOLC1 Nucleolar/coiled body phosphoprotein ED (Zhu et al., 2012)

RAP55 P-bodies, stress granules RBD (aa R38/R41)
ED (aa I123, M124, K126, 
and N127)

(Mok et al., 2012)

IKK NF- B pathway ED (Gao et al., 2012)

hPAF1C hPAF1C-dependent transcriptional elongation H3N2 C-term ARSK (Marazzi et al., 2012)

RNA helicase A RNA replication Unknown (Lin et al., 2012)
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*
interacting protein Process affected by NS1 Interaction domain Reference

-tubulin **
Apoptosis

RBD (Han et al., 2012)

hGBP1 anti-viral state ED (aa123-144) (Zhu et al., 2013)

*
Direct and indirect interactions are listed

**
Proposed process affected by NS1 through interaction with this factor; (aa): Amino acid residues required for interaction; ED: Effector domain; 

RBD: RNA-binding domain; NLS/NoLS: nuclear localization signal/nucleolar localization signal; SHB domain: Src homology binding domain.
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