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SUMMARY

Naproxen is a non-steroidal anti-inflammatory drug
that has previously been shown to exert antiviral
activity against influenza A virus by inhibiting nucleo-
protein (NP) binding to RNA. Here, we show that
naproxen is a potential broad, multi-mechanistic
anti-influenza virus therapeutic, as it inhibits influenza
B virus replication both in vivo and in vitro. The anti-
influenza B virus activity of naproxen is more efficient
than that of the commonly used neuraminidase
inhibitor oseltamivir in mice. Furthermore, the NP of
influenza B virus (BNP) has a higher binding affinity
to naproxen than influenza A virus NP (ANP). Specif-
ically, naproxen targets the NP at residues F209
(BNP) and Y148 (ANP). This interaction antagonizes
the nuclear export of NP normally mediated by the
host export protein CRM1. This study reveals a crucial
mechanism of broad-spectrum anti-influenza virus
activity of naproxen, suggesting that the existing
drug naproxenmay be used as an anti-influenza drug.
INTRODUCTION

Influenza A and B viruses are major human respiratory patho-

gens that contribute to the burden of seasonal influenza. Influ-

enza A virus infection has gained much more attention because

of its high morbidity and mortality. Influenza B virus infection is

found to be as serious as influenza A virus infection in terms of

substantial hospital admissions and deaths worldwide every

year (Dawood et al., 2010; Paddock et al., 2012; Yang et al.,

2018). An epidemic of influenza B occurred in China during

winter 2017–2018. Schools in Hong Kong were closed for

1 week to mitigate the epidemic (Ali et al., 2018). The mismatch

between the circulating influenza B lineage (Yamagata lineage)
C
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and vaccine recommendations (Victoria lineage) was the main

reason for the epidemic of influenza B. In such a case, a highly

effective anti-influenza drug is urgently required. Currently,

only two classes of anti-influenza drugs, viral M2 inhibitors

(amantadine and rimantadine) (Hayden et al., 1983; Wharton

et al., 1994) and neuraminidase (NA) inhibitors (oseltamivir

[OSE] and zanamivir) (Ryan et al., 1994; Hayden et al., 1997),

have been approved. However, an increasing number of mutant

viruses with resistance to these drugs are being reported (Men-

del and Sidwell, 1998; Sheu et al., 2008; Bastien et al., 2011). In

addition, M2 inhibitors lack activity against influenza B virus

(Couch, 1997). Therefore, there is an urgent need for the

development of new influenza virus inhibitors that target the

conserved sequences of influenza virus.

Influenza A and B viruses belong to the Orthomyxoviridae

family. Their genomes are composed of eight single-stranded

negative sense viral RNAs (vRNAs). vRNA is complexed with

nucleoprotein (NP) and associated with viral polymerase (PA,

PB1, and PB2) to form viral ribonucleoprotein (vRNP) complex

(Baudin et al., 1994). NP is an appealing antiviral target because

it is a highly conserved structural and multifunctional protein that

plays crucial roles in the process of viral amplification through

regulation of the vRNP complex activity with its self-polymeriza-

tion and RNA-binding capability (Ye et al., 2006; Chenavas et al.,

2013b) and mediation of the intracellular distribution of vRNP

complex with its own nuclear shuttling ability (Ozawa et al.,

2007; Yu et al., 2012). Many small molecules targeting NP, such

as nucleozin (Gerritz et al., 2011), PPQ-581 (Lin et al., 2015), com-

pound 3 (Shen et al., 2011), compound 4 (Hagiwara et al., 2010),

RK424 (Kakisaka et al., 2015), and naproxen (Lejal et al., 2013; Ta-

rus et al., 2015; Dilly et al., 2018), have been proposed in recent

years. Among these inhibitors, naproxen is in a class called non-

steroidal anti-inflammatory drugs (NSAIDs) and has also been

found to be a promising compound against influenza A virus that

inhibits RNA binding to NP. Y148 in NP RNA-binding groove of

influenza A virus (ANP-Y148) is one of the critical amino acid res-

idues for naproxen binding (Lejal et al., 2013; Tarus et al., 2015).
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In this study, we discovered another important antiviral mech-

anism of naproxen. Previously we have shown that nucleocyto-

plasmic shuttling of influenza virus proteins, such as NP and

matrix protein (M1), is critical for virus replication (Cao et al.,

2012; Yu et al., 2012; Li et al., 2015). Additionally, phosphorylation

of NP and M1 plays essential roles in their nuclear-cytoplasmic

shuttling (Yu et al., 2012; Wang et al., 2013; Cao et al., 2014;

Zheng et al., 2015). ANP-Y148 showed a high probability of being

phosphorylated on the basis of three online algorithms (GPS 2.1,

KinasePhos, and NetPhos 2.0). However, we did not confirm its

phosphorylation by using phos-tag SDS-PAGE. Instead, we iden-

tified that ANP-Y148 and BNP-F209 (a counterpart of ANP-Y148

in BNP on the basis of structural modeling) were critical for the

nuclear export of ANP and BNP, respectively. Furthermore,

naproxen targets ANP-Y148 and BNP-F209 to inhibit NP nuclear

export, suppressing the replication of influenza A and B viruses,

which suggests the potential for naproxen to be used as a drug

against both influenza A and B viruses.

RESULTS

Naproxen Inhibits Influenza B Virus Replication In Vitro

To explore whether naproxen has antiviral activity against influ-

enza B virus and against influenza A virus, we examined the

effect of naproxen on influenza virus replication at both the early

and late stages of viral infection using one-step and multi-cycle

growth curves. To establish a one-step growth curve, Madin-

Darby canine kidney (MDCK) cells were infected with high-

dose viruses. We found that the virus titers of influenza A virus

A/WSN/33 (A-WSN) and influenza virus B/Lee/40 (B-Lee) were

lower in naproxen-treated cells than in DMSO-treated cells (Fig-

ure 1A). To obtain a multi-cycle growth curve, A549 cells were

infected with low-dose viruses. We observed that naproxen

also obviously decreased the growth rate of A-WSN, influenza

A virus A/PR/8/34 (H1N1) (A-PR8), influenza B virus B/Yama-

gata/16/88 (B-Yamagata), and B-Lee (Figure 1B) in A549 cells,

suggesting that naproxen-mediated suppression of viral replica-

tion is not a cell-specific and strain-specific effect. Collectively,

the above data demonstrated that naproxen had the capacity

to block the replication of influenza B virus.

To further determine the antiviral activity of naproxen against

influenza B virus, we performed the 50% inhibition (IC50) assay

by using B-Lee and two clinical influenza B virus isolates,

B/Shanghai/PD114/2018 (B-SH; Yamagata lineage) and

B/Guangxi/JZ1352/2018 (B-GX; Victoria lineage). The mean

IC50 values of B-Lee, B-SH, and B-GX were 16.7, 19.1, and

19.2 mM, respectively (Figure 1C). Naproxen did not affect cell

viability even in the millimolar range (50% cytotoxic concentra-

tion = 42.5 mM), as shown by the MTT assay (Figure 1C), sug-

gesting that naproxen had similar antiviral activity against both

laboratory and clinical strains of influenza B viruses.

Naproxen Exhibits Anti-influenza B Virus Properties
In Vivo

It has been reported that naproxen exhibits antiviral activity

against influenza A/PR8 virus infection (Lejal et al., 2013). We

sought to investigate the antiviral effect of naproxen against

influenza B virus in vivo, alongwith the NA inhibitor OSE as a con-
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trol. Six-week-old mice were intranasally infected with 3,000 pla-

que-forming units (PFU) of B-Yamagata. At 1 day post-infection

(d.p.i.), mice were intraperitoneally injected with high-dose

(50 mg/kg/day) naproxen (hNPX) or low-dose (10 mg/kg/day)

naproxen (lNPX) or intragastrically administrated with OSE. The

same treatment was administered once per day for 5 days. A

sudden weight loss of all B-Yamagata-infected mice was

observed during the first 5 d.p.i. Those treated with naproxen

or OSE restored weight gradually (Figure 2A). Animals that lost

more than 25% of their initial body weight were humanely sacri-

ficed. The survival rates of B-Yamagata-infected mice treated

with lNPX, hNPX, and OSE were 100%, 87.5%, and 75%,

respectively (Figure 2B). Furthermore, the lung indices and virus

titers in lungs were determined in mice intranasally infected with

1,000 PFU of B-Yamagata. The treatment regimen was the same

as described above. We found that B-Yamagata-infected mice

treated with NPX or OSE showed lower lung indices (Figure 2C)

and reduced virus titers (Figure 2D) compared with those un-

treated with NPX or OSE. These results showed that naproxen

could inhibit the replication of B-Yamagata in mice. To further

confirm the antiviral activity of naproxen against clinical influenza

B virus isolates, mice were infected with the Yamagata lineage

(B-SH) and the Victoria lineage (B-GX) influenza B viruses and

were then treated with naproxen. As expected, naproxen treat-

ment also significantly increased the survival rates and reduced

the lung indices and virus titers of mice infected with B-SH or

B-GX (Figure S1), demonstrating that naproxen has antiviral

properties against clinical influenza B virus in vivo. Notably, the

anti-influenza B virus (especially Yamagata lineage B-Lee and

B-SH) activity of naproxen was more efficient than that of OSE

in mice (Figures 2 and S1). Together, these data clearly show

that naproxen has antiviral activity against both laboratory and

clinical strains of influenza B viruses, suggesting that naproxen

may be a promising drug against influenza B viruses.

Additionally, the antiviral effect of naproxen against influenza A

virus in mice was investigated with OSE as a control. Mice in-

fected with A-WSN loss weight rapidly and died at 4 d.p.i.,

whereas those treated with OSE or naproxen gradually restored

weight (Figure S2A). There were 87.5% and 50% mice treated

with lNPX and hNPX, respectively, which survived WSN chal-

lenge, and OSE rescued all infected mice (Figure S2B).

A-WSN-infected mice treated with naproxen or OSE showed

lower lung indices (Figure S2C) and decreased virus titers (Fig-

ure S2D) compared with those untreated with naproxen or

OSE. Collectively, these in vivo experiments confirm that nap-

roxen not only exerts its antiviral effects on influenza A virus,

but also on influenza B virus in a mouse model.

BNP-F209 Is Critical for Maintaining Naproxen and BNP
Binding
Unlike ANP, the functions of several specific site in the BNPwere

poorly characterized. The crystal structure of BNP indicates a

structure similar to that of ANP (Ye et al., 2006; Ng et al.,

2012). We found that the aromatic amino acid F209 in BNP

(BNP-F209) was the counterpart of ANP-Y148 on the basis of

structural modeling. Similar to ANP-Y148, BNP-F209 also

located in the RNA-binding groove of NP (Figure S3A), and the

sequences surrounding ANP-Y148 and BNP-F209 are quite



Figure 1. Naproxen Inhibits the Replication

of Influenza B Virus In Vitro

(A) One-step growth curves of influenza viruses.

MDCK cells were infected with A-WSN (MOI = 0.1)

or B-Lee (MOI = 1) and then treated with 50 mM

naproxen (NPX) or 1%DMSO at 1 h.p.i. Virus titers

in the supernatants were examined at the indi-

cated time points. Data are shown as mean ± SD

of three independent experiments. *p < 0.05 (un-

paired two-tailed Student’s t test) compared with

no naproxen treatment at the same time point.

(B) Multi-cycle growth curves of influenza viruses.

A549 cells were infected with A-WSN (MOI =

0.001), A-PR8 (MOI = 0.001), B-Lee (MOI = 0.05),

or B-Yamagata (MOI = 0.05) and then treated with

50 mM naproxen or 1% DMSO at 1 h.p.i. At the

indicated time points, virus titers in the superna-

tants were examined. Data are shown as mean ±

SD of three independent experiments. *p < 0.05

and **p < 0.01 (unpaired two-tailed Student’s

t test) comparedwith no naproxen treatment at the

same time point.

(C) IC50 assay of naproxen against influenza B vi-

rus and MTT-based cytopathic effect inhibition

assay of naproxen. A549 cells were infected with

B-Lee, B-SH, or B-GX (MOI = 0.1), and naproxen

(10–10,000 mM) or 1% DMSO was added to the

cells at 1 h.p.i. Virus titers in the supernatants were

determined using plaque assay. The experiments

were performed in triplicate and repeated at least

three times for confirmation. Left scale (black dot):

ratio of titers of naproxen-treated cells to those of

untreated cells; right scale (open blue squares):

results of MTT tests in the presence of various

naproxen concentrations at 48 h.p.i. Data are

shown as mean ± SD of three independent

experiments.
similar (Figure S3B). We also analyzed the homology of ANP-

Y148 among different subtype influenza A virus strains and

that of BNP-F209 among representative influenza B virus strains

circulating since 1980s. It is shown that both ANP-Y148 and

BNP-F209 are highly conserved (Table S1). As ANP-Y148 in

the NP RNA-binding groove is one of the essential amino acid

residues for naproxen binding (Lejal et al., 2013; Tarus et al.,

2015), we speculated that BNP-F209 might be the main residue

for naproxen binding.

We next investigated whether naproxen could bind to BNP

and whether BNP-F209 was critical for the naproxen-BNP inter-

action. First, surface plasmon resonance (SPR) was used to

assess the interaction between naproxen and wild-type ANP
Cell
(ANP-WT) or BNP (BNP-WT). The results

showed that naproxen was able to

interact with ANP-WT (KD = 16.4 mM)

but unable to interact with ANP-Y148A

(KD > 100 mM) (Figure 3A). Most impor-

tant, naproxen had notably high binding

affinity to BNP-WT (KD = 8.87 mM) but

could hardly bind to the mutant BNP-

F209A (KD > 100 mM) (Figure 3B). Addi-

tionally, a thermal shift assay (TSA) was
performed. We found that naproxen binding to ANP-WT led to

a modest increase (DTm = 6.1�C) in thermal shift compared

with that binding to the ANP-F148A (DTm � 1.0�C). Similarly,

the thermal shift of the naproxen-BNP-WT complex (DTm =

7.2�C) was also higher than that of the naproxen-BNP-F209A

complex (DTm � 1.0�C). By fitting the data from TSAs of NPs

to different dilution of naproxen with a one site-specific binding

equation, naproxen bound to ANP-WT and BNP-WT with KD

values of 29.2 and 17.5 mM, respectively. In contrast, the affinity

of naproxen to mutants was beyond the TSA measurement

range (Figures 3C and 3D). The SPR and TSA data suggest

that ANP-Y148A and BNP-F209 are critical for maintaining nap-

roxen-ANP and naproxen-BNP binding, respectively.
Reports 27, 1875–1885, May 7, 2019 1877



Figure 2. Naproxen Inhibits the Replication of Influenza B Virus in Mice

(A and B) Weight loss (A) and survival (B) were evaluated in mice intranasally infected with 3,000 PFU of B-Yamagata or PBS. At 1 d.p.i., mice were intraperi-

toneally injected with high-dose (50 mg/kg/day) naproxen (hNPX) or low-dose (10 mg/kg/day) naproxen (lNPX) or intragastrically administrated with oseltamivir

(OSE; 10 mg/kg/day). The same treatment was administered once per day for 5 days. Mice were monitored daily for survival for 14 days. Mice that lost more than

25% of their initial body weight were humanely sacrificed. Data are shown as mean ± SD (n = 8 mice in each group). **p < 0.01 and ***p < 0.001 (Fisher’s exact

test), indicating significantly improved survival proportion.

(C and D) Lung indices (C) and virus titers in lungs (D) were determined inmice intranasally infected with 1,000 PFU of B-Yamagata or PBS. The treatment regimen

was the same as described above. Data are shown as mean ± SD (n = 5 mice in each group). *p < 0.05 and ***p < 0.001 (unpaired two-tailed Student’s t test).

See also Figures S1 and S2.
We further performed isothermal titration calorimetry (ITC) to

confirm the binding of naproxen to NP. We found that the KD

values of naproxen-ANP-WT and naproxen-BNP-WT were

11.18 and 5.26 mM, respectively, while those of naproxen-ANP-

Y148A and naproxen-BNP-F209A could hardly be detected (Fig-

ures S4A and S4B). Collectively, the ITC data, as well as SPR and

TSA data, strongly indicate that the binding affinity of naproxen-

BNP is higher than that of naproxen-ANP and that ANP-Y148

and BNP-F209 are critical for maintaining naproxen-NP complex.

ANP-Y148 Is Crucial for CRM1-Mediated ANP Nuclear
Export and Influenza A Virus Replication
We investigate whether ANP-Y148 mutation altered the cellular

localization of ANP by using immunofluorescence assay (IFA).

Plasmids encoding ANP-WT, ANP-Y148A, and ANP-Y148F (to

retain the natural spatial conformation of tyrosine) were trans-

fected into 293T cells. We found that ANP-WT underwent

nuclear-cytoplasmic transport, with a predominantly nuclear

localization at 12 h post-transfection (h.p.t.), localization

throughout cells at 24 h.p.t. and a predominantly cytoplasmic

distribution at 36 h.p.t. The ANP-Y148F mutant displayed local-

ization similar to that of WT, whereas the ANP-Y148A mutation

resulted in nuclear retention of ANP (Figures 4A and 4B). In addi-

tion, the nuclear and cytoplasmic location of ANP was analyzed

using western blotting. The results also demonstrated ANP-
1878 Cell Reports 27, 1875–1885, May 7, 2019
Y148A exhibited more nuclear distribution at 36 h.p.t. than

ANP-WT (Figure 4C). Considering that alanine does not produce

a more sufficient steric effect than tyrosine and phenylalanine,

because of its lack of a benzene ring, the results suggested

that ANP-Y148 is vital for ANP nuclear export and that the steric

effect of the benzene ring plays a dominant role in ANP-Y148-

mediated nuclear export.

It has been reported that overexpressed ANP shuttles be-

tween nucleus and cytoplasm through binding to host nuclear

import transporter importin family and nuclear export apparatus

CRM1 (Neumann et al., 1997; Elton et al., 2001; Yu et al., 2012).

Therefore, we examined the ability of ANP WT and ANP-Y148A

to bind with importin-a1 (IMPa) and CRM1 by using co-immuno-

precipitation (coIP) assay. The results showed that the interac-

tion between ANP and CRM1, rather than IMPa, was impaired

by the Y148A mutation. In contrast, the Y148F mutation had no

effect on ANP-CRM1 and ANP-IMPa interactions (Figure 4D).

These results suggest that ANP-Y148 is vital for ANP-CRM1

interaction, which is crucial for ANP nuclear export, and the ben-

zene ring of ANP-Y148 is indispensable for ANP binding to

CRM1.

To investigate the effect of ANP-Y148 on viral replication,

we attempted to rescue the recombinant A-WSN with

mutation at ANP-Y148. The titers of rescued viruses and the

expression levels of NP and M1 were shown in Figure S5A.



Figure 3. Evaluation of Interactions between Naproxen and NPs by SPR and TSA

(A and B) SPR assay for the binding of ANP (A) and BNP (B) to naproxen. His-tagged NPs (ANP-WT, ANP-Y148A, BNP-WT, and BNP-F209A) were immobilized on

the M5 chip, and a blank channel was used as the negative control. Naproxen was serially diluted to different concentrations and then flowed through the chip.

Three independent experiments were performed, and one representative result is shown. The binding curves of ANP-WT and BNP-WT are shown in blue, and

those of the mutants are red. KD values were calculated using a steady affinity state model using Biacore S200 analysis software.

(C and D) Thermal shift values of ANP (C) and BNP (D) to naproxen. The solutions of NPs (ANP-WT, ANP-Y148A, BNP-WT, and BNP-F209A) and different dilutions

of naproxenwere incubated before adding 53 SYPROOrange protein gel stain. A thermocycle was run from 25�C to 90�C. At the end of each 0.50�C/s increment

for 10 min, the fluorescence intensity of the plate was read.

See also Figures S3 and S4 and Table S1.
The ANP-Y148A mutant did not allow the recovery of infectious

virus (A-Y148A) in any of more than three independent attempts,

whereas ANP-WT and ANP-Y148F mutants resulted in success-

ful rescue of recombinant viruses (A-WT and A-Y148F), indi-

cating that benzene ring of ANP-Y148 is indispensable for virus

rescue. We next determined the effect of ANP-Y148F mutation

on viral replication using a multi-cycle growth curve. After 72 h

post-infection (h.p.i.), the replication of A-Y148F was not sub-

stantially altered compared with that of A-WT (Figure S5B).
Collectively, these results suggest that ANP-Y148 is vital for

CRM1-mediated ANP nuclear export and influenza A virus

replication.

BNP-F209 Is Crucial for CRM1-Mediated BNP Nuclear
Export
Considering the physiological function of ANP-Y148, we hypoth-

esized that BNP-F209 also played an essential role in the cellular

translocation of BNP. However, the cellular localization of BNP at
Cell Reports 27, 1875–1885, May 7, 2019 1879



Figure 4. ANP-Y148 Is Essential for CRM1-

Mediated ANP Nuclear Export

(A) Immunofluorescence assay (IFA) of the cellular

location of ANP. The 293T cells were transfected

with plasmids expressing ANP-WT, ANP-Y148A,

or ANP-Y148F. At 12, 24, and 36 h post-trans-

fection (h.p.t.), cells were fixed and stained with

anti-ANP antibody (red). The nucleus was stained

with DAPI (blue). Scale bars, 25 mm.

(B) The cellular distribution of ANP in cells. At least

100 cells from each condition were scored as

predominantly nucleus (Nuc), both nucleus and

cytoplasm (Nuc+Cyto), or predominantly cyto-

plasm (Cyto), and the percentage of cells repre-

senting each is shown. Data are shown as

mean ±SD of three independent experiments. *p <

0.05 and **p < 0.01 (unpaired two-tailed Student’s

t test).

(C) Immunoblot analysis of the subcellular location

of ANP. The 293T cells were transfected with

plasmids expressing ANP-WT or the mutants. The

nuclear and cytoplasmic fractions were separated

at 36 h post-transfection (h.p.t.) and detected

using anti-ANP, anti-Lamin B1, and anti-Hsp70

antibodies.

(D) Immunoblot analysis of lysates from 293T cells

transfected with plasmids expressing MYC-

tagged ANP-WT, ANP-Y148A, or ANP-Y148F and

FLAG-tagged CRM1 or IMPa for 24 h, followed by

immunoprecipitation with anti-FLAG beads. The

mixed anti-FLAG and anti-MYC antibodies were

used for western blot analysis.

See also Figure S5.
different stages of viral infection was still unknown. Thus, we in-

fected 293T cells with B-Lee and observed the localization of

BNP by IFA. BNP was found in the nucleus at 4 h.p.i. and pre-

dominantly in the cytoplasm at 16 h.p.i. (Figure S6A). To assess

the nuclear trafficking of BNP without the disturbance of other

viral protein of influenza B virus, we also transfected the plasmid

encoding full-length BNP into 293T cells. BNP was found only in

the nucleus at 8 h.p.t., whereas the majority of BNP was found in

the cytoplasm at 24 h.p.t. (Figure S6B). To further determine

whether BNP nuclear export was CRM1 dependent, 293T cells

transfected with the plasmid encoding full-length BNP were

treated with leptomycin B (LMB), an inhibitor of the CRM1-

nuclear export pathway. We found that LMB treatment resulted

in the nuclear retention of BNP at 24 h.p.t. (Figure S6B), demon-

strating that BNP nuclear export was CRM1 dependent. In

addition, the nuclear and cytoplasmic location of BNP from

B-Lee-infected A549 cells was analyzed using western blotting.
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The results showed a clear nucleus-to-

cytoplasm process of BNP during infec-

tion (Figure S6C). All these results

suggest that the cellular trafficking

pattern of BNP is similar to that of ANP.

To determine whether BNP-F209 plays

an essential role in CRM1-mediated BNP

nuclear export, we changed this residue

to alanine to remove the benzene ring of
BNP. We observed that BNP-WT localized mainly in the nucleus

at 12 h.p.t. but in both the nucleus and cytoplasm at 24 and 36

h.p.t. However, theBNP-F209Amutant was found predominantly

in the nucleus at all time points, suggesting that F209 is essential

for BNP nuclear export (Figures 5A and 5B). In addition, the nu-

clear and cytoplasmic location of BNPwas further analyzed using

western blotting. The results also indicated that BNP-F209A had

obvious nuclear aggregation at 36 h.p.t. compared with BNP-WT

(Figure 5C). We next examined whether the mutation F209A re-

sulted in nuclear retention by impairing BNP-CRM1 and/or

BNP-IMPa interactions. The coIP results clearly showed an asso-

ciation betweenBNPandCRM1, and the dissociationwhen F209

was mutated to alanine, but F209A had no effect on the interac-

tions with BNP-IMPa (Figure 5D). Collectively, these data

confirmed our hypothesis that BNP underwent a similar nuclear

trafficking process as ANP and that BNP-F209 also regulated

nuclear export through interactions between BNP and CRM1.



Figure 5. BNP-F209 Is Essential for BNPNu-

clear Export and Its Binding to CRM1

(A) IFA of the cellular location of BNP. The 293T

cells transfectedwith plasmid expressingBNP-WT

or BNP-F209A were fixed at 12, 24, and 36 h.p.t.

and stained with anti-BNP antibody (red). The

nucleus was stained with DAPI (blue). Scale bars,

25 mm.

(B) The cellular distribution of BNP in cells. At least

100 cells from each condition were scored as Nuc,

Nuc+Cyto, or Cyto, and the percentage of cells

representing each is shown. Data are shown as

mean ± SD of three independent experiments.

*p < 0.05 and **p < 0.01 (unpaired two-tailed

Student’s t test).

(C) Immunoblot analysis of the subcellular location

of BNP. The 293T cells were transfected with

plasmid expressing BNP-WT or BNP-F209A. The

nuclear and cytoplasmic fractions were separated

at 36 h.p.t. and detected using anti-BNP, anti-

Lamin B1, and anti-Hsp70 antibodies.

(D) Immunoblot analysis of lysates in 293T cells

transfected with plasmids expressing MYC-tag-

ged BNP-WT or BNP-F209A and FLAG-tagged

CRM1 or IMPa for 24 h, followed by immunopre-

cipitation with anti-FLAG beads. The mixed anti-

FLAG and anti-MYC antibodies were used for

western blot analysis.

See also Figure S6.
Naproxen Blocks CRM1-Mediated ANP and BNPNuclear
Export
Because ANP-Y148 and BNP-F209 are critical for NP-naproxen

interaction and CRM1-mediated NP nuclear export, we hypoth-

esized that ANP-Y148 and BNP-F209-mediated NP nuclear

export could be impaired by naproxen. Therefore, we attempted

to evaluate the effects of naproxen on ANP and BNP export.

First, 293T cells were transfected with plasmids expressing

ANP or BNP and then treated with naproxen. The results of IFA

showed that ANP and BNP were located predominantly in the

nucleus in naproxen-treated cells at 24 h.p.t., which was distinct

from that in untreated cells (Figure 6A). Second, the effect of nap-

roxen on NP export was examined by performing an infection

assay (A-WSN or B-Lee) in A549 cells. At 8 h.p.i., ANP and

BNP were overwhelming found in the cytoplasm in nearly

all infected cells without naproxen treatment, whereas they
Cell
were clearly retained in the nucleus

in naproxen-treated cells (Figure 6B).

Consistently, the western blot results

also showed that naproxen administra-

tion suppressed ANP and BNP nuclear

export during virus infection (Figure 6C).

To explore whether naproxen affects

CRM1-mediated ANP and BNP nuclear

export, the coIP assay described above

was performed again. We found that

naproxen resulted in the dissociation

of ANP-CRM1 and BNP-CRM1 com-

plexes (Figure 6D). Moreover, glutathione

S-transferase (GST) pull-down assay also
demonstrated the direct binding of CRM1 to ANP and BNP, and

naproxen impaired their interaction (Figure S7). It is indicated

that naproxen inhibited the replication of influenza A and B

viruses by blocking CRM1-mediated NP nuclear export.

It has been known that ANP can interact with CRM1 by itself

and transports into the cytoplasm (Elton et al., 2001). Moreover,

ANP bridges the CRM1-NEP-M1 complex and viral polymerase

heterotrimer during vRNP nuclear export (Akarsu et al., 2003;

Shimizu et al., 2011). Because ANP-CRM1 and BNP-CRM1 in-

teractions were blocked by naproxen treatment, we therefore

investigated the effect of naproxen on the nuclear export of other

compositions of vRNP complex. Not surprisingly, naproxen

treatment restrained the nuclear export of both NP and PB1,

the key components of vRNP complexes, but not the nuclear

export of M1 (Figure 7), indicating that naproxen is likely to affect

the nuclear export of vRNP complex.
Reports 27, 1875–1885, May 7, 2019 1881



Figure 6. Naproxen Suppresses NP Nuclear

Export

(A) Cellular location of ANP and BNP with the

treatment of naproxen. The 293T cells were trans-

fected with plasmid expressing ANP or BNP and

then treated with 50 mM naproxen or 1% DMSO at

1 h.p.t. Cells were fixed and stained with anti-ANP

or BNP antibody (red) at 24 h.p.t. The nucleus was

stainedwith DAPI (blue). Scale bars, 25 mm.At least

100 cells from each group were scored as Nuc,

Nuc+Cyto, or Cyto, and the percentage of cells

representing each is shown. Data are shown as

mean ± SD of three independent experiments. *p <

0.05 (unpaired two-tailed Student’s t test).

(B) A549 cells were infected with A-WSN (MOI =

0.05) or B-Lee (MOI = 0.1) and then treated with

50 mMnaproxen or 1%DMSO at 1 h.p.i. Cells were

fixed and stained with anti-ANP or BNP antibody

(red) at 8 h.p.i. The nucleus was stained with DAPI

(blue). Scale bars, 25 mm. At least 100 cells from

each condition were scored as Nuc, Nuc+Cyto, or

Cyto, and the percentage of cells representing

each is shown. Data are shown as mean ± SD of

three independent experiments. *p < 0.05, **p <

0.01, and ***p < 0.001 (unpaired two-tailed Stu-

dent’s t test).

(C) Immunoblot analysis of the subcellular location

of ANP and BNP. A549 cells were infected with

A-WSN (MOI = 0.05) or B-Lee (MOI = 0.1) and then

treated with 50 mM naproxen or 1% DMSO at 1

h.p.i. The nuclear and cytoplasmic fractions were

separated at 8 h.p.i. and detected using anti-ANP

or BNP, anti-Lamin B1, and anti-Hsp70 antibodies.

(D) Immunoblot analysis of lysates in 293T cells

transfected with plasmids expressing MYC-tag-

ged ANP or BNP and FLAG-tagged CRM1 for 24 h

and treated with 50 mM naproxen or 1% DMSO for

12 h, followed by immunoprecipitation with anti-

FLAG beads.

See also Figure S7.
DISCUSSION

Naproxen is an oral drug used to treat arthritis pain and inflam-

mation, gout, and other conditions, and it has been available

on the market for some time. Recent studies suggest that nap-

roxen inhibits the replication of influenza A virus (Lejal et al.,

2013; Tarus et al., 2015). In this study, we found that naproxen

not only had antiviral activity against influenza A virus but also ex-

hibited efficient antiviral activity against influenza B virus both

in vitro and in vivo. Particularly, the anti-influenza B virus (espe-

cially Yamagata lineage) activity of naproxen was more efficient

than that of the clinical antiviral drug OSE in mice. In contrast,

naproxen showed less efficient than OSE when they were used

to resist influenza A virus infection. This difference is likely due

to the higher binding affinity of BNP-naproxen than ANP-

naproxen. Therefore, these data suggest that naproxen has a

highly effective antiviral activity against influenza B virus.
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Importantly, different from previous

studies showing that naproxen inhibited

viral replication by impairing the binding
of ANP to vRNA (Lejal et al., 2013; Tarus et al., 2015), we

found that naproxen blocked ANP-CRM1 and BNP-CRM1 in-

teractions, leading to the nuclear retention of NP. Our results

suggest a crucial antiviral mechanism of naproxen through tar-

geting NP nuclear export, which is especially intensified by the

facts that NP is highly conserved among different influenza

isolates, and nucleocytoplasmic transport of NP is one of

the key steps for the replication of influenza viruses. Moreover,

we observed that naproxen also restrained the nuclear export

of PB1, another key component of vRNP complex. To the best

of our knowledge, there are still no reported NES on PB1.

Nuclear export of PB1 is most likely dependent on the nuclear

export of vRNP complex. This result indicated that naproxen

might affect vRNP nuclear export, possibly through destruc-

tion of the CRM1-NP interaction. Hence, the above lines of

data extended our knowledge of the antiviral mechanisms of

naproxen.



Figure 7. Effect of Naproxen on the Nuclear

Export of the vRNP Complex

A549 cells were infected with A-WSN virus or

B-Lee virus at a MOI of 1 or 5. At 8 h.p.i., cells were

fixed and stained with anti-influenza A or B virus

NP (red) and PB1 or M1 (green) antibodies.

(A and B) Cellular location of PB1 and NP in

different groups was visualized using IFA. (A)

MOI = 1; (B) MOI = 5.

(C) Cellular location of M1 and NP in different

groups was visualized using IFA. The nucleus was

stained with DAPI (blue). Scale bars, 25 mm.
ANP possesses two nuclear location signals (NLSs) and

three nuclear export signals (NESs) that confer its nuclear

shuttling capacity (Neumann et al., 1997; Yu et al., 2012).

Mutations of the critical residues in these NLSs and NESs

can impair ANP nuclear shuttling and attenuate influenza A

virus rescue and replication (Yu et al., 2012; Zheng et al.,

2015). Here we found that ANP-Y148 and BNP-F209, which

are far away from the NLSs and NESs, were also critical for

NP nuclear export, indicating that NP nuclear export is a

more complicated network involving many regulators and ef-

fectors. Furthermore, ANP-Y148 has been reported as an

aromatic amino acid imbedded in the RNA-binding groove of

ANP that plays a key role in maintaining the RNA-binding

and self-association capacities of ANP (Lejal et al., 2013; Tarus

et al., 2015). In the present study, we found that ANP-Y148A

and BNP-F209A mutations resulted in nuclear retention of

NP through a disturbance in the interactions between NP

and CRM1, expanding the role of ANP-Y148 and BNP-F209

in NP nuclear export.

The nuclear export of ANP and vRNP of influenza A virus is

well documented. ANP bridges the CRM1-NEP-M1 complex

and viral polymerase heterotrimer (PB1, PB2, and PA) during

vRNP nuclear export (Akarsu et al., 2003; Shimizu et al.,

2011). In addition, ANP can interact with CRM1 by itself, as

well as in conjunction with NEP and M1 (Elton et al., 2001).

However, how BNP and vRNP complex of influenza B virus

transports into the cytoplasm is not well understood. Here

we found that BNP also had the capacity to bind to CRM1,
Cell
and disabling CRM1 function by treating

cells with LMB resulted in the retention

of BNP in the nucleus, suggesting that

CRM1 also exerted activity in BNP

export. The function of CRM1 in vRNP

complexes nuclear export of influenza

B virus will need to be elucidated in

future.

It is established that the well-conserved

influenza virus protein NP is considered

a valuable target for anti-influenza

drugs (Mendel and Sidwell, 1998; Cianci

et al., 2012). High-throughput studies

monitoring NP import have indicated

that nucleozin and its analogs inhibit NP

import and viral polymerase activity
(Su et al., 2010; Chenavas et al., 2013a). Meanwhile, the nuclear

export of NP and vRNP complexes has been reported to be

inhibited by the compounds RK424 (Kakisaka et al., 2015),

Amaryllidaceae alkaloid (He et al., 2013), PPQ-581 (Lin et al.,

2015), KPT-335 (verdinexor) (Perwitasari et al., 2014), and

KR-23502 (Jang et al., 2016). Furthermore, the self-oligomeriza-

tion and RNA-binding capacities of NP were shown to be sup-

pressed by naproxen (Lejal et al., 2013), H7 (Liu et al., 2016),

and 3-mercapto-1,2,4-triazole (Liu et al., 2016). Among these

compounds, nucleozin is the only inhibitor for which the antiviral

mechanism is well documented. This study reveals an important

antiviral mechanism of naproxen against a broad spectrum of

influenza viruses including influenza A and B viruses by inhibiting

CRM1-mediated NP nuclear export. As is well known, naproxen

has been available on the market as an NSAID for some time.

Therefore, it is much easier for naproxen to be brought to the

market as an anti-influenza drug than other candidate anti-

influenza compounds.

Together, the results of this study indicate that the interaction

between CRM1 and highly conserved NP is potentially important

for nuclear export for a broad spectrum of influenza viruses, and

ANP-Y148 and BNP-F209 are critical for NP nuclear export. We

also provide evidence that these critical amino acid residues for

NP-CRM1 interaction are effective druggable targets by demon-

strating how it can be disrupted by the over-the-counter drug

naproxen. If naproxen is an effective anti-influenza drug for

humans, it could be implemented into influenza treatment

protocols more quickly than other antivirals in development.
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Mouse anti-His-probe Santa Cruz Biotechnology Cat# sc-53073; RRID:AB_783791

Mouse anti-influenza A virus NP Santa Cruz Biotechnology Cat# sc-101352; RRID:AB_1124491

Rabbit anti-influenza A virus NP GeneTex Cat# GTX125989; RRID:AB_11168364

Mouse anti-influenza A virus M1 Santa Cruz Biotechnology Cat# sc-69824; RRID:AB_1124287

Rabbit anti-influenza A virus PB1 GeneTex Cat# GTX125923; RRID:AB_2753122

Mouse anti-influenza B virus NP Santa Cruz Biotechnology Cat# sc-80482; RRID:AB_1124295

Rabbit anti-influenza B virus NP Prepared and stored in lab N/A

Mouse anti-influenza B virus M1 Santa Cruz Biotechnology Cat# sc-57886; RRID:AB_629816

Rabbit anti-influenza B virus PB1 Prepared and stored in lab N/A

Mouse anti-FLAG M2 Sigma-Aldrich Cat# F3165; RRID:AB_259529

Rabbit anti-c-Myc Sigma-Aldrich Cat# C3956; RRID:AB_439680

Mouse anti-HSP 70 Santa Cruz Biotechnology Cat# sc-32239; RRID:AB_627759
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Mouse anti-GST Santa Cruz Biotechnology Cat# sc-138; RRID:AB_627677

Bacterial and Virus Strains

BL21 (DE3) Chemically Competent Cell TransGen Biotech Cat# CD601

Influenza virus A/WSN/33 (H1N1) Generated and stored in lab Zheng et al., 2015

Influenza virus A/PR/8/34 (H1N1) Propagated and stored in lab Wang et al., 2013

Influenza virus B/Lee/40 Provided by the Xianzhu Xia at Institute

of Military Veterinary Medicine

Cao et al., 2014

Influenza virus B/Yamagata/16/88 Provided by the Xianzhu Xia at Institute

of Military Veterinary Medicine

N/A

Influenza virus B/Shanghai/PD114/2018 Provided by Dayan Wang at Chinese

Center for Disease Control and Prevention

N/A

Influenza virus B/Guangxi/JZ1352/2018 Provided by Dayan Wang at Chinese

Center for Disease Control and Prevention

N/A

Chemicals, Peptides, and Recombinant Proteins

Lipofectamine 2000 Reagent Invitrogen Cat# 11668-030

DMEM Thermo Fisher Scientific Cat# 11965118

HEPES Life Technology Cat# 15630080

TPCK-treated trypsin Sigma-Aldrich Cat# 4370285

SeqPlaque agarose Lonza Cat# 50100

DMSO Sigma-Aldrich Cat# W387520

Naproxen Sigma-Aldrich Cat# N8280

Oseltamivir phosphate Sigma-Aldrich Cat# PHR1781

Leptomycin B (LMB) Tocris Bioscience Cat# 1987

Glutathione Sepharose 4B GE Healthcare Cat# 17075604

Superdex S200 column GE Healthcare Cat# 17517501

HisPur Ni-NTA Superflow Agarose Thermo Fisher Scientific Cat# 25214
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ANTI-FLAG M2 Affinity Agarose Gel Sigma-Aldrich Cat# A4596

Complete protease inhibitor cocktail Sigma-Aldrich Cat# Roche-04693116001

Critical Commercial Assays

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23225

Fast Mutagenesis System TransGen Biotech Cat# FM111-02

Experimental Models: Cell Lines

Human HEK293T cells ATCC Cat# CR-3216

Human A549 cells ATCC Cat #CCL-185

Canine MDCK (NBL-2) cells ATCC Cat #CCL-34

Experimental Models: Organisms/Strains

Mouse: BALB/c Mice Beijing Vital River Laboratory

Animal Technology Co., Ltd.

Cat# 211

Recombinant DNA

Plasmid: pHH21-PA Cloned and stored in lab Zheng et al., 2015

Plasmid: pHH21-PB1 Cloned and stored in lab Zheng et al., 2015

Plasmid: pHH21-PB2 Cloned and stored in lab Zheng et al., 2015

Plasmid: pHH21-NS Cloned and stored in lab Zheng et al., 2015

Plasmid: pHH21-NP WT Cloned and stored in lab Zheng et al., 2015

Plasmid: pHH21-NP Y148F Cloned and stored in lab N/A

Plasmid: pHH21-NP Y148A Cloned and stored in lab N/A

Plasmid: pHH21-M Cloned and stored in lab Zheng et al., 2015

Plasmid: pHH21-HA Cloned and stored in lab Zheng et al., 2015

Plasmid: pHH21-NA Cloned and stored in lab Zheng et al., 2015

Plasmid: pCDNA3-PA Cloned and stored in lab Zheng et al., 2015

Plasmid: pCDNA3-PB1 Cloned and stored in lab Zheng et al., 2015

Plasmid: pCDNA3-PB2 Cloned and stored in lab Zheng et al., 2015

Plasmid: pcDNA4/TO-NP WT Cloned and stored in lab Zheng et al., 2015

Plasmid: pcDNA4/TO-NP Y148F Cloned and stored in lab N/A

Plasmid: pcDNA4/TO-NP Y148A Cloned and stored in lab N/A

Plasmid: pCDNA3-FLAG-Importin-a1 Cloned and stored in lab Zheng et al., 2015

Plasmid: pCDNA3-FLAG-CRM1 Cloned and stored in lab Zheng et al., 2015

Plasmid: pGEX-6P-1-CRM1 Cloned and stored in lab N/A

Plasmid: pET28b-ANP WT Cloned and stored in lab N/A

Plasmid: pET28b-ANP Y148A Cloned and stored in lab N/A

Plasmid: pET28b-BNP WT Cloned and stored in lab N/A

Plasmid: pET28b-BNP F209A Cloned and stored in lab N/A

Plasmid: pCMV-MYC-ANP WT Cloned and stored in lab N/A

Plasmid: pCMV-MYC-ANP Y148A Cloned and stored in lab N/A

Plasmid: pCMV-MYC-BNP WT Cloned and stored in lab N/A

Plasmid: pCMV-MYC-BNP F209A Cloned and stored in lab N/A

Software and Algorithms

PyMOL Molecular Graphic System Delano Scientific LCC. https://pymol.org/2/

Protein Data Bank RCSB https://www.rcsb.org/pdb/home/home.do

GraphPad 7 GraphPad Software https://www.graphpad.com/scientific-software/

prism/

Origin 8.5 OriginLab https://www.originlab.com/index.aspx?go=

Company/NewsAndEvents/PressRoom&pid=1720

Biacore S200 Evaluation Software 4.1 GE Healthcare https://www.gelifesciences.com/biacore

Protein Thermal Shift Software v1.3 Thermo Fisher Scientific https://www.thermofisher.com/order/catalog/

product/4466038

Cell Reports 27, 1875–1885.e1–e5, May 7, 2019 e2

https://pymol.org/2/
https://www.rcsb.org/pdb/home/home.do
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.originlab.com/index.aspx?go=Company/NewsAndEvents/PressRoom&amp;pid=1720
https://www.originlab.com/index.aspx?go=Company/NewsAndEvents/PressRoom&amp;pid=1720
https://www.gelifesciences.com/biacore
https://www.thermofisher.com/order/catalog/product/4466038
https://www.thermofisher.com/order/catalog/product/4466038


CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Lei Sun

(sunlei362@im.ac.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All animal experiments were approved by the Research Ethics Committee of Chinese Academy of Sciences and complied with the

Beijing Laboratory Animal Welfare and Ethical Guidelines of the Beijing Administration Committee of Laboratory Animals. All mice

were maintained in a barrier facility with free access to food and water. Six-week-old female BALB/c mice were used.

Virus strains
The wild-type (WT) and NP mutant influenza virus A/WSN/33 (H1N1) (A-WSN) viruses were generated using a 12-plasmid reverse

genetic system. Influenza B virus B/Lee/40 (B-Lee), B/Yamagata/16/88 (B-Yamagata), B/Shanghai/PD114/2018 (B-SH, Yamagata

lineage), Guangxi/JZ1352/2018 (B-GX, Victoria lineage), influenza A virus A/PR/8/34 (H1N1) (A-PR8), as well as WT and NP mutant

A-WSN viruses were propagated in the allantoic cavities of 10-day-old specific pathogen-free embryonated chicken eggs. The

influenza A and B viruses (103 PFU) were inoculated into embryonated chicken eggs maintained at 37�C, and viruses were collected

from allantoic fluid at 48 h post inoculation.

Cell lines
Female origin human embryonic kidney 293T (293T), female origin Madin-Darby canine kidney (MDCK), and male origin human alve-

olar epithelial (A549) cells were purchased from American Type Culture Collection (ATCC). Cells were grown in the Dulbecco’s modi-

fied Eagle medium (DMEM) with 10% fetal bovine serum (FBS) (both from Invitrogen) at 37�C and 5% CO2. The culture media were

supplemented with 100 I.U./mL penicillin and 100 mg/mL streptomycin.

METHOD DETAILS

Plasmid construction
The full-length virus genes fromWSNwere cloned into pHH21, pcDNA4/TO, and/or pCDNA3-FLAG vectors to obtain the 12 plasmids

of the virus rescue system. The full-length WT and mutant ANP genes from WSN and BNP genes from B/Lee/1940 were cloned into

pCMV-MYC and pET-28b vectors. The full-length CRM1 and importin-a1 genes were cloned into pcDNA3-FLAG and pGEX-6P-1

vectors. Mutations in full-length ANP (Y148F and Y148A) and BNP (F209A) were generated using a Fast Mutagenesis System

(TransGen Biotech).

Generation of recombinant influenza A virus
TheWT and NPmutant influenza A viruses were generated using a 12-plasmid reverse genetic system. The 293T cells grown to 95%

confluence were simultaneously transfected with 1 mg each of the 12 plasmids of the virus rescue system using Lipofectamine 2000

Reagent. Six hours later, the medium was replaced with DMEM containing 1 mg/ml TPCK-treated trypsin. The cells were cultured for

72 h.p.t. at 37�C in 5% CO2, and the recombinant viruses in the supernatant were harvested.

Antiviral activity of naproxen in cells
To establish one-step growth curves of influenza viruses, MDCK cells were infected with A-WSN (MOI = 0.1) or B-Lee (MOI = 1). To

establishmulti-cycle growth curves of influenza viruses, A549 cells were infectedwith A-WSN/PR8 (MOI = 0.001) or B-Lee/Yamagata

(MOI = 0.05). Cells were then treated with 50 mM naproxen or 1% DMSO as control at 1 h.p.i. Virus titers in the supernatants were

determined by plaque assay on MDCK cells at different time points. Cells were seeded in a 12-well flat-bottom microtiter plate at a

density of 53 105 cells/well and allowed to adhere for 24 h at 37�C in a CO2 incubator. Viruses are serially diluted (10-fold) in DMEM

and keep on ice before use. MDCK cells are rinsed with 1 mL of PBS twice. MDCK cells are inoculated with 500 mL of viruses. The

plate is incubated in 5% CO2 incubator at 37
�C for 1 h. 23 DMEM is warmed at 37-40�C water bath and 2% SeqPlaque agarose is

melted on a hot plate at about 50-60�Cwith stirring. Pre-warm 23DMEM and 2% agarose are mixed in 1:1 ratio in a sterile container

and sit at 37�C for 10min. TPCK-trypsin (final concentration: 1 mg/ml) is added to the DMEM. Viral inoculums are aspirated andMDCK

cells are rinsed with 1 mL of PBS once. 1.5 mL DMEMwith agarose and TPCK-trypsin is added to each well. The plate is sat at room

temperature for 15 min until DMEM solidify. The plate is incubated at 5% CO2 at 37
�C in the invert orientation (lid at the bottom) for

3 days. After incubation, count the number of plaques and check the plaque morphology and measure the size of plaques; To mea-

sure the 50% inhibitory concentration (IC50) of naproxen for different influenza B viruses, A549 cells were infected with B-Lee, B-SH,

and B-GX (MOI = 0.1), along with naproxen (10–10,000 mM) or 1% DMSO was added to the cells at 1 h.p.i. Virus titers in the super-

natants were determined by plaque assay at 48 h.p.i. The experiments were performed in triplicate and repeated at least twice for

confirmation. IC50 was determined by fitting the data to a dose-response curve (Origin 8.5); An MTT assay was used to evaluate the
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cytopathic effect of naproxen. Serial dilutions of naproxen (10-10,000 mM) were added to A549 cells, which were incubated at 37�C
for another 48 h. Cells were seeded in a 96-well flat-bottommicrotiter plate at a density of 13 104 cells/well and allowed to adhere for

24 h at 37�C in a CO2 incubator. After incubation, cells were then treated with various concentrations of the naproxen for 24 h at 37�C.
After incubation, 10 mL of MTT working solution (5 mg/ml in phosphate buffer solution) was added to each well and the plate was

incubated for 4 h at 37�C. The medium was then aspirated, and the formed formazan crystals were solubilized by adding 50 mL of

DMSOper well for 30min at 37�C. Finally, the intensity of the dissolved formazan crystals (purple color) was quantified using the plate

reader at 540 nm. The presence of naproxen in the supernatants did not affect the readings beyond the range of experimental error.

The data at 48 h were fitted to a dose-response curve (Origin 8.5) in the 10-10,000 mM range to determine the 50% cytotoxic

concentration (CC50).

Antiviral activity of naproxen in mice
Six-week-old BALB/c female mice were intranasally infected with influenza A virus, influenza B virus, or PBS. At 1 d.p.i., mice were

intraperitoneally injected with a high dose (hNPX, 50 mg/kg/day) or low dose (lNPX, 10 mg/kg/day) of naproxen, or intragastrically

administrated with oseltamivir (OSE, 10 mg/kg/day). The same treatment was administered once per day for 5 d. The body weights

of animals were recorded daily. The mice that lost more than 25% of their initial body weight were humanely sacrificed. To evaluate

virus replication in mice, mice in each group were euthanized at different time points and mouse lungs were excised. Lung indices

were calculated based on the Equation 100%3 (wet lungweight/bodyweight), and lung tissue samples were homogenized in PBS to

determine virus titers by plaque assay on MDCK cells as described in ‘‘Antiviral activity of naproxen in cells.’’

Expression and purification of WT and mutant NPs
We cloned the full-length nucleoprotein ANP and BNP genes with a 6-His-tag at its N-terminal end in the pET28b vector under the

control of a T7 promoter. The A-Y148A and B-F209A single mutations were introduced by using the Fast Mutagenesis System

(TransGen Biotech). The Escherichia coli BL21 (DE3) cells carrying the plasmids were induced 12 h by IPTG at 16�C and collected

by centrifugation. The pellet was resuspended and sonicated in a lysis buffer (20 mM Tris at pH 7.0 with NaCl (150 mM), 5 mM

imidazole, 1% Triton and 1 mg/ml lysozyme) and treated with 0.15 mg/ml RNase A and DNase at 37�C for 20 min in the presence

of 10 mM MgCl2. The protein was purified by HisPur Ni-NTA Superflow Agarose (Thermo Scientific) followed by size-exclusion

chromatography, using Superdex S200 column (GE Healthcare) and extensive dialysis with Tris buffer (150 mM NaCl and 20mM,

pH = 7.0). After purification, the protein concentration was determined by the Pierce BCA Protein Assay Kit (Thermo Fisher).

LMB treatment and immunofluorescence assay
LMB (Tocris Bioscience) at a final concentration of 11 nMwas incubated with BNP-transfected 293T cells for 3 h at 24 h.p.t. The 293T

or A549 cells grown in 24-well cell culture plates with cover slides were infected with influenza virus or transfected with NP expressing

plasmids. The cells were fixed with 4% paraformaldehyde in PBS at the indicated time points for 1 h at room temperature. Cells were

then permeabilized with PBST (0.5% Triton X-100 in PBS) at room temperature for 10 min, incubated with 0.4%BSA in PBST at 37�C
for 1 h, and further incubated with mouse or rabbit anti-influenza A or B virus NP, mouse anti-influenza A or B virus M1, or rabbit anti-

influenza A or B virus PB1 antibodies diluted in PBST (containing 0.2%BSA) at 37�C for 1 h. After washing with PBST for 1 h, the cells

were incubated with TRITC-labeled donkey anti-rabbit or mouse antibody or FITC-labeled donkey anti-mouse or rabbit antibody

diluted in PBST (containing 0.2%BSA) at 37�C for 1 h andwashedwith PBST for 1 h. Finally, the cells were incubatedwith the nuclear

stain DAPI for 15 min. The intracellular location of NP was recorded with a confocal laser scanning fluorescence microscope (Leica

SP8).

Subcellular fractionation
Cells were harvested via scraping into 500 mL cell lysis buffer containing 10 mM HEPES (pH 7.4), 10 mM NaCl, 1 mM KH2PO4, 5 mM

NaHCO3, 1 mM CaCl2, 0.5 mM MgCl2, and 5 mM EDTA with complete protease inhibitor cocktail. Cells were allowed to swell for

5 min, followed by dounce homogenization for 50-time strokes. Then, cells were centrifuged at 800 g for 5 min, generating a pellet

containing nuclei and debris and a supernatant of cytosol and plasma. Pellets were resuspended in 1 mL TSE buffer containing

10 mM Tris (pH 7.5), 300 mM sucrose, 1 mM EDTA, and 0.1% NP40 with complete protease inhibitor cocktail, then pelleted, resus-

pended, andwashed twice. The final pellets were pure nuclei. Then the subcellular fractions analyzed by western blotting withmouse

or rabbit anti-influenza A or B virus NP, mouse anti-HSP 70, and mouse anti-Lamin B1 antibodies, followed by the incubation with

HRP goat anti-mouse or rabbit IgG secondary antibody.

Co-immunoprecipitation
To understand the mechanism of how mutation and naproxen alter the subcellular localization of NP, plasmid pCDNA3-

FLAG-Importin-a1 or FLAG-CRM1 was co-transfected into 293T cells with pCMV-MYC-ANPs (WT or mutants) or pCMV-MYC-

BNPs (WT ormutants), and the interaction betweenNP and different importins was assessed byCo-IPs. For naproxen relevant assay,

the cells were treated with 50 mM naproxen or 1% DMSO for 12 h before harvest. Cells were lysed in immunoprecipitation buffer

containing 0.5% NP-40, 150 mM NaCl, 20 mM HEPES (pH 7.4), 10% glycerol, and 1 mM EDTA with complete protease inhibitor

cocktail (Sigma-Aldrich). After centrifugation, the supernatants were incubated with anti-FLAG M2 affinity gel (Sigma-Aldrich) for
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at least 2 h. After 4-5 washes in immunoprecipitation buffer, the bound proteins were eluted by boiling for 10 min in SDS protein

loading buffer and analyzed by western blotting with mouse anti-FLAG M2 and rabbit anti-c-Myc antibodies, followed by the incu-

bation with HRP goat anti-mouse or rabbit IgG secondary antibody.

GST pull-down assay
GST pull-down assay was conducted with GST-tagged CRM1 and His-tagged ANP or BNP, with or without the treatment of 50 mM

naproxen. Both GST-CRM1 and His-ANP or BNP were expressed in Escherichia coli and purified with Glutathione Sepharose 4B

beads and HisPur Ni-NTA Superflow Agarose, respectively. Purified GST-CRM1 and His-ANP or BNP were then subjected to the

GST pull-down assay. GST-CRM1 (1 mg/ml, 0.5 ml), GST (1 mg/ml, 0.5 ml), and His-ANP or BNP (2 mg/ml, 0.5 ml) were incubated

with Glutathione Sepharose 4B beads (100 ml/reaction of a 50% slurry) for 4 h at 4�Cwith end-over-end rotation. The beadswere then

washed three times in 20mMTris pH 8.0, 300mMNaCl, 1 mMEDTA, 10%Glycerol, 0.1% Triton X-100, and protease inhibitors, then

re-suspended by PBS for SDS-PAGE and immunoblotting analyses with mouse anti-His-probe and mouse anti-GST antibodies, fol-

lowed by the incubation with HRP goat anti-mouse IgG secondary antibodies.

Surface plasmon resonance assay
The SPR experiments for the binding of naproxen to NPs and their mutants (ANP-Y148A and BNP-F209A) were performed at 25�Con

a Biacore TM S200 machine with SA chips. Four His-tagged NPs were immobilized on the M5 chip, and a blank channel was used as

the negative control. Naproxen were serially diluted to different concentrations using 20 mM HEPES buffer (pH 7.0), containing

150 mMNaCl, and 2 mM TCEP, and then flowed through the chip. The KD values were calculated using a steady affinity state model

by the Biacore S200 analysis software (Biacore Evaluation software 4.1).

Thermal shift assay
TSA was performed on an ABI 7300 Real-Time System, using 20 mM HEPES buffer (pH 7.0), containing 150 mM NaCl, and 2 mM

TCEP. Briefly, a 5 mL solution of 10 mM NPs and different dilutions of naproxen were incubated on a 96-well PCR plate at 4�C for

2 h before adding 5 3 SYPRO Orange protein gel stain. A thermocycle was run from 25� to 90�C. At the end of each 0.50�C/s
increment for 10 min, the fluorescence intensity of the plate was read. Tm value was determined by Protein Thermal Shift Software

v1.3 (Thermo Fisher Scientific).

Isothermal titration calorimetry
An isothermal titration calorimeter (ITC) (MicroCal iTC200, Malvern Panalytical Ltd) was used to measure enthalpy changes resulting

from titration of naproxen in buffer or NP solutions at 25�C. Gel filtration was performed for NP purification. Naproxen (1 mM) and NP

(0.1 mM) solutions were prepared with 20 mM HEPES buffer (pH 7.0), containing 150 mMNaCl, 2 mM TCEP, and 1%DMSO, stirred

for at least 15 mins at room temperature, and degassed in a ThermoVac accessory prior to measurement. Two microliter aliquots of

each naproxen solution were injected sequentially into a 0.3-mL titration cell initially containing either buffer alone or NP solution.

Each injection lasted 16 s, and there was an interval of 150 s between successive injections. Thermodynamic parameters were

determined by OneSites fitting the reaction heat data using Origin 8.5 (OriginLab).

Computer modeling
The three-dimensional crystal structures of ANP and BNP were used to determine the location of ANP-Y148 and BNP-F209. The

model was obtained from the RCSB Protein Data Bank website (http://www.rcsb.org/pdb/home/home.do), and the structures of

ANP (PDB ID: 2IQH) and BNP (PDB ID: 3TJ0) served as templates. These models were visualized using the program PyMOL

Molecular Graphic System (Delano Scientific LCC.).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean ± SD. Student’s t test or Fisher’s exact test were used to determine statistical significance, with

P value < 0.05 being considered significant (* p < 0.05, ** p < 0.01, *** p < 0.001). Statistical analyses are completed using Graphpad

Prism 7. Statistics and number of biological repeats can be found in the relevant figure legends.
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