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ABSTRACT Zika virus (ZIKV) is genetically and biologically related to other Flavi-
viridae family members and has disseminated to many countries. It is associated
with severe consequences, including the abnormal development of the neural
system in fetuses and neurological diseases in adults. Therefore, the develop-
ment of anti-ZIKV drugs is of paramount importance. Screening of generic drugs
revealed that several nonsteroidal anti-inflammatory drugs (NSAIDs), including
aspirin, ibuprofen, naproxen, acetaminophen, and lornoxicam, potently inhibited
the entry of Zika virus Env/HIV-1-pseudotyped viruses. They also significantly in-
hibited the replication of wild-type ZIKV both in cell lines and in primary human
fetal endothelial cells. Interestingly, the NSAIDs exerted this inhibitory effect by
potently reducing the expression of AXL, the entry cofactor of ZIKV. Further
studies showed that the NSAIDs downregulated the prostaglandin E2/prostaglan-
din E receptor 2 (EP2)/cAMP/protein kinase A (PKA) signaling pathway and re-
duced PKA-dependent CDC37 phosphorylation and the interaction between
CDC37 and HSP90, which subsequently facilitated CHIP/ubiquitination/proteasome-
mediated AXL degradation. Taken together, our results highlight a new mechanism
of action of antiviral agents which may assist in designing a convenient strategy for
treating ZIKV-infected patients.

IMPORTANCE Zika virus (ZIKV) infection, which causes congenital malformations, in-
cluding microcephaly and other neurological disorders, has attracted global attention.
We observed that several NSAIDs significantly inhibited ZIKV infection. Based on
our observations, we propose a novel mechanism of action of antiviral com-
pounds which involves the blockade of virus entry via degradation of the entry
cofactor. Furthermore, NSAIDs can be practically used for preventing ZIKV infec-
tion in pregnant women, as certain NSAIDs, including ibuprofen and acetamino-
phen, are considered clinically safe.
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Zika virus (ZIKV) has a single positive-stranded RNA genome and belongs to the
family Flaviviridae. It is genetically and biologically related to other Flaviviridae

members, such as dengue, West Nile, yellow fever, and Japanese encephalitis viruses,
and infects humans mainly via Aedes mosquitoes (1). Accumulating evidence indicates
that ZIKV infection causes neurological disorders in both fetuses and adults (2–6).
Various clinical disorders, including microcephaly, intrauterine growth restriction, fetal
demise, eye malformations, and Guillain-Barré syndrome, have been observed to be
associated with ZIKV infection by many studies (7–9). ZIKV can be transmitted via
multiple routes, such as sexual or vertical routes, as well as through blood transfusion,
which poses a considerable challenge in controlling epidemics (10, 11). Until now,
ZIKV-specific vaccines or antiviral inhibitors have not been available in the clinic, and
because of this, ZIKV infection is a matter of public health concern.

The identification of ZIKV entry-related factors represents a major challenge in the
understanding of ZIKV tropism and pathogenesis. ZIKV has been detected in the
placenta, amniotic fluid, and blood of newborns (12, 13). However, an upsurge of cases
and studies indicating a causal relationship between ZIKV infection and fetal micro-
cephaly make ZIKV infection a matter of immediate concern. Accumulating data
suggest that the placenta and its barrier cells are infected by ZIKV, which results in the
development of brain lesions in mice, pigtail macaques, and humans (3, 5, 7, 14–16).
Human umbilical vein endothelial cells (HUVECs), which are one of the major placental
barrier cell types, can be infected by ZIKV, suggesting that fetal endothelial cells might
not be an effective barrier to ZIKV (14, 17).

In this study, we developed a high-throughput model for screening anti-ZIKV
entrance inhibitors. We screened generic drugs and observed that several nonsteroidal
anti-inflammatory drugs (NSAIDs) specifically induced the degradation of the ZIKV entry
cofactor AXL and potently inhibited ZIKV infection. Our study reveals a new mechanism
of action of antiviral agents and provides insights into the relationship between unique
NSAID inhibitors and ZIKV infection, which may result in a novel treatment modality to
prevent the development of fetal microcephaly and other brain lesions.

RESULTS
Identification of NSAIDs as inhibitors for the entry of ZIKV by high-throughput

screening. To identify specific ZIKV entrance inhibitors, we generated Zika virus
Env/HIV-1-pseudotyped viruses which were able to infect several ZIKV-sensitive cells,
such as A549 and Vero cells (Fig. 1A and B). From a library of 1,600 generic drugs, we
identified 10 compounds, 50 �M concentrations of which were specifically able to
inhibit the entry of Zika virus Env/HIV-1-pseudotyped viruses but not that of vesicular
stomatitis virus (VSV) Env/HIV-1-pseudotyped viruses (see Table S3 in the supplemental
material). Among them, we found several members of the NSAIDs, including aspirin,
ibuprofen, naproxen, acetaminophen, and lornoxicam (Table S4). They inhibited the
entry of Zika virus Env/HIV-1-pseudotyped viruses both in A549 cells and in Vero cells
but not the entrance of dengue virus (DENV) Env/HIV-1- or VSV G/HIV-1-pseudotyped
viruses (Fig. 1C). They also potently inhibited the replication of wild-type ZIKV (ZIKV
strain SYSU/2016) in A549 cells at different time points (Fig. 1D). We isolated the ZIKV
SYSU/2016 strain from the urine of a man who had traveled from Venezuela to China
in March 2016 and amplified it in C6/36 cells or the brains of suckling mice after
intracerebroventricular injection. Phylogenetic analysis of the whole genome indicated
that this ZIKV strain is closely related to Brazilian and other South American isolates and
belongs to the Asian lineage rather than to the African lineage (Fig. 1E). We also used
two other ZIKV strains, ZIKV MR766 (Rhesus/1947/Uganda) and ZIKV PRVABC59, to
confirm the inhibitory effects of NSAIDs (Fig. 1F and G). However, NSAIDs had no effect
on wild-type dengue virus serotype 2 (DENV2) (Fig. 1H). The 50% inhibitory concen-
trations (IC50s) of the NSAIDs aspirin, ibuprofen, naproxen, acetaminophen, and lor-
noxicam for inhibition of wild-type ZIKV replication were 3.11 �M, 0.77 �M, 0.48 �M,
1.63 �M, and 0.21 �M, respectively (Fig. 1I). These concentrations are considerably
lower than those detected in human blood plasma (which range from 100 to 400 �M)
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FIG 1 Identification of NSAIDs as inhibitors for the entry of ZIKV by high-throughput sequencing. (A) Schematic representation of the
high-throughput sequencing method. (B) Luciferase activity of different pseudotyped viruses following the assay performed as described in

(Continued on next page)
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after administration of regular doses of NSAIDs (18). Notably, the 50% cytotoxic
concentrations of the NSAIDs were more than 200 �M (Fig. 1J).

NSAIDs directly downregulate AXL expression. We first preincubated the com-
pounds with Zika virus Env/HIV-1-pseudotyped viruses to identify the possible targets
of these NSAIDs but observed no inhibition of infection (Fig. 2A). In contrast, pretreat-
ment of the target cells with the compounds led to the significant inhibition of virus
infection, indicating that NSAIDs exerted their inhibitory effect in the target cells (Fig.
2B). It is well-known that NSAIDs mainly inhibit the enzymatic activity of cyclooxygen-
ase 1 (COX-1) and COX-2 and result in a decrease in prostaglandin E2 (PGE2) production.
Based on a report that PGE2 can induce tyrosine phosphorylation of AXL (19), a potent
Zika virus entry cofactor (20–22), we examined the possible effects of NSAIDs on AXL
phosphorylation. Unexpectedly, a significant decrease in the AXL protein level, initially
detected as the input control for AXL tyrosine phosphorylation, was observed with all
NSAIDs tested (Fig. 2C). This effect was dose dependent (Fig. 2D) and increased with the
incubation time (Fig. 2E). In addition, the NSAIDs also exerted a similar inhibitory effect
in two other human glioma cell lines, SNB19 and LN229 (Fig. 2F). This was not due to
inhibition at the transcriptional level, as the AXL mRNA level was not significantly
affected (Fig. 2G). As AXL functions as a viral entry factor on the cell surface, we
developed a biotin-labeled enrichment technique for cell surface proteins and ob-
served that AXL protein expression on the cell membrane decreased (Fig. 2H). We
further quantified AXL cell surface expression on A549 cells by flow cytometry (Fig. 2I)
and confocal microscopy (Fig. 2J) to confirm that AXL was targeted for degradation
after drug treatment. A pulse-chase experiment indicated that the NSAIDs promoted
the proteolytic shedding of AXL and facilitated its decay (Fig. 2K and L). Besides, we
found that both the viral envelope (E) protein and AXL were simultaneously suppressed
by NSAIDs in ZIKV-infected A549 cells (Fig. 2M). As a control, ZIKV could not infect an
AXL-knockout (KO) A549 cell line generated using the CRISPR technology (Fig. 2N).
Notably, NSAIDs did not affect the expression level of transduced MERTK, TIM-1, or
TYRO3 in A549 cells (Fig. 2O). Although it has been reported that the overexpressed
MERTK, TIM-1, and TYRO3 could function as the receptors of Zika virus, the knockdown
of TIM-1 with small interfering RNA (siRNA) did not affect the replication of ZIKV but did
affect the replication of dengue viruses in A549 cells (Fig. 2P) (23). To investigate the
underlying cellular mechanism of ZIKV infection, we performed time-of-addition ex-
periments in A549 cells. Ibuprofen effectively inhibited ZIKV infection only when it was
added 1 h prior to inoculation (Fig. 2Q). Furthermore, the reduction in the ZIKV RNA
level after ibuprofen treatment was apparent either in the entry phase (0 to 4 h after
infection) or at the replication phase (4 to 24 h) of the infection cycle (Fig. 2R). Taken
together, these results indicate that NSAIDs inhibit ZIKV infection at the entry stage.

FIG 1 Legend (Continued)
panel A with A549 and Vero cells. (C) A549 cells were infected with HIV-1 Luc/Zika virus Env-, HIV-1 Luc/DENV Env-, or HIV-1 Luc/VSV
G-pseudotyped viruses and NSAIDs were added. After 72 h, the cells were harvested and luciferase activity was measured. (D) A549 cells were
infected with the wild-type ZIKV SYSU/2016 strain (MOI � 1), and then the NSAIDs were added at 50 �M. The cell supernatants were harvested
at 0 h, 24 h, 48 h, 72 h, and 96 h for plaque assay. (E) Analysis of the phylogenetic relationships among ZIKV SYSU/2016 (GenBank accession
no. KY379148) and other ZIKV strains by whole-genome sequence analysis. The maximum likelihood phylogenetic tree was inferred with
sequences of the whole genomes of Zika viruses with 1,000 bootstrap replications using MEGA5 software. These nucleotide sequences included
those of 5 ZIKV strains from Guangdong, China, and 26 reference ZIKV sequences from GenBank. The red dots indicate strain ZIKV
SYSU/2016/Guangdong, isolated in our cooperative labs, and two other strains, PRVABC59 and MR766, used in this project. The GenBank
accession numbers are provided to the left of the strain names. Bootstrap support values are indicated at the nodes. The scale indicating the
number of substitutions per site is shown at the bottom. (F) A549 cells were infected with the wild-type MR766 strain (MOI � 1), and then the
NSAIDs were added at 50 �M. After 48 h, the cell supernatants were harvested for plaque assay. (G) A549 cells were infected with the wild-type
PRVABC59 strain (MOI � 1), and then the NSAIDs were added at 50 �M. After 48 h, the cell supernatants were harvested for plaque assay. (H)
A549 cells were infected with a wild-type DENV2 strain (MOI � 1), and then the NSAIDs were added at 50 �M. After 48 h, the cell supernatants
were harvested for plaque assay. Data are representative of those from at least three independent experiments. The means � SEM from three
independent experiments are shown. (I) A549 cells were infected with the wild-type ZIKV SYSU/2016 strain, and then the NSAIDs were added
at various concentrations. The replication of ZIKV was measured by qRT-PCR at 72 h postinfection. The IC50 was then calculated using GraphPad
Prism software. (J) A549 cells were seeded in a 96-well plate and treated with NSAIDs at 200 �M. After 48 h, cell toxicity was detected by
measuring CCK8 activity. Asp, aspirin; Ibu, ibuprofen; Nap, naproxen; Ace, acetaminophen; Lor, lornoxicam. *, P � 0.05; **, P � 0.01, ***, P �
0.001; ns, not significant.
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FIG 2 NSAIDs directly downregulate the expression of AXL. (A) HIV-1 p24-normalized (50 ng) HIV-1 Luc/Zika virus Env-pseudotyped viruses
were incubated with 50 �M NSAIDs in a 96-well plate at 37°C for 12 h. Then, the compound-virus mixtures were transferred into a
Microcon 30-kDa centrifugal filter device (Millipore) and centrifuged (7,000 � g) at 4°C for 15 min. Afterwards, fresh medium was added
onto the filter device twice to wash the compound-virus mixtures. Then, 0.5 ml DMEM was used to suspend the compound-virus mixtures,

(Continued on next page)
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The CHIP E3 ligase-mediated ubiquitin pathway is involved in AXL degrada-
tion. To investigate the mechanism underlying the NSAID-mediated degradation of
AXL, we first treated cells with the proteasome inhibitors MG132 and bortezomib
(Velcade) or the lysosome inhibitor concanamycin A (ConA). The proteasome inhibitors,
but not the lysosome inhibitor, significantly reversed the effects of the NSAIDs (Fig. 3A).
To investigate this further, we assessed the ubiquitin conjugation of AXL and observed
that the level of ubiquitinated AXL increased with NSAID treatment in the presence of
MG132 (Fig. 3B and C). To systematically search for factors that may be involved in
NSAID-induced AXL degradation, we performed a cell membrane enzyme-linked im-
munosorbent assay (ELISA) with the depletion of a number of membrane protein-
related E3 ligases or some endocytosis-related factors through the use of a mini-siRNA
library. We observed that CHIP participated in AXL degradation (Fig. 3D and E) (24). The
knockdown of CHIP with siRNA inhibited the NSAID-induced degradation of AXL, which
was rescued by CHIP overexpression (Fig. 3F and G). The interaction of CHIP with AXL
was enhanced by NSAID treatment (Fig. 3H). Collectively, our results indicate that the
NSAIDs induced AXL degradation through the CHIP/ubiquitination proteasome system
(UPS) (25, 26).

NSAIDs induce the dephosphorylation of CDC37 via the PGE2/cAMP/PKA path-
way. We further studied the signaling pathway(s) potentially used by NSAIDs for AXL
downregulation. PGE2 significantly reversed the effect of NSAIDs, indicating that
NSAIDs inhibit AXL expression by decreasing PGE2 synthesis (Fig. 4A). Indeed, NSAIDs
significantly inhibited the basal concentrations of PGE2 in A549 cells (Fig. 4B). To further
confirm that the effect of NSAIDs was due to COX inhibition, we transfected COX-1- or
COX-2-specific siRNAs in A549 cells and observed that both cyclooxygenases were
involved in AXL maintenance (Fig. 4C). PGE2 acts by interacting with its receptor, EP,
leading to the activation of adenylyl cyclase (AC) and an increase in the cAMP level;

FIG 2 Legend (Continued)
the filter device was centrifuged in reverse (500 � g) at 4°C for 5 min, and the solution was collected and used to infect HEK293T cells
after HIV-1 p24 normalization. After 72 h, the intracellular luciferase activity was measured. (B) A549 cells were incubated with the various
NSAIDs for 12 h. After washing, the cells were then infected with HIV-1 Luc/Zika virus Env-pseudotyped viruses. Intracellular luciferase
activity was measured after 72 h. The assay performed during treatment was the same as the antiviral entrance assay. The results are
representative of those from at least three independent experiments. (C) A549 cells were incubated with NSAIDs for 48 h, and then the
expression of AXL was detected by Western blotting. (D) A549 cells were incubated with NSAIDs at various concentrations. After 48 h, the
expression of AXL was detected by Western blotting. (E) A549 cells were incubated with NSAIDs at 50 �M. The expression of AXL was
detected by Western blotting at several time points. (F) Human SNB19 glioma cells and LN229 glioblastoma cells were incubated with the
NSAIDs at 50 �M. After 48 h, the expression of AXL was detected by Western blotting with an anti-AXL antibody. (G) A549 cells were
incubated with the NSAIDs at 50 �M. After 48 h, total RNA was extracted with the TRIzol reagent and the mRNA expression of AXL was
detected by qRT-PCR. (H) A549 cells were treated with NSAIDs for 48 h, and then the surface proteins were biotinylated. Comparable
amounts of lysates were immunoprecipitated with streptavidin-coated agarose and detected by Western blotting with anti-AXL antibody.
(I) A549 cells were treated with NSAIDs for 48 h, and then the surface AXL proteins were detected by flow cytometry. (J) A549 cells were
treated with NSAIDs for 48 h, and then the surface AXL proteins were detected by confocal microscopy. Bars, 10 �m. (K) Pulse-chase
experiments. Cells were pulsed with [35S]methionine for 15 min and then chased in the presence of DMSO or 50 �M ibuprofen for the
indicated times. The levels of amino acids incorporated into the immunoprecipitated (IP) AXL are shown. The relative amount of AXL was
calculated at several time points and normalized. (L) Pulse-chase experiments. Cells were pulsed with [35S]methionine for 15 min and then
chased in the presence of DMSO, 50 �M ibuprofen, 50 �M ibuprofen plus 10 �M MG132, or 10 �M MG132 for the indicated times. The
levels of amino acids incorporated into the immunoprecipitated AXL are shown. The relative amount of AXL was calculated and
normalized. (M) A549 cells were infected with the wild-type ZIKV SYSU/2016 strain, and then the NSAIDs were added at 50 �M. After 48
h, the cells were harvested for Western blotting with primary antibodies against the AXL and ZIKV E proteins. (N) AXL�/� A549 cells were
generated by CRISPR/Cas9 gene editing. The A549 cells or AXL�/� A549 cells were infected with the wild-type ZIKV SYSU/2016 strain
(MOI � 1). After 48 h, the cells were harvested for Western blotting with primary antibodies against the AXL and ZIKV E proteins. (O) A549
cells were transfected with TIM-1–FLAG-, TYRO3-FLAG-, and MERTK-FLAG-expressing plasmids and then incubated with the NSAIDs at 50
�M. After 48 h, the expression of TIM-1, TYRO3, and MERTK was detected by Western blotting with an anti-FLAG antibody. (P) A549 cells
were transfected with siRNA against AXL or TIM-1, and then these cells were infected with wild-type ZIKV or DENV2. After 48 h, cells were
collected for Western blotting with primary antibodies against the AXL, TIM-1, ZIKV E, and DENV NS1 proteins. (Q) (Top) Schematic
illustration of a time-of-addition experiment for treatment with ibuprofen (WB, Western blotting); (middle) representative images of
Western blots of A549 cells after treatment with 50 �M ibuprofen for 1 h before or 4 h after infection with MR766 (MOI � 1); (bottom)
quantification of ZIKV E protein band intensities relative to those for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (n � 3
cultures). Data were normalized to those obtained for DMSO-treated cells. Values represent the mean � SD. (R) A549 cells were treated
with 50 �M ibuprofen or DMSO for 1 h prior to infection. Cells were incubated with the viral inoculum at an MOI of 1 for 2 h on ice and
then at 37°C (denoted the 0-h time point). Cells were washed with PBS, and total RNA was collected and purified at each time point for
qRT-PCR analysis of ZIKV RNA. The relative ZIKV RNA levels after normalization to the GAPDH RNA levels in the same sample are plotted.
P values were determined by one-way ANOVA for comparison with the DMSO treatment (n � 3 cultures). *, P � 0.05; **, P � 0.01; ***,
P � 0.001; ns, not significant.
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FIG 3 The CHIP E3 ligase-mediated ubiquitin pathway is involved in the degradation of AXL. (A) A549 cells were incubated with NSAIDs,
and then 2 �M MG-132, 100 nM bortezomib, or 50 nM ConA was added. At 48 h posttreatment, the cells were collected for Western
blotting. (B) A549 cells were transfected with FLAG-tagged AXL and then treated with or without 50 �M NSAIDs for 48 h, and then 2 �M
MG-132 was added. After co-IP with AXL antibody, the purified proteins were subjected to Western blotting with primary antibodies to
AXL, GAPDH, and ubiquitin (Ub; antibody FK2). (C) Proximity ligation assay to detect the ubiquitin of AXL in A549 cells. A549 cells were
treated with DMSO, ibuprofen, or ibuprofen plus MG132 for 48 h. Then, the ubiquitin signals were captured by a Sigma Duolink in situ

(Continued on next page)
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subsequently, cAMP activates protein kinase A (PKA) (27). To further investigate if this
signaling pathway is involved in AXL degradation, we used EP receptor inhibitors and
observed that addition of the EP2 inhibitor PF-04418948 (28) rather than the EP4
inhibitor (29) facilitated AXL degradation (Fig. 4D). Next, we added forskolin, a specific
activator of AC, to the cell culture (30). The results showed that forskolin effectively
counteracted the inhibitory effect of NSAIDs on AXL. However, a specific PKA kinase
inhibitor, H89, significantly facilitated AXL degradation (Fig. 4E); a PKA-specific siRNA
also exerted a similar effect (Fig. 4F). Interestingly, H89 itself could also significantly
inhibit the replication of wild-type ZIKV in A549 cells (Fig. 4G). Overall, these results
indicate that NSAIDs promote AXL degradation by downregulating PKA activity via the
PGE2/EP2/cAMP/PKA pathway.

NSAIDs inhibit the formation of the HSP90-CDC37 complex. As HSP70, CHIP,
HSP90, and CDC37 are involved in the CHIP-mediated pathway, we then investigated
the putative PKA phosphorylation site(s) in these proteins (26). CDC37 is an important
cochaperone for HSP90, which stabilizes and activates more than half of the human
kinome (31–34). We performed phosphorylation mass spectrometry (phosphor-MS)
analysis of the above-mentioned proteins, which were immunoprecipitated from the
cells treated with or without ibuprofen. The phosphor-MS data revealed a phosphor-
ylated peptide corresponding to amino acid residue serine 97 (S97) of CDC37 in
immunoprecipitates prepared from dimethyl sulfoxide (DMSO)-treated cells but not in
those prepared from NSAID-treated cells (Fig. 5A and B). Online software predicted that
the PKA phosphorylation site was in the S97 region (Fig. 5C). Furthermore, the results
of an antiphosphorylation Western blot analysis for wild-type CDC37 and CDC37 with
the S97 mutation indicated that S97 was the target of PKA (Fig. 5D). PKA catalyzed the
phosphorylation of glutathione S-transferase (GST)-CDC37 but not that of GST-CDC37
with the S97A mutation in vitro (Fig. 5E), which corroborates this observation. Unex-
pectedly, we found that treatment with the NSAIDs inhibited the HSP90-CDC37 inter-
action when we prepared the samples for phosphor-MS (Fig. 5F). Further coimmuno-
precipitation (co-IP) analysis also supported this finding (Fig. 5G). We also found that
NSAID treatment reduced the interaction between HSP90 and AXL (Fig. 5H). The
mutation at S97 decreased the interaction between HSP90 and CDC37 (Fig. 5I). Deple-
tion of CDC37 with siRNA decreased the interaction between AXL and HSP90. However,
overexpression of wild-type CDC37 but not that of CDC37 with the S97A mutation
rescued the AXL-HSP90 interaction (Fig. 5J). Collectively, our results indicate that
NSAID-mediated dephosphorylation of CDC37 at S97 inhibits the CDC37-HSP90 inter-
action. As CDC37 is involved in HSP90 function and bridges the interaction between
HSP90 and AXL, this inhibition leads to an incorrect AXL conformation and subse-
quently facilitates AXL degradation through the HSP90-CHIP-UPS pathway.

NSAIDs inhibit the replication of Zika virus in HUVECs by inducing AXL deg-
radation. As ZIKV has been reported to cause fetal microcephaly, we then evaluated
the inhibitory effect of NSAIDs on ZIKV replication in fetal endothelial cells, which act
as a barrier between the maternal and fetal compartments. We observed a significant

FIG 3 Legend (Continued)
red starter kit mouse/rabbit (catalog number DUO92101-1KT). Red, ubiquitin (antibody FK2); green, AXL (antibody C89E7); blue, DAPI. Bars,
10 �m. (D) Screening of membrane proteins related to E3 ligase and some endocytosis-related factors with an siRNA library. A549 cells
were seeded in a 96-well plate and were transfected with an siRNA library, followed by treatment with 50 �M ibuprofen. After 48 h, cells
were detected by a cell membrane ELISA. The assays were repeated 3 times, and the siRNAs enhanced 20% were chosen for use in the
next step. (E) A549 cells were transfected with siRNA against VPS25, MARCH-4, and CHIP, followed by treatment with 50 �M ibuprofen.
After 48 h, the cells were detected by a cell membrane ELISA. The assays were repeated 3 times, and the siRNAs enhanced 20% were
chosen for use in the next step. *, P � 0.05; **, P � 0.01; ns, not significant. (F) A549 cells were first treated with DMSO or ibuprofen and
then transfected with siRNA against the negative control (NC) (si-NC) or CHIP (si-CHIP). After 48 h, cell surface AXL expression was detected
by flow cytometry. (G) A549 cells were transfected with 50 nM siRNA against NC, 50 nM siRNA against CHIP, or 50 nM siRNA against CHIP
plus 500 ng the pcDNA3.1-CHIP or pcDNA3.1 plasmid. Then, the cells were incubated with or without ibuprofen. After 48 h, cells were
harvested and the expression of AXL was detected by Western blotting. GFP, green fluorescent protein. (H) A CHIP-HA-expressing plasmid
was transfected into HEK293T cells, and the cells were treated with or without ibuprofen. At 48 h posttransfection, cells were collected
for co-IP with an anti-HA antibody, followed by Western blotting with an anti-AXL antibody. The plasmid expressing green fluorescent
protein-HA served as a negative control.
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decrease in the AXL protein level in HUVECs after they were initially treated with several
NSAIDs (Fig. 6A). Then, we quantified AXL cell surface expression by flow cytometry
after treating HUVECs with NSAIDs and found that the drugs reduced AXL expression
on the cell surface (Fig. 6B). Furthermore, the NSAIDs also indeed significantly inhibited
the basal concentrations of PGE2 in A549 cells (Fig. 6C). The NSAIDs significantly
reduced viral replication in HUVECs infected with ZIKV MR766 (rhesus/1947/Uganda) at
a multiplicity of infection (MOI) of 1 (Fig. 6D). Furthermore, we assessed virus growth
and RNA copy numbers and observed that the NSAIDs significantly inhibited ZIKV
replication in HUVECs (Fig. 6E and F). To determine whether AXL expression on HUVECs
contributed to ZIKV infection, we knocked out AXL using the CRISPR/Cas9 system. In
agreement with the reduction in AXL expression to undetectable levels, ZIKV infection
was almost abolished, as determined by measurement of E protein expression using

FIG 4 NSAIDs induce the dephosphorylation of CDC37 by the PGE2/cAMP/PKA pathway. (A) A549 cells were incubated with the NSAIDs
for 48 h and then were treated with or without 5 �M PGE2 for 24 h before harvest. The cells were subjected to Western blotting. (B) A549
cells were treated with different concentration of NSAIDs, and after 48 h the cells were harvested and lysed for detecting PGE2 via ELISA.
P values were determined by one-way ANOVA for comparison with the DMSO treatment (n � 3 cultures). *, P � 0.05; **, P � 0.01. (C) A549
cells were transfected with 50 nM siRNAs against COX-1 and/or COX-2. After 48 h, cells were subjected to Western blotting with an
anti-AXL antibody. (D) An EP2 or an EP4 inhibitor was added to the A549 cells. After 48 h, the cells were subjected to Western blotting
with an anti-AXL antibody. (E) A549 cells were incubated with the NSAIDs for 48 h, and then the culture was treated with or without 10
�M forskolin (FSK) or 5 �M H89 for 24 h before harvest. Then, the cells were subjected to Western blotting. (F) A549 cells were transfected
with 50 nM siRNA against PKA (si-PKA) and were then treated with or without 50 �M NSAIDs. After 48 h, the cells were harvested and
subjected to Western blotting with an anti-AXL antibody. (G) A549 cells were infected with the wild-type ZIKV SYSU/2016 strain, and then
H89 was added at 5 �M or 10 �M. After 48 h, the cells were harvested for Western blotting with primary antibodies against AXL or the
ZIKV E protein.
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FIG 5 NSAIDs inhibit the formation of the HSP90-CDC37 complex. (A) The phosphorylation of S97 was demonstrated from
the MS/MS spectrum of the m/z 708.303324 ion at a retention time (RT) of 34.29 min. FTMS, Fourier transform mass
spectrometry; Tol, tolerance. (B) The extracted ion chromatogram of m/z 708.303324 corresponds to the triply charged
CDC37 phosphopeptide (amino acids [aa] 97 to 106, pSWEQKLEEMR), which was identified in immunoprecipitated
CDC37-FLAG from DMSO-treated cells but not that from ibuprofen-treated cells. NL, normalized level. (C) Online software
(http://kinasephos.mbc.nctu.edu.tw/) was used to predict the PKA phosphorylation site on CDC37 and show a common
motif (RXXS) in S97. (D) A CDC37-FLAG- or CDC37-S97A-FLAG-expressing plasmid was transfected into A549 cells, and then
the cells were treated with or without 50 �M ibuprofen. After 48 h, the cells were immunoprecipitated from total lysates
with anti-FLAG antibody-coated beads. (Top) The resulting samples were subjected to Western blotting with a
phosphorylation-specific PKA substrate. (Bottom) The stripped membrane was reprobed with an anti-FLAG antibody. (E)
Phosphorylation of CDC37 by PKA in vitro. Bacterially produced GST fusion proteins, including wild-type CDC37 or the

(Continued on next page)
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Western blot analysis (Fig. 6G to H). As AXL is a member of the TYRO3, AXL, and MERTK
(TAM) family, we also assessed the roles of MERTK and TYRO3 in ZIKV infection in
HUVECs. TAM family-expressing plasmids were transfected into AXL-KO HUVECs indi-
vidually, followed by infection with ZIKV MR766 (rhesus/1947/Uganda) and ibuprofen
treatment. The results showed that overexpression of TAM family members rendered
the AXL-KO HUVECs susceptible to ZIKV infection. However, the NSAIDs inhibited ZIKV
replication only when AXL was overexpressed and not when MERTK or TYRO3 was
overexpressed (Fig. 6I to J). Collectively, these results indicate that AXL is an important
factor for ZIKV infection of fetal endothelial cells and that the NSAIDs inhibit ZIKV
replication by specifically inducing AXL degradation.

DISCUSSION

Recent reports showed that the expression of several known flavivirus entry-related
factors, including AXL, dendritic cell-specific intercellular adhesion molecule-3-
grabbing nonintegrin (DC-SIGN), TIM-1, and TYRO3, may confer sensitivity to ZIKV in
susceptible cells (14, 17, 35). In this study, we observed that NSAIDs inhibited ZIKV
replication by downregulating the viral entry cofactor AXL (36), which belongs to the
TAM family of receptor tyrosine kinases (RTKs), known to regulate diverse cellular
processes (37). Consistent with previous results, our data also indicated that the AXL-KO
cells were no longer infected with ZIKV (17, 35, 36). NSAIDs inhibited ZIKV replication
mediated by overexpressed AXL but not that mediated by overexpressed TYRO3 or
MERTK in HUVECs, indicating that the function of NSAIDS is AXL specific. Conversely, as
the three TAM family members share high sequence homology and can partially
compensate for each others’ function, we speculated that TYRO3, which is expressed at
low levels in most ZIKV-targeting cells under physiological conditions, may efficiently
substitute for AXL and function as a ZIKV entry cofactor under certain circumstances
(35). To verify this hypothesis, we detected the mRNA levels of MERTK, TYRO3, and
TIM-1 in the spleens of AXL-KO mice. TYRO3 expression was 3- to 4-fold higher in the
KO mouse than in the wild-type mouse, although MERTK and TIM-1 expression re-
mained unaltered (data not shown). This result could explain why AXL-knockout mice
could still be efficiently infected by ZIKV (21, 38, 39). In addition, although Wells et al.
found that the loss of AXL did not affect infectivity or virus-mediated cell death in
neural progenitors or cerebral organoids, they indeed observed that TYRO3 expression
increased, with TYRO3 possibly acting as a substitute for AXL and functioning as a viral
entry cofactor for ZIKV (39). Nevertheless, we observed that the knockout of AXL in
HUVECs prevented ZIKV infection, suggesting that AXL plays a major role in mediating
ZIKV infection in these human endothelial cells but not in other tissues (17). Consid-
ering that human endothelial cells are major placental barrier cells, the potent inhib-

FIG 5 Legend (Continued)
CDC37-S97A mutant (each at 100 ng), were incubated with or without 2,500 units of the catalytic subunit of PKA in a kinase
buffer at 30°C for 1 h. The extent of phosphorylation was assessed by Western blot analysis using the phosphorylation-
specific PKA substrate antibody (p-CDC37, phosphorylated CDC37) (top). The membrane was then stripped and reprobed
using an anti-CDC37 antibody (bottom). (F) A549 cells were transfected with a CDC37-FLAG-expressing plasmid and were
then treated with or without 50 �M ibuprofen. After 48 h, cells were harvested and cell lysates were subjected to
immunoprecipitation with anti-FLAG antibody-coated beads, followed by SDS-PAGE. The gel was then stained with
Coomassie brilliant blue. The indicated proteins were identified by mass spectrometry. (G) The CDC37-FLAG-expressing
plasmid was transfected into A549 cells, and then the cells were treated with or without 50 �M ibuprofen. Cells were
collected at 48 h posttransfection for immunoprecipitation with an anti-FLAG antibody, followed by Western blotting with
an anti-HSP90 antibody. The green fluorescent protein-FLAG-expressing plasmid served as a negative control. (H) A549
cells were transfected with an HSP90-FLAG-expressing plasmid and then were treated with or without 50 �M ibuprofen.
At 48 h posttransfection, cells were harvested for co-IP with FLAG beads, followed by Western blotting with an anti-AXL
antibody. (I) A CDC37-FLAG-expressing or CDC37-S97A-FLAG-expressing plasmid was transfected into A549 cells, and then
cells were collected at 48 h posttransfection for immunoprecipitation with FLAG beads. The resulting samples were
subjected to Western blotting with anti-HSP90 or anti-FLAG antibodies. (J) A549 cells were transfected with the indicated
siRNAs and/or plasmids: 50 nM siRNA against NC (si-NC) plus 4 �g HSP90-FLAG plasmid; 50 nM siRNA against CDC37
(si-CDC37) and 4 �g HSP90-FLAG-expressing plasmid; 50 nM siRNA against CDC37, 4 �g HSP90-FLAG-expressing plasmid,
and 2 �g CDC37-expressing plasmid; or 50 nM siRNA against CDC37, 4 �g HSP90-FLAG-expressing plasmid, and 2 �g
CDC37-S97A-expressing plasmid. After 48 h, cells were collected for co-IP experiments with FLAG beads. The resulting
samples were subjected to Western blotting with anti-CDC37, anti-AXL, antiactin, and anti-FLAG (HSP90) antibodies.
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FIG 6 NSAIDs inhibit the replication of Zika virus in HUVECs by inducing the degradation of the AXL
receptor. (A) HUVECs were incubated with the NSAIDs for 48 h, and then the cells were harvested. The
expression of AXL was detected by Western blotting. (B) HUVECs were incubated with the NSAIDs for 48
h, and then the cells were harvested. The expression of surface AXL was detected by flow cytometry. (C)
HUVECs were treated with different concentration of the NSAIDs, and after 48 h cells were harvested and
lysed to detect PGE2 via ELISA. P values were determined by one-way ANOVA for comparison with the
DMSO treatment (n � 3 cultures). *, P � 0.05; **, P � 0.01. (D) HUVECs were infected with the wild-type
ZIKV MR766 strain (MOI � 1), and then the NSAIDs were added at 50 �M. After 48 h, the cells were
harvested for Western blotting with primary antibodies against the ZIKV E protein. (E) HUVECs were
infected with the wild-type ZIKV SYSU/2016 strain, and then the NSAIDs were added. The replication of
ZIKV was measured at 72 h postinfection by qRT-PCR. **, P � 0.01. (F) HUVECs were infected with the
wild-type ZIKV SYSU/2016 strain (MOI � 1), and then the NSAIDs were added at 50 �M. The cell
supernatants were harvested at 0 h, 24 h, 48 h, 72 h, and 96 h for plaque assay. (G) The efficiency of AXL
gene editing via the CRISPR/Cas9 method, directed by an AXL-specific sgRNA in HUVECs (AXL-KO cells;
red) and wild-type HUVEC (control cells; blue), is shown. (H) HUVECs and AXL-KO HUVECs were infected
with the wild-type ZIKV MR766 strain. After 48 h, the cells were harvested for Western blotting with
primary antibodies against the AXL and ZIKV E proteins. (I) Plasmids expressing AXL, MERTK, and TYRO3
were individually transfected into AXL-KO HUVECs. After 24 h, these cells were infected with the
wild-type ZIKV MR766 strain, and then the NSAIDs were added at 50 �M. After 48 h, cells were harvested
for Western blotting with primary antibodies against the ZIKV E protein. (J) HUVECs were transfected with
AXL-FLAG-, TYRO3-FLAG-, and MERTK-FLAG-expressing plasmids. After 48 h, the expression of TIM-1,
TYRO3, and MERTK was detected by Western blotting with an anti-FLAG antibody.
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itory effect of NSAIDs on ZIKV infection via AXL targeting may efficiently prevent the
transmission of ZIKV from the maternal compartment to the fetal compartment.

Our findings indicate that NSAIDs potently inhibit the COX-1/2 enzymatic activity
and the production of PGE2. Consequently, signal transduction through the EP2
receptor to cAMP decreases and protein kinase A activity is inhibited. Alternatively,
to identify E3 ligases or endocytosis-associated factors that may be involved in AXL
degradation, we generated a mini-siRNA library for membrane protein degradation-
related E3 ligases or endocytosis-related factors using cell membrane ELISA. The
results indicated that the CHIP pathway is the major target utilized by NSAIDs to
induce AXL degradation. The function of CHIP-HSP70 is closely related to that of
HSP90, which maintains newly synthesized proteins in the correct conformation.
HSP90 inhibitors facilitate the degradation of client proteins via the HSP70-CHIP-
UPS pathway. It is well-known that HSP70, CHIP, and HSP90 are involved in the
CHIP-mediated pathway (26). The client protein, if not properly fold by HSP90, is
eventually passed to HSP70-CHIP for degradation. It is not surprising that NSAID
treatment eliminated AXL on the plasma membrane (PM), as 17-allylamino-17-
demethoxygeldanamycin-mediated HSP90 inhibition also showed the same effect
(40). CHIP can also act on the PM (41), and the degradation of certain other receptor
tyrosine kinases (RTKs), such as HER2/ERBB2 and c-Met, are mediated by CHIP (26).
Our results indicate that all pools of AXL, including these newly synthesized AXL
pools and AXL on the PM or in endosomes for recycling, are reduced by the
HSP90-CHIP system, as they affect the membrane proteins at multiple steps (34).
However, as both MG132 and bortezomib significantly prevented the degradation
of AXL, we believe that AXL is targeted for NSAID-mediated degradation before it
reaches the plasma membrane, and a reduction in its level eventually affects the
amount of AXL on the PM.

HSP90 requires various cochaperones to accomplish its function. Among them, CDC37
is an important cofactor of HSP90 that assists in stabilizing and activating more than half of
the human kinome and, therefore, is one of the major cofactors that will be targeted for
evaluation in further studies (31–34). To further understand the mechanism of NSAID-
mediated AXL degradation, we examined the putative PKA phosphorylation site(s) in
HSP70, CHIP, HSP90, CDC37, and AXL that could be sensitive to NSAIDs using phosphor-
ylation mass spectrometry, anti-PKA phosphorylation Western blotting, site-specific mu-
tagenesis, and in vitro phosphorylation and identified that S97 of CDC37 is the PKA target
that can be inhibited by NSAIDs. As S97 is located in the long coiled-coil structure in the
N-terminal domain (NTD) of CDC37, which was recently identified to be the second binding
site for CDC37-HSP90 and a bridge during conformational changes associated with the
CDC37-HSP90 interaction (32, 42), we hypothesized that the NSAID-mediated reduction in
phosphorylation at this site may change the interface between CDC37 and HSP90 and
affect their binding affinity. Incorrect interactions between CDC37 and HSP90 certainly
reduce their function during multiple ATP hydrolysis events. As a result, AXL accumulates
in an abortive folding complex, and HSP70-CHIP eventually mediates its degradation (Fig.
7). An HSP90 ATP hydrolysis inhibitor also potently decreases the expression of AXL
expression, which thereby supports our hypothesis (40).

NSAIDs are widely used in clinics to treat various diseases, including viral infections. As
aspirin can trigger aberrant fetal development and cause Reye’s syndrome during viral
infection, it should not be used for treating ZIKV infection. Nevertheless, certain NSAIDs,
such as ibuprofen and acetaminophen, which can be used to treat various diseases during
pregnancy, can also be used to protect fetuses from ZIKV infection, especially during the
middle stage of pregnancy (43). In conclusion, we have identified a novel target for
inhibiting ZIKV replication and suggest a novel treatment modality for controlling ZIKV
infection.

MATERIALS AND METHODS
Ethics statement. All mouse experiments were carried out in strict accordance with good animal

practice, as defined by the National Centre for the Replacement, Refinement & Reduction of Animals in
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Research (NC3Rs), and in the accordance with the Sun Yat-Sen University Laboratory Animal Center
guidelines and were approved by the Institutional Animal Care and Use Committee of Sun Yat-Sen
University. The Ethics Committee of Animal Experimentation of Sun Yat-Sen University approved all
animal work. Animals were bred and housed under conventional conditions. The project license number
assigned by the ethics committee is SYSU-2016-053. All efforts were made to minimize animal suffering.
The use of human samples from ZIKV-infected patients was also approved by the Guangzhou Women
and Children’s Medical Center. We received the samples from its collection, and all samples were
anonymized. The Zika viruses were isolated from the urine of a ZIKV-infected man who had traveled from
Venezuela to China in March 2016. The symptoms and the findings of clinical examinations of this patient
were well described in a recent report. This patient was the father (patient 1) of a 4-person ZIKV-infected
family. Informed consent to use his urine sample was provided.

Cells and plasmids. A549, HEK293T, and Vero cells were obtained from ATCC and maintained in
Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco) at
37°C with 5% CO2. The genotypes of all the cell lines were verified, and the cells were mycoplasma free.
HUVECs were maintained in endothelial cell medium (catalog number SC-1001; ScienCell). The DNA
sequences of the Zika virus prM/E and dengue virus prM/E proteins were chemically synthesized by
Genewiz (Suzhou, China) and inserted into the pcDNA3.1 plasmid. An AXL-expressing plasmid was
constructed by amplifying the mRNA of AXL by reverse transcription-PCR (RT-PCR), which was confirmed
by sequencing, followed by insertion into plasmids pcDNA3.1 with a hemagglutinin (HA) tag and
pcDNA3.1 with a FLAG tag. CHIP-HA-, HSP90-FLAG- and CDC37-FLAG-expressing plasmids were pur-
chased from Vigene Biosciences Company. The siRNA-resistant CHIP- and CDC37-expressing plasmids
were generated by mutating the CHIP- and CDC37-specific siRNA target sequences in the CHIP-HA- and
CDC37-FLAG-expressing plasmids with multiple silent mutations (the sites of the mutations are under-
lined): for CHIP, 5=-CTATGAAGGAGGTTATTGA-3=, 5=-AGGCCAAGCACGACAAGTA-3=, and 5=-GGAGATGGA
GAGCTATGAT-3=; and for CDC37, 5=-AGACAATCGTCATGCAATT-3= and 5=-GGCAGTTCTTCACTAAGAT-3=.

Reagents and antibodies. DMEM, FBS, the Lipofectamine 2000 and 3000 reagents, DAPI (4=,6-
diamidino-2-phenylindole), and penicillin-streptomycin were obtained from Gibco. The NSAIDs, MG132,
ConA, forskolin, and H89 were purchased from Selleck. PGE2 and balanol were purchased from Sigma.
PF-04418948 and MF498 were purchased from MedChem Express. All the smart pools of siRNA were
obtained from the RiboBio Company (Guangzhou, China), and the siRNA target sequences are listed in
Table S1 in the supplemental material. All the information about the antibodies is also listed in Table S2.

GST-tagged protein purification. Plasmid pGEX6p-1 expressing the GST-tagged CDC37 or GST-
tagged CDC37-S97A gene was transformed into Escherichia coli BL21 competent cells (TaKaRa). After the
expression of the proteins was induced by 1 mM isopropyl-thio-�-D-galactoside, the bacterial cells were
lysed by sonication. The insoluble fraction was pelleted at 10,000 � g for 10 min, and the supernatant
was applied to a glutathione-Sepharose column (GE). After washing, the bound GST fusion proteins were
eluted and the concentration was measured by the Bradford method. The samples were subsequently
aliquoted and frozen at �80°C.

Cell-based ELISA for detecting cell surface proteins. The procedures for detecting cell surface
proteins described previously were followed, with minor modifications (24). Briefly, A549 cells were
seeded into a 96-well plate at 20,000 cells/well and then transfected with various siRNAs per well on the
next day. After the cells were treated with the NSAIDs for 48 h, the cells were fixed with 4% parafor-
maldehyde and blocked with 5% milk, followed by washing with ice-cold phosphate-buffered saline
(PBS). Primary antibodies from two different host species were added at 4°C for 1 h. One was specific for
the target protein, AXL (rabbit), and the other was specific for IgG protein (mouse), which was used for
normalization. Unbound antibody was washed away with PBS. Then, horseradish peroxidase (HRP) and
alkaline phosphatase (AP) were used. Two spectrally distinct fluorogenic substrates for HRP or AP were
used to simultaneously detect both the target and the normalization proteins in the same well.
Fluorescence was measured with excitation at a wavelength of 540 nm and emission at a wavelength 600

FIG 7 Schematic for NSAID-mediated AXL degradation. NSAIDs potently inhibit the COX-1/2 enzymatic
activity and the production of PGE2. The signal through the EP2 receptor to cAMP consequently
decreases. As a result, the protein kinase A (PKA) activity is inhibited. The S97 at the N-terminal domain
of CDC37 is the specific target site for PKA. Its less phosphorylated status leads to a decreased interaction
between CDC37 and HSP90. ZIKV entry cofactor AXL, as the client kinase, is improperly folded and
eventually degraded by HSP70-CHIP-UPS.
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nm for the F1 substrate (the HRP-specific substrate). A second reading was taken with excitation at a
wavelength of 360 nm and emission at a wavelength 450 nm for the F2 substrate (the AP-specific
substrate).The fluorescence of the target protein, AXL, could be adjusted to that for the normalization
protein, IgG, to account for well-to-well variations.

Generation of Zika virus Env/HIV-1-pseudotyped viruses and high-throughput screening.
High-throughput screening was performed by following the procedures described in our previous report
(44). The pseudotyped viruses were produced by the cotransfection of pHIV-luciferase, pCMV-ΔR8.2, and
different envelope (Env)-expressing plasmids into HEK293T cells that were 90% confluent in a 10-cm
plate with the Lipofectamine 2000 reagent by following the instructions of the manufacturer (Invitrogen).
A 1,600-drug FDA-approved library was purchased from Topscience (Shanghai, China). High-throughput
screening was conducted in 96-well plates with 50 �M compounds per well. A549 cells were infected
with 200 �l HIV-1 Luc/Zika virus Env-pseudotyped viruses containing 10 �g/ml Polybrene and then
incubated with the different compounds. After 72 h, the intracellular luciferase activity was examined
with a GloMax 96 microplate luminometer (Promega), and the compounds that inhibited the luciferase
activity by more than 50% were selected for secondary screening, which was executed with both HIV-1
Luc/Zika virus Env and HIV-1 Luc/VSV G-pseudotyped viruses by a similar procedure.

Western blotting and coimmunoprecipitation (co-IP). A549 cells were transfected with the
indicated plasmids by use of the Lipofectamine 3000 reagent. After 48 h, cells were lysed at 4°C in
radioimmunoprecipitation assay (RIPA) lysis buffer (Millipore), and the lysates were clarified by centrif-
ugation at 10,000 � g for 20 min. Then, the lysates of the proteins were subjected to Western blotting.
For immunoprecipitation, comparable amounts of protein-containing lysate were incubated with the
appropriate antibody for 3 h or overnight and then with protein A/G-Sepharose for 1 h at 4°C.
Antigen-antibody-bead complexes were centrifuged, washed using washing buffer (20 mM Tris-HCl, pH
7.4, 150 mM NaCl, 0.1% Triton X-100), resuspended in the RIPA buffer, and subjected to SDS-PAGE. If
these plasmids were HA or FLAG tagged, the immunoprecipitation was simplified with HA or FLAG beads
(Sigma).

In vitro PKA phosphorylation assay. For the in vitro PKA phosphorylation assay, the procedures
described previously were followed with minor modifications (45). Briefly, GST-CDC37 and GST-CDC37-
S97A fusion proteins were generated as described above. For each of the substrates, 100 ng was
incubated with or without 1 �l (2,500 units) of the catalytic subunit of PKA (cAMP-dependent protein
kinase [PKA]; New England BioLabs) in kinase buffer (50 mmol/liter Tris-HCl, pH 7.5, 10 mmol/liter MgCl2,
2.5 mmol/liter ATP) in a total volume of 25 �l at 30°C for 1 h. The reactions were terminated by lowering
the temperature to 0°C or by adding sample loading buffer. The proteins were then subjected to
SDS-PAGE and detected by Western blotting using a phospho-(Ser/Thr) PKA substrate antibody. The
membranes were stripped and then reprobed using anti-CDC37 antibody.

Biotinylation of surface proteins. The procedures for the biotinylation of surface proteins described
previously were followed with minor modifications (40). Briefly, A549 cells grown to about 90%
confluence were washed twice with ice-cold PBS, and surface proteins were labeled for 30 min using 1
mg/ml EZ-Link sulfo-NHS-SS-biotin (Pierce). The unreacted biotin was removed by washing with 50 mM
NH4Cl in PBS. All manipulations were carried out on ice to avoid internalization at these steps. The cells
were then lysed in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA). Comparable amounts of proteins were incubated overnight with
streptavidin-agarose resin (Pierce), and then the proteins were thoroughly washed, denatured, and
analyzed by Western blotting with anti-AXL antibodies.

[35S]methionine-cysteine labeling and pulse-chase analysis. For [35S]methionine-cysteine labeling
and pulse-chase analysis, the procedures described previously were followed with minor modifications (31).
Briefly, A549 cells plated in a 60-mm dish at 80% confluence were starved for 1 h in methionine- and
cysteine-free DMEM (Sigma) containing 2% dialyzed FBS. The cells were then metabolically labeled with
200 �Ci of [35S]methionine-cysteine (Express 35S protein labeling mixture; PerkinElmer Life Sciences) for 15
min in methionine- and cysteine-free medium (pulse); unbound radioactive amino acids were washed and
incubated with prewarmed complete medium (chase) in the presence of DMSO or 50 �M ibuprofen. The cells
were then disrupted in ice-cold RIPA lysis buffer, and comparable amounts of cell extracts were immuno-
precipitated with anti-AXL antibody. After washing 3 times, samples were subjected to SDS-PAGE, followed
by transfer onto a nitrocellulose membrane. The labeled proteins were visualized by autoradiography.

In vitro infection. A549 cells or other cells were seeded in 6-well plates. Then, the cells were infected
with ZIKV at an MOI of 1 and treated with NSAIDs. After 48 h, the cells were harvested for Western
blotting with the primary antibody to the Zika virus E protein.

LC-MS/MS analysis. The CDC37-FLAG-, HSP90-FLAG-, HSP70-FLAG-, or CHIP-FLAG-expressing plas-
mids were transfected into A549 cells. The cell lysates were prepared and incubated with anti-FLAG
antibody-conjugated beads. The immunoprecipitated proteins were resolved by SDS-PAGE and stained
with Coomassie brilliant blue. Protein bands corresponding to the indicated proteins from ibuprofen-
treated and untreated cells were excised, reduced, alkylated, and digested with trypsin (Promega) in 50
mM ammonium bicarbonate for 16 h at 37°C. The resultant peptides were analyzed on an Easy nLC 1000
liquid chromatography (LC) system coupled to an Orbitrap Q Exactive mass spectrometer (Thermo Fisher
Scientific). To generate an extracted ion chromatogram, the raw data were processed using Xcalibur
software (Thermo Fisher Scientific) and directly analyzed against the Swiss-Prot database, with restriction
to Homo sapiens, with the Mascot search engine (version 2.4; Matrix Science).

CRISPR/Cas9-mediated silencing of AXL expression. The method of CRISPR/Cas9-mediated silenc-
ing was performed by following the procedures described previously with minor modifications (46). To
generate the AXL gene-edited HUVECs or A549 cells, an AXL-specific single guide RNA (sgRNA; sgRNA
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sequences, 5=-CACCGCAGAGCCCGTGGACCTACTC-3= and 5=-AAACGAGTAGGTCCACGGGCTCTGC-3=) was
cloned into the lentiCRISPR (version 2) plasmid (catalog number 52961; Addgene). HUVECs or A549 cells
were transduced with lentiviruses coexpressing Cas9 and sgRNA and selected with 2 �g/ml puromycin
at 48 h postransduction for 2 days. After that, cells were detached and plated for further infection assays
and the analysis of AXL expression. To generate a single AXL�/� A549 cell clone, the cells were collected
and replated onto 96-well plates at a concentration of approximately 0 to 2 cells/well. One week later,
cells from single colonies were selected for further validation by Western blotting and sequencing.

Wild-type ZIKV isolation. The Zika viruses were isolated from the urine of a ZIKV-infected man who had
traveled from Venezuela to China in March 2016. The symptoms and findings of clinical examinations of this
patient, who was the father (patient 1) of a 4-person ZIKV-infected family, were well described in a recent
report (47). Informed consent to use his urine sample was provided. The urine from this patient was passed
through a filter, followed by ultracentrifugation. The concentrated urine was injected intracerebroventricularly
into suckling mice. After 14 days, the ZIKV-infected mice were euthanized and the brains were ground and
suspended in 1 ml of minimal essential PBS. The wild-type viruses replicated in the brains of suckling mice
extensively, which was determined by a TaqMan one-step quantitative RT-PCR (qRT-PCR) on a Bio-Rad CFX96
instrument using standard cycling conditions. The successful isolation was further confirmed by reinoculation
in the brains of suckling mice, and amplification was measured by qRT-PCR and a plaque assay. The amount
of virus was expressed on a log10 scale as the number of viral RNA equivalents or the number of RNA copies
per milliliter after comparison with a standard curve, produced using serial 10-fold dilutions of ZIKV RNA
following the procedure described in a previous publication (4). The forward primer was 5=-CCGCTGCCCAA
CACAAG-3=, the reverse primer was 5=-CCACTAACGTTCTTTTGCAGACAT-3=, and the probe was 5=-FAM-AGC
CTACCTTGACAAGCAATCAGACACTCAA-TAMRA-3= (where FAM is 6-carboxyfluorescein and TAMRA is 6-ca
rboxytetramethylrhodamine) (Life Technologies). Alternatively, viral replication was also measured by infect
ing A549 cells and Vero cells. The sequence of the ZIKV envelope was determined, and phylogenetic analysis
was performed.

Wild-type ZIKV titration and plaque assay. The titration of wild-type ZIKV was performed by a
plaque assay by following the procedures described previously with minor modifications (48). Briefly,
Vero cells were seeded in 12-well plates and used for infection when the cells were grown to 100%
confluence. The cells were washed with phosphate-buffered saline (PBS) once and infected with a series
of dilutions of viruses for 1 h at 37°C with 5% CO2. After the virus inocula were removed, the cells were
washed with PBS. The cells were overlaid with agarose-DMEM containing 0.6% bovine serum albumin
(BSA) and 1% low-melting-point agarose. The contents of the plates were allowed to settle at 4°C for 5
to 10 min until the agarose medium became solid, followed by culture upside down at 37°C for 96 h. The
visible plaques were counted, and the virus titers were determined. The data are shown as the means �
standard errors of the means (SEM) from three independent experiments.

Statistics and graphs. Statistical analyses were carried out using Prism software (GraphPad). All data
are reported as means � SEM. Differences were calculated by one-way analysis of variance (ANOVA) for
comparison with the results obtained with the DMSO treatment and were found to be significant when
P was less than 0.05, 0.01, or 0.001, as indicated in the figures. Most graphs were produced using Prism
software.
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