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Infections by influenza viruses are responsible for ~36,000 deaths 
annually in the United States1 and ~500,000 deaths worldwide 
per year2. Highly pathogenic strains have been responsible for 

many deaths worldwide, such as the strain that caused the 1918 
pandemic, which killed ~30 million people. Currently, there are 
only two approaches available for preventing or treating epidemic 
and pandemic influenza: vaccination and inhibition of virus repli-
cation. Vaccination, although highly effective against homologous 
strains, loses its efficacy in the elderly and is limited by the highly 
mutable nature of the virus and the large reservoir of antigenically 
distinct virus strains. These factors require the annual reformulation 
of the vaccine to match the antigenicity of the current circulating 
strains of influenza virus. A number of drugs have been approved 
for the treatment of influenza. These drugs inhibit virus uncoating 
(inhibitors of the viral protein M2) or virus spread (inhibitors of 
the viral protein neuraminidase), but the use of the relatively small 
number of such antiviral drugs is limited by the emergence of resis-
tant virus strains. There is a clear need for additional therapeutic 
modalities for the treatment of disease caused by influenza virus 
as well as for a better understanding of mechanisms of viral-host 
interactions, which could lead to the discovery of new targets for 
therapeutic intervention.

Many viruses target host mechanisms that are key steps within 
pathways that regulate antiviral responses. For example, the NS1 pro-
tein of influenza virus is a multifunctional virulence factor that inhibits 
host gene expression and signal transduction required to induce anti-
viral responses. NS1 is found in both the nucleus and the cytoplasm of 
influenza virus–infected cells3,4. The cytoplasmic pool of NS1 inhibits 
interferon (IFN) gene induction by antagonizing the cytoplasmic sig-
nal transduction pathway mediated by RIG-I5–8. NS1 also  prevents IFN 

action by sequestering double-stranded RNA, targeting the function  
of downstream antiviral effector proteins, such as the PKR and/or 
RNase L pathways9,10. In addition, NS1 has been shown to activate 
phosphatidylinositol 3-kinase (PI3K) signaling, a function that sup-
ports virus replication11.

The nuclear pool of NS1 inhibits host mRNA processing,  including 
splicing12–14, polyadenylation15 and nuclear export16–18, thereby pre-
venting proper expression of host antiviral genes but not nuclear 
export of viral RNAs15,18. Disruption of NS1 functions by mutations 
yielded highly attenuated viruses that can only replicate in immuno-
compromised hosts19. These findings underscore the key role of NS1 
as a  proviral virulence factor and emphasize the need to identify its 
inhibitors as well as previously unknown host antiviral mechanisms 
that antagonize its functions. Here we performed a high- throughput 
screen to identify small molecules that reversed NS1-mediated 
 inhibition of host gene expression. We identified nontoxic small 
molecules from the naphthalimide family that inhibited replica-
tion of evolutionarily diverse viruses, including influenza virus and 
VSV. We show how these small molecules serve as probes to identify 
the mTORC1 inhibitor REDD1 (refs. 20,21) as a new host defense  
factor. These findings underscore the importance of regulating REDD1 
expression as a unique strategy to trigger antiviral response.

RESULTS
Naphthalimides antagonize NS1 and influenza virus
We exploited the potent ability of NS1 to inhibit gene expres-
sion by blocking mRNA processing and export15,18 as the basis 
for a high-throughput assay that measured the effect of NS1 
on luciferase expression. Luciferase activity was reduced ~95% 
in cells transfected with plasmids encoding NS1 compared to 
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A chemical genetics approach was taken to identify inhibitors of NS1, a major influenza A virus virulence factor that inhibits 
host gene expression. A high-throughput screen of 200,000 synthetic compounds identified small molecules that reversed 
NS1-mediated inhibition of host gene expression. A counterscreen for suppression of influenza virus cytotoxicity identified 
 naphthalimides that inhibited replication of influenza virus and vesicular stomatitis virus (VSV). The mechanism of action 
occurs through activation of REDD1 expression and concomitant inhibition of mammalian target of rapamycin complex 1 
(mTORC1) via TSC1–TSC2 complex. The antiviral activity of naphthalimides was abolished in REDD1–⁄–cells. Inhibition of REDD1 
expression by viruses resulted in activation of the mTORC1 pathway. REDD1–⁄– cells prematurely upregulated viral proteins via 
mTORC1  activation and were permissive to virus replication. In contrast, cells conditionally expressing high concentrations of 
REDD1  downregulated the amount of viral protein. Thus, REDD1 is a new host defense factor, and chemical activation of REDD1 
 expression represents a potent antiviral intervention strategy. 
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cells  expressing luciferase alone, as we previously reported18. We 
screened 200,000 compounds at 5-μM concentrations with this 
assay and then  counterscreened for the ability of these small mol-
ecules to suppress cytotoxicity caused by influenza virus infection 

(Fig. 1a,b). Among the most active compounds was 4-[N-4-nitro-
(1,8-naphthalimide)]-butanoic acid, compound 1 (Fig. 1c).

We obtained compounds structurally related to 1 and identi-
fied some that had no antiviral activity (2) or more potent  activity 
(3) (Fig. 1c, Supplementary Methods, Supplementary Results, 
Supplementary Fig. 1). Com pound 3 was much less cytotoxic 
(Fig. 2a) and had a much longer half-life than the original com-
pound (1) (Fig. 2b). Compound 3 also did not alter bulk protein 
synthesis (Supplementary Fig. 2). To investigate the effect of 3 on 
virus-mediated cytotoxicity, we infected MDCK cells with influenza 
A/WSN/1933 virus at a multiplicity of infection (m.o.i.) of 0.001 for 
48 h in the presence or absence of 3. Widespread cytopathic effects 
were observed in MDCK cells in the absence of 3 after 48 h of infec-
tion, but 3 largely prevented this effect (Fig. 2c). Because this com-
pound was derived from a screen in which we observed a reversal 
of NS1-mediated inhibition of gene expression, we expected that a 
significant reversal of the mRNA-export block induced by influenza 
virus would occur in the presence of active compound. Indeed, in cell 
populations infected with influenza virus in the presence of 3, there 
was a decrease in the number of cells that retained poly(A) RNA in the 
nucleus compared to the number of infected cells not treated with 3  
(Fig. 2d,e). A subpopulation of infected cells still presented mRNA-
export block in the presence of 3; thus, it is possible that these cells 
are at different phases of the cell cycle, which is known to regulate 
mRNA export22. Thus, 3 partially antagonizes the mRNA export 
block in virus-infected cells.

Naphthalimide inhibits virus replication
The effect of 3 on virus replication was then assessed using various 
strains of influenza virus: A/WSN/1933, A/Texas/1991 and the highly 
virulent A/Brevig/Mission/1/1918 strain that killed ~30  million 
people23 (Fig. 3a–c). Noncytotoxic concentrations of 3 reduced viral 
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Figure 1 | Identification of small molecules that revert the inhibition of gene 
expression mediated by the influenza virus NS1 protein and protect cells from 
virus-induced cell death. (a) luciferase expression in HeK 293t cells transfected 
with NS1 and treated individually with 200,000 synthetic compounds (5 μM) 
was normalized to values for on-plate controls treated with 0.3% DMSo. values 
are expressed as Z scores using the mean value and s.d. of the experimental 
population screened on the same day. red circle shows compound 1 studied 
here. (b) Inhibition of influenza virus–mediated cell death. the 640 most active 
compounds were tested at three concentrations for the ability to inhibit the 
cytopathic effect of A/WSN/1933 influenza virus infection in Hbecs. Z scores for 
compounds assayed at 1.7 μM are plotted according to activity. (c) the structure 
of the most active naphthalimide from the primary screen (1), an inactive analog 
(2) and a more potent related compound (3) are shown.
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Figure 2 | Compound 3 is less cytotoxic, more stable than 1 and reverts influenza virus-mediated cytotoxicity and mRNA export block. (a) MDcK cells were 
treated for 30 h with compounds 1, 2 and 3 at the various concentrations depicted, and control cells were treated with the same concentration of DMSo as those in 
the wells containing compound. cell viability was determined by measuring cell AtP concentrations. rlU, relative light units. (b) the fraction of compound remaining 
in cells treated with 1 or 3 as a function of incubation time was determined by mass spectrometry. lN, natural log. (c) MDcK cells were pretreated for 17 h  
with DMSo or with the indicated concentrations of 3 and subsequently mock infected or infected with A/WSN/1933 virus at m.o.i. 0.001 for 48 h. the indicated 
concentrations of compound were present during infection. Differential interference contrast (DIc) microscopy imaging was performed in a Zeiss Axiovert 200M.  
cell survival was determined by counting live cells. Scale bar, 90 μm. (d) MDcK cells, mock infected or infected with A/WSN/1933 in the presence or absence of  
25 μM 3, were fixed and subjected to oligo-dt in situ hybridization to detect poly(A) rNA distribution in the nucleus and cytoplasm. Influenza proteins were detected 
by immunofluorescence using antibodies specific for influenza proteins. Yellow arrowheads point to cells with mrNA export block, whereas white arrowheads point to 
cells that do not show blockage. Scale bar, 15 μm. (e) Data from triplicate experiments as depicted in d were quantified and the percentage of infected cells retaining 
mrNA in the nucleus is shown. Data represent mean values ± s.d.
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titers by 103 to 106 between 24 to 36 h after infection, depending on 
the influenza virus strain. The ratio of the concentration  causing 
half-maximum cytotoxicity (CC50) to half-maximum inhibitory 
concentration (IC50) for 3 was 31 (Figs. 2a and 3a). Similar results 
were also observed in human A549 cells (Supplementary Fig. 3). As 
shown in Figure 3d, intracellular influenza virus proteins were also 
downregulated in the presence of 3. Thus, 3 decreased viral protein 
levels, contributing to the reduction of virus replication.

The antiviral effect of 3 was not mediated by IFN. The mRNA 
levels of IFN-β and IFN effectors were measured by quantitative 
PCR and microarray analysis, and the results revealed that 3 did not 
induce IFN production or an IFN-mediated response (Fig. 3e and 
Supplementary Data Set 1). Furthermore, cells that had impaired IFN 
response, Vero cells and Stat1–⁄–cells, were protected by 3 from influ-
enza virus replication and cell death, respectively (Supplementary 
Fig. 4). Compound 3 also antagonized expression of large amounts 
of influenza virus proteins in Vero cells (Supplementary Fig. 5). 
Thus, 3 partially antagonized the block of mRNA export in virus-
infected cells, but this effect did not result in the production of IFN. 
However, the partial relief of mRNA-export inhibition by 3 was 
probably a consequence of low NS1 concentrations, which resulted 
in the expression of host mRNAs that encode antiviral factors. To 
investigate whether 3 antagonized NS1 directly or promoted host 
antiviral functions regulated by NS1 that could also affect replication 
of other viruses, we infected cells with VSV at 0.001 plaque-forming 
units (p.f.u.) per cell in the absence or presence of 2 or 3. Compound 
3 inhibited VSV replication (Fig. 3f). Thus, 3 targets host cell func-
tions that confer an antiviral state against diverse viruses.

Antiviral activity of naphthalimide requires REDD1
Because 3 targeted the host, we analyzed host pathways by comparing 
gene expression profiles in human A549 cells in the presence or absence 
of compound using gene set enrichment analysis (Supplementary 
Fig. 6, Supplementary Data Set 1 and Supplementary Methods). 
In cells treated with 3, the mTORC1 pathway had one of the highest 

enrichment scores. REDD1, an inhibitor of the mTORC1 pathway20,21, 
was upregulated at the mRNA level (Fig. 4a and Supplementary 
Data Set 1). The induction of REDD1 mRNA by 3 was abolished in 
the presence of the transcription inhibitor actinomycin D (Fig. 4a). In 
addition, REDD1 mRNA decayed over time in the absence or pres-
ence of 3 and actinomycin D (Fig. 4a). Thus, these results indicate 
that induction of REDD1 mRNA by 3 occurs at the transcriptional 
level. REDD1 protein levels increased approximately six- to eightfold 
in the presence of 3 alone or in the presence of both 3 and influenza 
virus infection (Fig. 4b). Again, this induction of REDD1 protein by 
3 was abolished in the presence of actinomycin D (Fig. 4b). We found 
that influenza virus greatly increased the degree of phosphorylation 
on S6 kinase (p70-S6K) at Thr389 (Fig. 4c), a site phosphorylated by 
mTORC1, and this effect was greatly reduced in A549 cells treated 
with 3 (Fig. 4c). That the total amount of S6K protein did not change 
in the presence of 3 (Fig. 4c) demonstrates that the effect of this small 
molecule occurred at the level of phosphorylation of S6K at Thr389. 
The mTORC1 inhibitor rapamycin also reduced the amount of influ-
enza virus NS1 protein (Supplementary Fig. 7).

To investigate whether 3 prevented S6K activation independently 
of influenza virus, we tested the effect of 3 in H358 non-small cell 
lung cancer cells, which have chronically active S6K. Cells were 
treated with 3 and inactive 2, and 3, but not 2, reduced the activa-
tion of S6K in H358 cells (Supplementary Fig. 8a). In two other can-
cer cell lines with chronically active AKT, H1993 and LnCAP, 3 also 
reduced the activation of S6K (Supplementary Fig. 8b). However, 
3 did not inhibit phosphorylation of a major active site, Ser473, on 
AKT (Fig. 4d), which is a target of mTORC2 (refs. 24,25). In A549 
cells infected with influenza virus for 7 h, 3 blocked S6K activa-
tion and had no effect on AKT phosphorylation (Fig. 4d). At 22 h 
after infection, 3 did not alter phosphorylation at AKT Thr308 but 
reduced phosphorylation at AKT Ser473; however, this reduction is 
probably an indirect effect of 3 on the inhibition of viral replication 
rather than a direct effect of 3 on AKT. Thus, 3 acts in parallel to or 
downstream of AKT.
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Figure 3 | Compound 3 inhibits virus replication but does not induce IFN response. (a–c) MDcK cells mock infected or infected at m.o.i. 0.001 with the 
influenza virus strains shown were left untreated or treated with compounds at the depicted concentrations, and the virus titers of culture supernatants 
were determined by plaque assay. Strain A/WSN/1933 is in a, A/texas/36/91 is in b and A/brevig/Mission/1/1918 is in c. (d) Intracellular viral protein 
concentrations were measured by immunoblot analysis with specific antibodies to the indicated proteins. (e) Human A549 cells treated with DMSo or 
25 μM 3 were mock infected or infected with A/WSN/1933 at m.o.i. 0.001, and after 36 h, rNA was isolated and the expression of the IFN-responsive 
genes shown was quantified by real-time Pcr. (f) MDcK cells mock infected or infected with vSv-GFP (m.o.i. = 0.001) were untreated or treated with the 
indicated compounds. At 24 h after infection, virus titers were determined in the supernatants. Data represent mean values ± s.d.

©
 2

01
1 

N
at

u
re

 A
m

er
ic

a,
 In

c.
  A

ll 
ri

g
h

ts
 r

es
er

ve
d

.

http://www.nature.com/doifinder/10.1038/nchembio.645
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp2.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp2.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp2.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html
http://www.nature.com/nchembio/journal/v7/n10/compound/nchembio.645_comp3.html


nature chemical biology | vol 7 | october 2011 | www.nature.com/naturechemicalbiology 7 15

articleNATURE ChEmICAL bIOLOgy doi: 10.1038/nchembio.645

To determine whether REDD1 was required for the antiviral 
activity of 3, we tested the antiviral effect of 3 in infected REDD1+/+ 
or REDD1–⁄– mouse embryonic fibroblasts. Influenza virus–mediated  
cell death and replication were inhibited by 3 in REDD1+/+ cells 
infected at m.o.i. 0.01 for 72 h (Fig. 4e); we infected the cells at  
72 h because, at this point, enough cell death had occurred so that 
we could determine protection by 3. Infected REDD1–⁄– cells treated 
in the same conditions as REDD1+/+ cells were completely dead by  

24 h in the presence or absence of compound; therefore, we infected 
REDD1–⁄– cells with influenza virus at m.o.i. 0.001 for 48 h, in the 
absence or presence of 3. Even with this low m.o.i. and short infection 
time, 3 did not protect REDD1–⁄– cells from virus-mediated cell death 
or virus replication (Fig. 4f). In addition, REDD1–⁄– cells infected at 
m.o.i. 0.001 for 48 h produced approximately as many viral particles 
as REDD1+/+ cells infected at m.o.i. 0.01 for 72 h (Fig. 4e,f). When 
REDD1–⁄– cells were infected with influenza virus at m.o.i. 0.001, 
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they produced ~200-fold more virus than REDD1+/+ cells infected 
in the same conditions (Supplementary Fig. 9). This effect was also 
observed in VSV-infected REDD1+/+ and  REDD1–/– cells (described 
further below). Treatment of both REDD1+/+ and REDD1–⁄– cells with 
3 alone did not cause cytotoxicity (Supplementary Fig. 10). Thus, 
REDD1 knockout cells were more permissive to influenza virus  
replication than wild-type cells. As 3 did not inhibit virus replica-
tion in the absence of REDD1 (Fig. 4f), REDD1 is required for the 
antiviral activity of 3.

REDD1 is a host defense factor
These data indicate that REDD1 is an important host factor 
required for antiviral response, raising the possibility that viruses 
regulate REDD1 expression. During influenza virus and VSV infec-
tions, REDD1 expression initially increased but was then down-
regulated (Fig. 5a,b), resulting in activation of S6K (Fig. 4c). The 
initial upregulation of REDD1 probably represented a host anti-
viral response, which was then inhibited by the virus, resulting 
in activation of mTORC1. Consistent with REDD1’s involvement 
in a general host-cell antiviral response, REDD1–⁄– cells were also 
highly permissive to VSV replication compared to wild-type cells 
(Fig. 5c,d), resulting in higher levels of intracellular VSV proteins 
in REDD1–/– cells than in REDD1+/+ cells (Supplementary Fig. 11). 
That 3 did not inhibit VSV replication in the absence of REDD1, as 
it did in REDD1+/+ cells, shows once again that REDD1 is required 
for its antiviral activity (Supplementary Fig. 12).

By preventing viruses from activating mTORC1, REDD1 
might affect two biological functions potentially important for 
virus replication: autophagy or protein translation. By prevent-
ing activation of mTORC1, enhanced REDD1 expression may 

increase autophagy26. However, compound 3 protected ATG5–⁄– 
cells, which lack an autophagic response, against VSV replication 
(Supplementary Fig. 12). In addition, treatment of cells with chlo-
roquine, an autophagy inhibitor, did not affect the amount of viral 
protein in REDD1–⁄– cells (Supplementary Fig. 13). Together, these 
results indicate that autophagy was not the mechanism involved 
in 3-mediated inhibition of viral protein expression. Thus, the 
requirement for activating mTORC1 for efficient virus replication 
is likely to be translation.

To determine whether the enhanced viral infection in REDD1–⁄– 
cells was due to a general increase in translation or an effect on specific 
viral proteins, we measured the expression of several influenza virus 
proteins as a function of time after infection of both REDD1 wild-
type and knockout cells. We subjected lysates from REDD1+/+ and 
REDD1–⁄–cells infected with influenza virus to immunoblot analysis 
with antibodies against various influenza virus proteins. REDD1–⁄– 
cells produced large amounts of influenza virus proteins 2–3 h 
earlier than REDD1+/+ cells (Fig. 6a,b). The enhanced expression 
of viral proteins led to increased viral RNA levels (Supplementary 
Fig. 14), and we observed similar results upon VSV infection 
(Supplementary Fig. 11). To determine whether the effect on viral 
proteins in REDD1–/– cells was due to the activity of mTORC1 in 
translation, we treated REDD1–⁄– cells with rapamycin. In fact, the 
downregulation of viral protein caused by rapamycin treatment in 
both REDD1+/+ and REDD1–⁄– cells (Fig. 6c) (Supplementary Fig. 15)  
indicated that induction of high viral protein levels in REDD1–⁄– cells 
occurs via activation of mTORC1. Furthermore, in cells condition-
ally expressing large amounts of REDD1, the concentration of viral 
protein was reduced, consistent with the function of REDD1 as a 
host defense factor (Fig. 6d).
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REDD1 prevents the inactivation of the TSC1–TSC2 complex 
by AKT1 and, thus, blocks activation of the mTORC1 pathway20,27. 
In TSC2-knockout cells, 3 did not induce downregulation of viral 
protein expression, as opposed to wild-type cells in which viral 
protein levels were inhibited by 3 (Fig. 6e,f). In addition, activa-
tion of S6K in REDD1–⁄––infected cells was not inhibited by 3 
(Supplementary Fig. 16), indicating that 3 does not act directly 
on S6K. Thus, 3 requires TSC2 for downregulating viral protein 
expression (Fig. 6e,f). Altogether, these findings show that the anti-
viral activity of 3 occurs by repressing the activity of mTORC1 in a 
TSC1–TSC2–dependent manner. It is also possible that 3 may act 
on other pathways.

We also designed an analog of 3, termed 4, which has similar 
antiviral properties to 3. Compound 4 prevented virus replication by 
inducing REDD1 but was a more potent inhibitor of the highly patho-
genic H1N1/1918 influenza virus strain (Supplementary Fig. 17)23. 
Altogether, these findings reveal REDD1 as a new host antiviral factor  
and show that the antiviral activity of 3 requires REDD1.

DISCUSSION
There are essentially two approaches for identifying unique host pro-
cesses that are involved in antiviral functions and can be exploited 
therapeutically. One is to learn as much as possible about the host 
mechanisms required by the virus and then test the effects of inhib-
iting them. The other is to take an unbiased approach and screen for 
chemical inhibitors of virus functions or host genes required by the 
virus. Taking the chemical-genetics version of the second approach, 
we conducted a screen for compounds that antagonized the inhibi-
tion of gene expression by NS1 and identified napthalimides that 
inhibited replication of influenza viruses and VSV. These com-
pounds functioned by increasing expression of REDD1, a major 
negative regulator of the mTORC1 pathway, and in cells lacking 
REDD1 the compound lost its antiviral activity.

Many viruses activate AKT by stimulating PI3K28,29. The direct 
binding of NS1 protein of influenza virus to PI3K results in activation 
of AKT30–33. This has been interpreted either as a means to inhibit 
apoptosis and prevent the cell from dying prematurely  during infec-
tion or as a necessary step in promoting virus replication. A recent 
genome-wide siRNA screen implicated mTORC1 in influenza virus 
replication34, suggesting that activation of that pathway might be 
one of the functions of elevated AKT1 signaling. Our results imply 
that a major consequence of AKT signaling for influenza virus rep-
lication is activation of the mTORC1 effector S6K through phos-
phorylation, as the antiviral napthalimides we identified inhibited 
phosphorylation of S6K by mTORC1. We showed that the protein 
upregulated by our napthalimides, the mTORC1 inhibitor REDD1, 
is a new host defense factor. Its production was at first induced by 
influenza virus or VSV but was then successfully suppressed by the 
virus. REDD1 suppression by viruses promoted virus replication, as 
REDD1-knockout cells were highly permissive to virus replication.

REDD1 is induced by various environmental conditions, includ-
ing cell confluency, glucocorticoid treatment, hypoxia and other 
stress-response pathways such as endoplasmic reticulum (ER) 
stress35. Both ER stress and hypoxia-inducible factors (HIFs) have 
a role in immunity and infection36,37. ER stress has been shown to 
promote plasma-cell development, and the absence of key com-
ponents in this pathway results in sensitization to viral infection36. 
Mouse embryonic fibroblasts deficient in the ER protein kinase 
PERK, which is activated by accumulated unfolded proteins in the 
ER, are more permissive to VSV replication than wild-type cells38. 
Upregulation of REDD1 in response to ER stress39,40 occurs via the 
transcription factor ATF4 (ref. 40). HIF activation by the hypoxia 
mimetic cobalt chloride promotes cellular resistance to VSV infec-
tion, whereas HIF inhibition by RNA interference or a small-
 molecule antagonist has shown increased sensitivity to viral infection, 
as measured by enhanced VSV cytotoxicity and replication37;  

however, the mechanism is not known. During hypoxia, REDD1 
has been shown to be a direct target of the HIF-1α transcription  
factor20, which induces REDD1 expression. Thus, activating a stress-
response pathway or promoting the expression of a stress-response 
protein may to a certain extent induce resistance to pathogens and 
decrease host cytotoxicity. However, the coordination of a stress 
response to promote cellular resistance without marked damage to 
the host upon pathogen invasion remains to be further investigated. 
We showed that induction of REDD1 by small molecules is an effi-
cient strategy for interfering with the functions of the mTORC1 
pathway that are required by viruses.

The effect of napthalimide on influenza virus was a sharp attenu-
ation of the production of virus proteins early in infection. We found 
no effect of the napthalimide on global protein synthesis and no 
induction of an IFN response. In addition, in cells lacking REDD1, 
in which expression of influenza virus proteins is enhanced, rapamy-
cin inhibited expression of influenza virus proteins at a concentra-
tion that is known not to alter bulk protein synthesis. This indicates 
selective translational regulation, which has been documented in 
a number of conditions, including the general amino acid control 
response41 and other types of processes such as survival or prolif-
eration42. In addition, during nuclear mRNA processing and export, 
specific sequences within either the untranslated regions or the 
coding region can dictate the differential binding of RNA-binding 
proteins (specifically, heterogeneous ribonucleoprotein particles), 
which will in turn regulate processing and export of specific subsets 
of mRNAs to result in differential expression43,44. This raises the pos-
sibility that the inhibition of the mTORC1 pathway may alter trans-
lation in a way that is unfavorable to the initiation of specific viral 
mRNA expression, relative to that of host mRNA. In cells infected at 
a low m.o.i., the first viral messages must compete with the far larger 
volume of host messages for access to ribosomes. In this respect, the 
early viral messages would encounter the same problems as a host-
cell message with low abundance, such as mRNAs encoding certain 
transcription factors. However, at the earliest phases of infection, 
viruses are largely dependent upon normal host processes, and these 
processes are the most likely to be the useful therapeutic targets.

Although many viruses can be controlled by vaccination, there 
is still an important need for antiviral drugs. For viruses that can 
infect other animals, such as influenza, vaccination will never lead to 
full eradication. Other human viruses, such as smallpox or measles, 
can potentially be eradicated by global immunization, but, once the 
incidence of such diseases becomes very low, global vaccination is 
inevitably discontinued, leaving the human population vulnerable to 
reemergence of the virus. The long lead times required to produce 
sufficient vaccine to protect the human population means that the 
appearance of a new or reoccurring highly infectious virus can lead 
to a pandemic of the disease before the vaccine is available, which 
means that antiviral drugs can be a key boon at such a time. However, 
antiviral drugs that target viral proteins have the disadvantage that 
resistance to the drug will arise because of the high rates of muta-
tion inherent in viruses and the large numbers of progeny that they 
produce. A strategy targeting host processes that are essential for 
virus replication, such as the one discussed here, avoids this prob-
lem, although it is limited by the possibility of toxic side effects. Thus, 
combinations of noncytotoxic small molecules that target both viral 
and host proteins are desirable. Recently, influenza A nucleopro-
tein was identified as an antiviral target45, and a small molecule that 
triggered its aggregation and prevented its import into the nucleus 
protected against influenza virus replication45. In addition, a chemi-
cal compound that inhibited host pyrimidine biosynthesis has been 
recently shown to reduce influenza virus replication46.

In sum, the strategy of chemically inducing host antiviral activities 
that target host pathways without causing considerable  short-term 
toxic effects will probably have a major impact on  antiviral therapy. 
One such strategy was identified here with the induction of the 
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mTORC1 inhibitor REDD1 by naphthalimides. Furthermore, small 
molecules that inhibit the mTORC1 pathway in different ways have 
the potential for anticancer therapy, as the mTORC1 pathway is a 
major regulator of cell proliferation and cancer47.

mEThODS
Compound screen. The UT Southwestern Compound Library is composed of 
200,000 synthetic-drug–like compounds arrayed in DMSO in 384 well plates. 
HEK 293T cells were transfected with an approximately 10:1 ratio of plas-
mid pCMV-Luc encoding luciferase and pCAGGS-NS1 encoding NS1 using 
Lipofectamine2000 (Invitrogen). Cells were transfected with the luciferase plasmid 
alone as a positive control. After 16 h, cells were dispensed at 5,000 cells per well 
in 384-well plates. After 1 h, compounds from the library were added to a final 
concentration of 5 μM in 1% (v/v) DMSO in a one compound per well format. 
Experimental samples were limited to columns 3 to 22, with controls treated with 
1% DMSO in the first and last two columns of wells. Wells in the first column of 
each plate contained cells transfected with the luciferase plasmid alone; all other 
wells received cells transfected with both plasmids. Plates were incubated for  
22 h at 37 °C in 5% CO2, then cooled to 22 °C, incubated with Bright-Glo 
luciferase substrate (Promega) for 4 min, then luminescence was recorded. 
Experiments producing plates with standard (Z) scores lower than 0.45 were 
repeated. Experimental values were normalized to the mean of the luciferase-only 
control on the same plate. Compounds were ranked by Z score, and the 640 com-
pounds with the most positive Z scores were selected and retested in the assay at 
concentrations of 15 μM, 5 μM and 1.7 μM. These compounds were also tested 
for the ability to prevent cell death of immortalized human bronchial epithelial 
cells (HBECs) that had been infected with A/WS/33 influenza virus by measuring 
cell ATP levels with ATP-lite (PerkinElmer). A table describing this screen can be 
found in Supplementary Table 1.

Compound half-life. Compound half-lives were measured in HBECs by 
LC/MS/MS. Metabolic stability half-life was determined by substrate depletion48.

Cell survival and cytotoxicity measurements. MEFs, HBECs or MDCK cells were 
seeded in white-walled 96-well plates at a density of 3 × 103 cells per well, 16 h 
before compound addition. Compounds dissolved in sterile DMSO (Sigma) at a 
concentration of 25 mM were diluted to 100 μM in OptiMEM I (Invitrogen) in 
triplicates. The 100-μM starting dilutions were serially diluted in twofold steps to 
a final concentration of 0.2 μM. Control experiments, performed in the absence 
of compound, had the same final concentration of DMSO as compound-treated 
samples. At the time points depicted in the figures (24 h, 48 h and 72 h), cells were 
lysed, and ATP levels were measured by luminescence using the Cell Titer-Glo kit 
(Promega), following manufacturer instructions. In parallel, cells were also counted 
at the beginning and at the end of each experiment, and cell survival was quanti-
fied by Trypan blue exclusion assay.

Influenza virus replication. MDCK cells were infected with various strains of 
influenza virus depicted in the figures at an m.o.i. of 0.001 p.f.u. per cell for 1 h. 
Next, cells were washed with PBS and overlaid with OptiMEM containing twofold 
compound dilutions ranging from 100 μM to 0.8 μM. Samples containing only 
the same volume of DMSO as the compounds were included. At 30 h after infec-
tion, culture medium was collected, and cell debris was removed by centrifugation 
at 1,000g for 10 min and frozen at −80 °C. Viral titers were determined by plaque 
assay. The experiments conducted with the H1N1/1918 strain were performed in a 
high-containment (BSL3++) facility.

For experiments performed with U20S cells, cells were plated in 12-well plates 
in DMEM containing 10% (v/v) FBS and incubated overnight. Cells were then 
incubated in medium containing tetracycline (1 μg ml−1) for 2 h to induce REDD1 
overexpression. Cells were washed with PBS and infected with A/WSN/1933 or 
VSV at m.o.i. 2 for 1 h. Tetracycline was again added 1 h after infection, and cell 
lysates were prepared at various time points after infection, as indicated in Figure 6.

VSV replication assay. VSV replication: MDCK cells seeded in 35 mm–diameter 
dishes were infected with VSV-GFP at m.o.i. 0.001 p.f.u. per cell. At 24 h after 
infection, supernatants were clarified and used for titration on Vero cells. Fourfold 
serial dilutions of virus containing supernatants were made in PBS containing 
serum and antibiotics. Fifty microliters of each dilution were mixed with an equal 
volume of complete growth medium containing 8,000 Vero cells and incubated at 
37 °C for 48 h in 96-well plates. Cells were fixed in 4% (v/v) paraformaldehyde. 
The number of wells with GFP expression were counted by fluorescence micro-
scopy and subsequently used to calculate relative virus titers. Infection of U2OS 
cells with VSV was performed in the same manner as influenza virus infection 
described above.

In situ hybridization. mRNA distribution in MDCK cells infected with influenza 
virus in the presence or absence of compounds was performed as previously 
described18. Influenza proteins were detected with mouse influenza-specific antibody 
(Biodesign International) and FITC-labeled mouse-specific antibody (Invitrogen).

Phospho-S6K analysis. Cells were starved for 18 h and then mock infected or 
infected as described in the legend of Figure 5. Five percent serum was added to 
induce S6K phosphorylation in control lanes. H358 and H1993 cells were treated 
with 10 μM 3, and LnCap cells were treated with 30 μM.

All data presented here are representative of at least three independent experi-
ments. In the line graphs or histograms, data represent mean values ± s.d.

Description of real-time PCR, gene expression profiling and analysis, human 
biochemical network, compound synthesis, details of cells, plasmids and antibodies 
are described in Supplementary Methods. 
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