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ABSTRACT Host factors provide critical support for every aspect of the virus life cycle.
We recently identified the valosin-containing protein (VCP)/p97, an abundant cellular
ATPase with diverse cellular functions, as a host factor important for Japanese encephali-
tis virus (JEV) replication. In cultured cells, using small interfering RNA (siRNA)-mediated
protein depletion and pharmacological inhibitors, we show that VCP is crucial for repli-
cation of three flaviviruses, JEV, dengue, and West Nile viruses. An FDA-approved VCP
inhibitor, CB-5083, extended survival of mice in the animal model of JEV infection. While
VCP depletion did not inhibit JEV attachment on cells, it delayed capsid degradation,
potentially through the entrapment of the endocytosed virus in clathrin-coated vesicles
(CCVs). Early during infection, VCP-depleted cells showed an increased colocalization of
JEV capsid with clathrin and also higher viral RNA levels in purified CCVs. We show that
VCP interacts with the JEV nonstructural protein NS5 and is an essential component of
the virus replication complex. The depletion of the major VCP cofactor UFD-1 also signif-
icantly inhibited JEV replication. Thus, mechanistically, VCP affected two crucial steps of
the JEV life cycle—nucleocapsid release and RNA replication. Our study establishes VCP
as a common host factor with a broad antiviral potential against flaviviruses.

IMPORTANCE Japanese encephalitis virus (JEV) is the leading cause of viral encephali-
tis epidemics in Southeast Asia, affecting mostly children, with high morbidity and
mortality. Identification of host factors is thus essential for the rational design of
antivirals that are urgently need as therapeutics. Here, we have identified the valo-
sin-containing protein (VCP) as one such host-factor. This protein is highly abundant
in cells and engages in diverse functions and cellular pathways by its ability to inter-
act with different cofactors. Using small interfering RNA (siRNA)-mediated protein
knockdown, we show that this protein is essential for release of the viral RNA into
the cell so that it can initiate replication. The protein plays a second crucial role for
the formation of the JEV replication complex. FDA-approved drugs targeting VCP
show enhanced mouse survival in JE model of disease, suggesting that this could be
a druggable target for flavivirus infections.

KEYWORDS dengue virus, Japanese encephalitis virus, UFD-1, West Nile virus, clathrin-
coated vesicles, flavivirus, valosin-containing protein, viral replication, virus entry

The genus Flavivirus comprises 53 virus species with nearly 30 viruses of medical im-
portance (1). Its members, such as Japanese encephalitis virus (JEV), dengue virus

(DENV), yellow fever virus (YFV), West Nile virus (WNV), and Zika virus, pose a signifi-
cant threat to human health across the world (2). Urbanization, transportation, and cli-
mate change have led to an expansion of the flavivirus horizon, which makes them
viruses of global relevance. No antivirals are currently available against any of the
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flaviviruses. Understanding the virus life cycle and the role of the host proteins in virus
replication will significantly assist in this direction.

All flaviviruses share common features of a 50-nm enveloped particle with an ;11-
kb-long, positive-sense single-stranded RNA genome that is packaged with the help of
a capsid protein. Once the virus enters a host cell by receptor-mediated endocytosis,
the genome is released as the RNA-protein complex (RNP). The viral RNA is translated
into a single polypeptide with the help of the host machinery and is processed by the
host and viral proteases to make three structural (envelope, E; precursor membrane
protein, prM; capsid, C) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, NS5) (3, 4). Viruses are known to hijack the cell machinery for their life cycle (3).
The flaviviral RNA replication takes place on endoplasmic reticulum (ER)-derived
vesicles and is accomplished with the help of various viral (NS1, NS4A, NS3, NS5, etc.)
and host factors (for example, DDOST, hnRNPk, RPL19, RPS3, IPO9, GRP78, LC3I, PTB,
etc.) (5–9). The virus life cycle is heavily dependent on the host membrane trafficking
network for entry and egress. It also requires extensive membrane rearrangements,
such as the formation of replication factories at the ER and transportation in a mem-
branous structure for egress (10, 11).

To identify the host factors involved in the JEV life cycle, we previously carried out a
small interfering RNA (siRNA) screen for the membrane trafficking genes (12, 13).
Valosin-containing protein (VCP)/p97 was identified as a crucial host factor involved in
JEV replication. VCP is a member of the AAA1 family of ATPase proteins with diverse
cellular activities. The VCP monomer has three domains; the N domain interacts with
the various adaptors and substrates, and D1 and D2 are the ATPase domains. The pro-
tein functions in a homohexameric state wherein six monomers come together to
form a barrel-like structure (14). VCP is a known segregase protein that recognizes
ubiquitin signature on the target protein directly or with the help of adaptor proteins.
The target proteins can either be degraded through the ubiquitin proteasomal system
or be extracted from their aggregates to perform their specific function (15). VCP thus
plays essential and diverse roles in the ER-associated degradation (ERAD), the ubiqui-
tin-proteasome system (UPS), cell cycle regulation, endosome trafficking, autophagy,
mitophagy, and DNA repair (16–19). This protein has also been studied in the context
of several viruses, such as Yellow fever virus (YFV), poliovirus (PV), hepatitis C virus
(HCV), coronavirus, human cytomegalovirus (HCMV), Sindbis virus, chikungunya virus,
and is involved in different steps of the virus life cycle (20–27).

In this report, we show that VCP plays a crucial role in the life cycle of flaviviruses. We
have further characterized the role of VCP in JEV entry and replication. We show that VCP
governs both the viral nucleocapsid release from the clathrin-coated vesicle (CCV) and the
virus replication as a part of the virus replication complex. Pharmacological inhibitors of
the VCP show a significant antiviral effect in the cell culture and the mouse model of infec-
tion. Our study establishes VCP as a crucial host factor with the potential to aid in the de-
velopment of a broad antiviral against the flaviviruses.

RESULTS
VCP has a crucial role in flavivirus replication. A recent RNA interference-based

study in our lab targeting membrane-trafficking genes established VCP as a key host
factor for JEV replication (12). An earlier study has shown VCP’s role in WNV replication
(28). To further characterize the role of VCP in the flavivirus life cycle, replication of
three flaviviruses—JEV, DENV-2, and WNV—was studied in HeLa and Huh7 cells where
endogenous VCP levels were depleted by siRNA treatment. The siRNA-treatment did
not affect the cell viability at 48, 72, and 96 h posttransfection (hpt), whereas a signifi-
cant VCP knockdown was observed at both the transcript and protein levels (Fig. 1A).
A 70 to 80% reduction in the VCP levels was observed in cells at 72 hpt (Fig. 1A). The
siRNA-treated HeLa cells (for JEV) and Huh7 cells (for DENV-2 and WNV) were infected
with the virus at 72 hpt, and the viral RNA levels and titers were compared at 24 h
postinfection (hpi). VCP depletion resulted in a significant reduction in the viral RNA
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levels and titers at 24 hpi. A reduction in the viral RNA levels of ;80% for JEV, and
;60% for DENV-2 and WNV, was seen (Fig. 1B). Importantly, the JEV titers were
reduced by ;90%, and a reduction of ;50% was seen in DENV-2 and WNV titers (Fig.
1B), thus indicating a crucial role of VCP in flavivirus replication. VCP levels in JEV-

FIG 1 VCP knockdown reduces flavivirus replication. (A) HeLa and Huh7 cells were transfected with the
nontargeting siRNA (siNT) or VCP siRNA (siVCP) and processed at different time points posttransfection
(p.t.). The bar graph in the top-left panel shows the viability of the siRNA-treated cells. The level of VCP
mRNA relative to the GAPDH transcript is shown in the top-right panel. The bottom panel shows the
Western blots depicting VCP levels, and GAPDH as the loading control. The values below the VCP bands
indicate VCP protein levels normalized to GAPDH. (B) The siRNA-treated HeLa cells were infected with
JEV, and siRNA-treated Huh7 cells were infected with DENV-2 or WNV at 1 MOI. The left panel has the
bar graph showing intracellular viral RNA levels at 24 hpi relative to GAPDH transcript, normalized to siNT
treatment. The right panel shows extracellular virus titer at 24 hpi. Each experiment had biological
triplicates, and the data shown are from three independent experiments. (C) Representative Western blots
showing levels of JEV NS3 and capsid proteins at 24 hpi in siNT- and siVCP-treated HeLa cells infected
with JEV (3 MOI). The GAPDH blot served as the loading control. (D) HeLa cells were treated with siNT or
siVCP and at 72 hpt were infected with JEV (1 MOI). The cells were stained at 24 hpi with JEV NS1
antibody for immunofluorescence-based quantification of JEV infection. The left panel shows NS1 staining
in siNT- and siVCP-treated HeLa cells (scale bar = 100mm). The right panel has data from three
independent coverslips. Student’s t test was used for comparing the data from the siVCP-treated cells
with that from siNT-treated control cells. *, P, 0.05; **, P, 0.01; ***, P, 0.001.
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infected cells did not show any notable change (Fig. 1C). In accordance with reduced
JEV RNA levels and titers under VCP depletion, a significant reduction was seen in viral
protein translation (Fig. 1C) and in the number of infected cells (Fig. 1D) at 24 hpi.

Pharmacological inhibitors of VCP show strong antiviral effects. VCP is an estab-
lished drug target for cancer therapy, and some small molecule inhibitors of the VCP
have been tested as drugs (29, 30). We evaluated three VCP inhibitors for their poten-
tial antiviral effects. CB-5083 {1-[7,8-dihydro-4-[(phenylmethyl)amino]-5H-pyrano[4,3-d]
pyrimidin-2-yl]-2-methyl-1H-indole-4-carboxamide} is a reversible, competitive inhibi-
tor of VCP ATPase activity. DBeQ (N2, N4-dibenzylquinazoline-2, 4-diamine) is a selec-
tive, reversible, ATP-competitive inhibitor that targets the two ATPase domains of VCP
and blocks both autophagy and proteasomal degradation (31). Eeyarestatin 1 (Eer1)
irreversibly binds to VCP and blocks the associated deubiquitinase ataxin-3, preventing
deubiquitination of substrates and resulting in accumulation of misfolded proteins and
unfolded protein response (UPR) induction (30). Nontoxic concentrations of these
drugs were identified by MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide] assays (Fig. 2A) and tested in the virus replication experiments. Drugs were
added at 2 hpi, and the virus replication at 24 hpi was analyzed with quantitative real-
time PCR (qRT-PCR) for the viral RNA synthesis and with plaque assays for the viral titer.
While the JEV RNA synthesis and viral titers were significantly suppressed by all three
drugs (Fig. 2B), the DENV-2 RNA synthesis and titers were inhibited predominantly by
Eer1 (Fig. 2B). CB-5083 and Eer1 inhibited WNV RNA synthesis; however, only Eer1
showed some suppressive effect on virus titers (Fig. 2B). That Eer1 exerted a profound
negative effect on the replication of all three flaviviruses suggested that the deubiquiti-
nase activities of VCP might be crucial for the flavivirus life cycle.

CB-5083 is an orally bioavailable inhibitor of VCP, which is a potent inducer of the
unfolded protein response and leads to retention of ERAD substrates and cancer cell
death (31–34). Since the drug displayed strong anti-JEV effects in cultured cells, we
tested it in the mouse model of virus infection. JEV-infected C57BL/6 mice were admin-
istered CB-5083 by oral gavage once every day, starting at 2 hpi (Fig. 3A). In the virus-
infected group, typical JE symptoms such as movement restriction, hind-limb paralysis,
and piloerection were observed in all mice by day 5 postinfection (p.i.). An average sur-
vival time of 10.8 days in the virus-infected group was recorded. In the drug-treated
mice, there was a delay in the onset of JE symptoms; the symptoms first appeared on
day 7 p.i., with an average survival time of 12.3 days. While the survival data were not
significant, the drug-treated mice consistently showed lower virus titers in the brain on
all days, and these were significantly decreased on day 7 p.i., suggestive of a protective
effect of this drug in the mouse model (Fig. 3B). These observations are in line with the
antiviral effect of CB-5083 seen in the tissue-cultured cells.

VCP depletion does not affect JEV attachment to the host cell.We examined fla-
vivirus entry in VCP-depleted cells by assaying the intracellular viral RNA levels at 1 hpi,
which provided a direct estimate of the internalized virus (5). A significant increase in
JEV RNA levels was observed in VCP-depleted cells, suggesting that JEV entry in the
cell was not inhibited by VCP knockdown, but rather, was enhanced (Fig. 4A).

We next dissected the role of VCP in the JEV life cycle by examining different steps
of the virus infection process. We first analyzed the JEV attachment on cells by Western
blotting for the capsid protein in nontargeting siRNA (siNT)- and VCP siRNA (siVCP)-
treated HeLa cells at 1 h post-virus binding on ice (Fig. 4B). A significant amount of vi-
rus (as seen by the capsid protein band intensity) was found adhered to cells, which
could be efficiently removed by trypsin treatment. The capsid signal here represents
the bound but uninternalized virus, as virus binding on ice does not permit virus entry.
The data also showed that all bound virus could be removed from the cells by trypsin
treatment (Fig. 4B). Quantification of bound capsid protein levels (Fig. 4B, bar graph)
and bound viral RNA levels (Fig. 4C) showed no significant difference between the two
conditions, suggesting that virus binding to cells is not affected by VCP depletion.
These data suggest that virus receptor levels are unlikely to be altered by VCP
deficiency.
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FIG 2 Pharmacological inhibition of the VCP suppresses flavivirus replication. (A) HeLa and Huh7 cells were
treated with the indicated concentrations of the VCP inhibitors for 24 h. The viability of cells, as determined by
MTT assay, is shown normalized to DMSO-treated cells. (B) HeLa cells were infected with JEV, and Huh7 cells were

(Continued on next page)
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We next studied the time kinetics of viral RNA levels during the JEV replication and
observed that the siNT-treated cells showed a previously described pattern of JEV RNA
levels (7), wherein the viral RNA levels showed an ;50% decrease at 6 hpi compared
to 1 hpi, suggestive of some viral RNA degradation upon nucleocapsid uncoating (Fig.
4D). In these cells, the viral RNA replication proceeded rapidly after 6 hpi. Compared to
the siNT-treated cells, the VCP-depleted cells showed higher levels of viral RNA during
the early phase of virus life cycle (both at 1 h and at 6 hpi), although at the later time
points (12 and 24 hpi), the viral RNA levels were significantly reduced (Fig. 4D).
Collectively, these data point to two effects of VCP depletion on the JEV replication
cycle, at the early time points that correspond to the nucleocapsid release and
genomic RNA uncoating and later during the genomic RNA replication.

VCP depletion delays internalized virus capsid degradation. Acidification occur-
ring along the endocytic pathway is essential for the uncoating of the flavivirus particle
and release of the RNP complex. After the RNP release, the capsid protein is degraded,
and the viral RNA is free to initiate translation. Earlier studies have shown that VCP has
a vital role in endosome maturation and membrane trafficking pathways (24, 35–37).
To check if VCP is affecting an early step of the virus life cycle, levels of the internalized
viral RNA were determined at early time points p.i. (Fig. 5A). We observed significantly
higher levels of JEV RNA in VCP-depleted cells at 3 hpi, which could be indicative of a
defect in virus uncoating and viral RNA release. To check for this possibility, virus cap-
sid protein levels were analyzed during the early hours of the virus replication cycle
(Fig. 5B). HeLa cells were infected with JEV at a multiplicity of infection (MOI) of 50, and
trypsinization was done before the lysate preparation to ensure that only the internal-
ized virus was detected. The early time points (1, 2, and 3 hpi) were chosen, as viral
RNA translation does not initiate by this time, and the capsid detected will be indica-
tive of the internalized virus only (5). In the siNT-treated JEV-infected cells, the capsid

FIG 3 VCP inhibitor CB-5083 enhances the survival of JEV-infected mice. Three-week-old C57BL/6 mice were
mock-infected or injected with 107 PFU of JEV intraperitoneally. CB-5083 was dissolved in DMSO and freshly
mixed with corn oil in a 1:9 ratio just before the treatment. The drug was administered to mock- and virus-
infected mice at a dose of 30mg/kg body weight by oral gavage at 2 hpi. The drug dose was repeated every
24 h until day 12 p.i. Mice were monitored for the visible symptoms of JEV infection and death. (A) The survival
curve of mock- and JEV-infected mice with or without the drug treatment is shown. The number of mice in
each group is indicated. The data are pooled from two independent experiments. (B) Virus titers in brains from
the JEV-infected and the JEV-infected and treated with CB-5083 mouse groups are shown. Mean titers in each
of the groups on different days are shown with a line. Statistical analysis was performed using Student’s t test.
*, P, 0.05.

FIG 2 Legend (Continued)
infected with DENV-2 or WNV at 1 MOI. VCP inhibitors were added to cells 2 hpi at the indicated concentrations.
Cells and supernatants were harvested at 24 hpi to analyze the intracellular viral RNA levels by qRT-PCR (left
panels) and extracellular viral titers by plaque assays (right panels). Viral RNA and titers in the drug-treated cells
were normalized to the DMSO-treated cells. Each experiment had biological triplicates, and the data shown are
from three independent experiments. One-way ANOVA followed by Tukey’s post hoc test was used for
comparing the data from drug-treated cells with those treated with DMSO alone. *, P, 0.05; **, P, 0.01; ***,
P, 0.001.
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protein was detectable at 1 hpi, and its levels progressively decreased, with protein
being undetectable by 3 hpi, indicative of the virion disassembly and genome release.
However, in the VCP-depleted cells, the internalized capsid protein could be detected
until 3 hpi (Fig. 5B). We also quantified the endocytosed JEV by immunofluorescence
analysis of the capsid protein at 3 hpi in the siNT- and siVCP-treated cells.
Numerous capsid puncta were specifically detected in the JEV-infected cells (Fig.
5C). Quantification of the data revealed a significantly higher number of capsid
puncta per cell (Fig. 5C), and higher capsid protein levels (Fig. 5D), in the VCP-
depleted cells than in the siNT-treated cells. We also tested capsid protein levels
under conditions of protein synthesis and degradation block and observed an
enhancement in the band intensity in siNT-treated cells, suggesting that capsid
protein starts undergoing degradation by 3 hpi under control conditions (Fig. 5D).
This experiment could not be done in siVCP-treated cells due to the loss of cell via-
bility on bortezomib and cycloheximide treatment. Collectively, these observations
are indicative of two possibilities; either the VCP depletion is leading to entrap-
ment of the internalized virus in an endocytic compartment, or the VCP is involved
in the degradation of the capsid protein in the RNP complex.

FIG 4 VCP depletion does not affect JEV attachment to the host cell. (A) Virus binding was performed on HeLa cells
with JEV (5 MOI) and on Huh7 cells with DENV-2 (10 MOI) or WNV (5 MOI) on ice for 1 h. After washing, the cells were
incubated at 37°C in a complete cell culture medium for 1 h. The cells were trypsinized to remove the bound virus,
and the levels of internalized virus were determined as viral RNA by qRT-PCR relative to the GAPDH transcript levels.
The viral RNA levels in the siVCP-treated samples were normalized to their respective siNT-treated cell controls. (B)
HeLa cells were transfected with siNT or siVCP, and 72 hpt were incubated with JEV (50 MOI) on ice for 1 h. Cells were
washed with phosphate-buffered saline (PBS) and treated with trypsin as indicated to remove the extracellular
attached virus. Western blotting was performed to detect the level of the attached virus using the JEV capsid antibody.
The VCP Western blot shows the protein knockdown where GAPDH was used as the loading control. The bar graph
shows the levels of JEV capsid protein bound to siNT- and siVCP-treated HeLa cells from three independent
experiments. The protein quantitation was done by measuring the band intensities using ImageJ software. (C) The
siNT- and siVCP-treated HeLa cells were incubated 72 hpt with JEV (1 MOI) for 1 h. Cells were washed, and the level of
bound virus was determined by qRT-PCR relative to GAPDH levels, normalized to siNT treatment. The bar graph shows
the relative RNA levels of bound JEV virions from three independent experiments. (D) HeLa cells were incubated with
JEV (1 MOI) on ice for 1 h, followed by incubation at 37°C. Cells were harvested at the indicated time points to analyze
the viral RNA levels. Relative JEV RNA levels were normalized to siNT treatment at 1 hpi. Each experiment had
biological triplicates, and the data are plotted from two independent experiments. The data for the siVCP-treated cells
were compared with those for the siNT-treated cells using Student’s t test. *, P, 0.05; **, P, 0.01; ***, P, 0.001.
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FIG 5 VCP depletion delays the internalized virus capsid degradation. (A) The siNT- and siVCP-treated HeLa cells were incubated 72 hpt with JEV (1
MOI) for 1 h on ice. After washing, cells were incubated at 37°C in a complete cell culture medium. At the indicated time points, cells were trypsinized
to remove the bound virus, and levels of internalized virus were determined by qRT-PCR relative to the GAPDH transcript levels. The relative JEV RNA
levels were normalized to siNT treatment at 1 hpi. The data are derived from three independent experiments. (B) HeLa cells were transfected with siNT
or siVCP, and 72 h later were incubated on ice for 1 h with JEV (50 MOI). After a PBS wash, cells were incubated at 37°C in complete cell culture
medium. At the indicated time points, cells were treated with trypsin, and cell lysates were prepared. The internalized virus was quantified by Western
blotting for JEV capsid (left panel). The VCP blot shows the level of protein knockdown, and GAPDH blots are loading controls. The bar graph in the
right panel shows the densitometric analysis of capsid protein bands normalized to GAPDH of the respective sample, performed using ImageJ
software. All time points were plotted relative to the value for 1 hpi of the respective treatment groups. Data are presented as the mean and standard
deviation of the values obtained from 3 independent experiments. (C) HeLa cells were treated with siNT or siVCP, and 72 hpt were incubated with JEV
(100 MOI) for 1 h on ice and then incubated at 37°C for 3 h. The cells were fixed and immunostained for the JEV capsid. Representative images are
shown. Scale bar, 10mm. The number of capsid puncta per cell were counted using Fiji particle analysis. Each experiment had biological triplicates, and
the weighted mean 6 standard error (SE) are plotted in the right panel using two independent experiments. The data for the siVCP-treated cells were
compared with those for the siNT-treated cells using Student’s t test. *, P, 0.05; **, P, 0.01. (D) HeLa cells were transfected with siNT or siVCP, and
72 h later, siNT cells were treated with a combination of bortezomib (BTZ, 1mM) and cyclohexamide (CHX, 100mg/ml) for 1 h followed by infection
with JEV (50 MOI) for 1 h on ice. After a PBS wash, cells were incubated at 37°C in complete cell culture medium in the presence of BTX1CHX until 3
hpi. Cells were treated with trypsin, and cell lysates were prepared. The internalized virus was quantified by Western blotting for JEV capsid, as shown
in the left panel. The VCP blot shows the level of protein knockdown, and GAPDH blots are loading controls. SE is the short exposure of the blot
(upper panel), while LE is the long exposure (lower panel) of the same blot. The bar graph in the right panel shows the densitometric analysis of
capsid protein bands normalized to GAPDH of the respective sample. Data are presented as the mean and standard deviation of the values obtained
from 2 independent experiments. Statistics were performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. *, P, 0.05;
**, P, 0.01; ***, P, 0.001.
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VCP depletion traps JEV in an early endocytic compartment. Earlier studies have
shown that VCP associates with clathrin and Hsc 70 (38) and also with the early endo-
some autoantigen EEA1 (36). VCP depletion by siRNA leads to clustering and enlarge-
ment of early endosomes and altered trafficking of transferrin (Tf) (36, 37). We analyzed
the kinetics of the Tf receptor cycle by quantification of labeled Tf uptake at different
times under siNT- and siVCP-treated conditions. In accordance with the published
studies, we observed that VCP depletion moderately impacted Tf kinetics (Fig. 6A).
Higher levels of internalized Tf were observed in VCP-depleted cells at 10min onward,
suggesting a delay in Tf recycling (Fig. 6A). We next performed endosome fractionation
of the siNT- and siVCP-treated HeLa cells that were infected with JEV and treated with
trypsin at 3 hpi, followed by qRT-PCR to determine viral RNA levels in different fractions
(Fig. 6B). For the siNT-treated cells, EEA1 was detected in fractions 5 and 6, while cla-
thrin heavy chain (CHC) was seen in fractions 6 to 9 (Fig. 6B, left panel). The VCP-
depleted cells showed a broader distribution for EEA1 (fractions 6 to 8) which could
reflect enlarged and immature early endosomes. While similar RNA levels were seen
across fractions 5 and 6, fraction 7 showed significantly higher JEV RNA in the VCP-
depleted cells (Fig. 6B, right panel). This fraction was positive for CHC but negative for
EEA1 under the VCP-depleted conditions, suggesting that the viral RNA could be
entrapped in clathrin-coated vesicles (CCVs). We further purified CCVs from both siNT-
and siVCP-depleted cells and checked for capsid protein and JEV RNA in the purified
fraction (Fig. 6C). Higher capsid protein and JEV RNA levels were observed in the puri-
fied CCV from VCP-depleted cells, suggesting that the virus particles could be trapped
in the CCV, restricting the virus genome release during the early phase of virus
infection.

We further performed immunofluorescence experiments to test if the trapped virus
particles could be detected in the EEA1- or clathrin-positive endosomes in the VCP-
depleted cells (Fig. 7A). The siNT- and siVCP-treated cells were infected with JEV (100
MOI), and at 3 hpi were checked for the localization of the capsid with EEA1 or clathrin
light chain (CLC). The VCP-depleted cells showed significantly more capsid puncta, and
these showed significantly higher colocalization with the CLC- but not with the EEA1-
positive structures (Fig. 7A and B). The higher colocalization of the endocytosed virus
particles with the clathrin-positive structures in the VCP-depleted cells suggested a
longer residence time for the virus in the CCV, which could potentially delay the pro-
gression of the virus through the early endocytic compartments. As reported earlier
(36), we observed larger EEA1 endosomes in VCP-depleted cells (Fig. 7C). The total cel-
lular levels of EEA1 and CLC were also increased in VCP-depleted cells (Fig. 7D), sug-
gesting that VCP plays a critical role in maintaining the levels of these proteins.

Role of VCP adaptors UBXD1 and UFD1 on JEV infection kinetics. VCP has been
shown to function as an interaction hub and interacts with nearly 30 different cofactors
to carry out its diverse functions (14). In an attempt to identify potential VCP cofactors
that could be playing a role in the context of JEV infection, we examined two major
VCP adaptors, UBXD1 and UFD1, through siRNA depletion (Fig. 8A). UBXD1 is the only
known VCP adaptor that has been implicated in endocytic trafficking, and since move-
ment through the endosomal system is crucial for flavivirus infection, we checked if
UBXD1 depletion would impact JEV infection. The VCP-UBXD1 complex has been
shown to bind monoubiquitinated caveolin1 (Cav1) and is essential for Cav1 trafficking
and degradation in lysosomes. UBXD1 depletion has been shown to block Cav1 in
Rab5-positive enlarged endosomes (35). UBXD1 depletion had no effect on JEV entry
(Fig. 8B) or any effect on JEV RNA replication and egress (Fig. 8C), indicating that the
described roles of VCP-UBXD1 in the context of Cav1 are not involved in the JEV infec-
tion process.

Another well-characterized VCP cofactor is UFD1. VCP forms a major core complex
with the cofactor UFD1 (ubiquitin fusion degradation 1)-NPL4 (nuclear protein localiza-
tion homolog 4) heterodimer, which is essential for ERAD through the dislocation of
polyubiquitinated substrates from the ER to the cytosol (39). Flavivirus replication is
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FIG 6 VCP depletion traps JEV in an early endocytic compartment. (A) Trafficking kinetics of Tf were measured in siNT- and siVCP-treated cells.
Cells were given a pulse of Alexa 488 Tf for the indicated time points. The graph in the left panel shows the mean fluorescence intensity of Tf
plotted against time. The solid line represents the logarithmic trendline. The right panel has the bar graph showing the levels of internalized Tf.
Each experiment was performed using duplicate coverslips for each time point, and intensity measurements were made from ;100 cells per
coverslip. The data are from two independent experiments and are plotted as the weighted mean 6 SE. Statistical analysis was performed using
Student’s t test. *, P, 0.05. (B) HeLa cells were treated with siNT or siVCP, and 72 hpt were infected with JEV (50 MOI). The cells were harvested
at 3 hpi by treating them with trypsin. Cells were homogenized, and the nuclei were removed by centrifugation. The supernatant was subjected
to density gradient endosome fractionation as described in Materials and Methods. The left panel has the Western blots showing the presence
of EEA1 and CHC in the different fractions. The total RNA was isolated from the equal volume of each of the fractions, and the JEV RNA levels
were quantified by qRT-PCR. The bar graph in the right panel shows the absolute threshold cycle (CT) values in different fractions. The data
shown are representative of three independent experiments. (C) Clathrin-coated vesicles (CCV) were isolated from siNT- and siVCP-treated and
JEV-infected (50 MOI) HeLa cells. Representative Western blots showing levels of different early and late endosome marker proteins and JEV
capsid (SE, short exposure; LE, long exposure) in the total cell lysate and purified CCV are presented. The bar graph on the right shows relative
JEV RNA in CCV isolated from siNT- and siVCP-treated HeLa cell CCV fractions. The relative JEV RNA levels were normalized to siNT treatment.
Data are presented as the mean and standard deviation of the values obtained from 2 independent experiments. Significance was established
using Student’s t test. *, P, 0.05.
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FIG 7 VCP depletion results in the viral arrest in clathrin-coated vesicles. HeLa cells were transfected with siNT or siVCP, and 72 hpt
were infected with JEV (100 MOI). The cells were fixed at 3 hpi. (A) Cells were immunostained for JEV capsid and EEA1 or clathrin
light-chain (CLC). Nuclei are stained with DAPI (49,6-diamidino-2-phenylindole; blue). Insets in the upper two rows of the second
panel (EEA1 staining) represent a magnified view of the region corresponding to the white box. Imaging was performed on the
FV3000 Olympus confocal microscope. Scale bar, 10mm. (B) Plot showing Pearson’s correlation coefficient between capsid and EEA1
or CLC in control and VCP-depleted cells. Each experiment had biological triplicates. The data are from two independent experiments
and plotted as the weighted mean 6 SE. (C) The bar graph shows mean 6 standard deviation (SD) of early endosome size
calculated from 8 fields (1 cell/field) using Fiji (particle analysis). (D) Representative Western blot showing levels of EEA1 and CLC in
siNT- and siVCP-treated HeLa cells. The GAPDH blot is the loading control. The statistical significance was established using Student’s
t test. *, P, 0.05; **, P, 0.01.
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closely associated with ER-derived membranes (11, 40), and we thus hypothesized that
UFD1 could be involved in the JEV replication process. The depletion of UFD1 did not
affect JEV entry (Fig. 8B); however, it significantly inhibited JEV replication and infec-
tious virus titer in the culture supernatant (Fig. 8C), indicating its crucial role at a later
time point of infection. Since JEV replication is intricately linked to ERAD (7), it is likely
that the inhibition of virus replication through UFD1 depletion is due to its impact on
ERAD.

VCP is an essential host factor for JEV RNA replication. VCP is a chaperone per-
forming a variety of distinct and unrelated functions in the cell. To study if VCP is also
involved at the later steps of the virus life cycle, we bypassed the virus entry by trans-
fecting the siNT- and siVCP-treated cells with the viral RNA (Fig. 9). Similar levels of
transfected viral RNA were detected under the two conditions (Fig. 9A). Viral replica-
tion as seen by immunofluorescence staining for viral NS1 protein was detected in
siNT-treated cells at 12 hpt (;3%), and the number of infected cells did not increase
until 24 hpt, indicating just the first round of virus replication (Fig. 9C). The intensity of
NS1 signal in the infected cells, however, increased from 12 to 24 hpt, suggestive of vi-
ral protein translation and accumulation (Fig. 9D). In comparison, infected cells were
virtually undetectable under the siVCP-treated conditions (Fig. 9B). No detectable virus
titers were observed in either condition at 12 hpt. At 24 hpt, while the viral RNA levels
and titers increased in the control siNT-treated cells, indicating RNA replication, these

FIG 8 The VCP adaptor UFD1 complex has a vital role in the JEV life cycle. (A) HeLa cells were
transfected with siNT, siUFD1, or siUBXD1. An MTT assay of transfected cells was performed at 48 hpt
to establish the siRNA cytotoxicity (left panel). The bar diagram in the right panel shows relative RNA
levels in siRNA-treated cells at 48 hpt normalized to that in the siNT-treated cells. (B) The JEV entry
experiment was performed as described previously. Intracellular viral RNA levels in siRNA-treated cells
were analyzed by qRT-PCR and normalized to that in the siNT-treated cells. (C) HeLa cells were
infected with JEV at 1 MOI. Samples were harvested at 1 and 24 hpi. The qRT-PCR was performed to
analyze the intracellular RNA levels relative to GAPDH. The left panel shows the RNA levels at 1 hpi
normalized to that seen in the siNT-treated cells, and at 24 hpi normalized to that seen at 1 hpi for
the respective siRNA treatment. The right panel shows the virus titers in the culture supernatants at
24 hpi. Each experiment had biological triplicates. The data are from three independent experiments.
The statistical significance was established using Student’s t test. *, P, 0.05; **, P, 0.01.
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remained almost stalled in the VCP-depleted cells, establishing a crucial role of the pro-
tein to achieve the viral RNA replication (Fig. 9E).

To check if VCP had a role in the formation of the virus replication complex, we
checked for the colocalization of VCP with the JEV proteins NS1 and NS5 at 24 hpi (Fig.
10A). Our earlier studies have established that the JEV replication complex can be
detected by immunofluorescence staining of the NS1 and NS5 proteins starting from
10 hpi (5, 7). VCP distribution in JEV-infected cells showed as larger puncta around the
nucleus. VCP showed strong colocalization with NS5 and NS1, suggesting its potential
role in virus replication. In contrast, very little overlap was seen between VCP and cap-
sid, which is known to be in close proximity, but distinct from the replication complex
(41). Further, the specificity of the replication complex localization was confirmed by
staining with the ER marker calnexin (Fig. 10A).

We next performed immunoprecipitation studies to confirm this interaction. We
observed that VCP could immunoprecipitate the JEV NS5 from the virus-infected cells
and vice-versa (Fig. 11A). We also performed coimmunoprecipitation experiments in
cells overexpressing NS5-HA and NS3-HA. VCP could not be detected in the immuno-
precipitates from the overexpressing cells, suggesting that the NS5 and VCP interaction
requires additional host factors/adaptors or viral proteins available during the virus
replication (Fig. 11B). Interestingly, overexpressed NS5-HA could immunoprecipitate
VCP and NS3 from the JEV-infected cells but not from the mock-infected cells (Fig.
11C), further validating the role of the virus replication for VCP interaction with the JEV
NS5.

FIG 9 VCP plays a critical role in JEV RNA replication. JEV viral RNA was isolated from viral supernatant using RNA
extraction columns. HeLa cells were transfected with siNT or siVCP, and 72 hpt were transfected with 250 ng viral RNA. (A)
Relative levels of JEV RNA in siNT- and siVCP-treated HeLa cells at 6 hpt normalized to siNT treatment. (B)
Immunofluorescence staining for JEV-infected cells at 6, 12, and 24 hpt. (C) Bar graph showing quantification of NS1-
positive cells under the siNT conditions at 12 and 24 hpt. (D) Fluorescence intensity distribution of NS1 in positive cells
under the siNT conditions at 12 (n= 28) and 24 hpt (n= 45). (E) Cells were harvested at 24 hpi. The left panel shows the
relative JEV intracellular RNA levels determined by qRT-PCR normalized to those seen in the siNT-treated cells. The right
panel shows the virus titer in the culture supernatant at 24 hpi. Each experiment had biological triplicates, and the data
are from two independent experiments. The data in siVCP-treated cells were compared with those from the siNT-treated
controls using Student’s t test. *, P, 0.05; **, P, 0.01; ***, P, 0.001.
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FIG 10 VCP colocalizes to the JEV RNA replication complex. (A) Mock- or JEV-infected (3 MOI) HeLa cells were fixed at 24
hpi and immunostained for VCP and calnexin along with JEV NS1, NS5, or capsid. Images were acquired on a confocal
microscope using a �60 objective. The bar graph shows Pearson’s correlation coefficient of colocalization between NS1/
VCP, NS5/VCP, capsid/VCP, and NS1/calnexin. Scale bar, 10mm.
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DISCUSSION

VCP/p97 belongs to the AAA1 family of proteins and is one of the most abundant
and complex proteins found in the cell (16, 18, 19). The protein is conserved across
eukaryotes and has a nonredundant function during development (42). In the case of
humans, mutations in VCP lead to late adulthood development of inclusion body my-
opathy associated with Paget’s disease of bone and frontotemporal dementia
(IBMPFD) (43). The protein was first characterized as a “segregase,” as it extracts ubiqui-
tinated proteins from cellular structures, membranes, and aggregates and leads to
their degradation by the proteasome. It ensures the degradation of terminally mis-
folded/damaged proteins in different cellular compartments (ER, mitochondria, nu-
cleus) and thus plays a crucial role in maintaining cellular homeostasis. However, VCP
can also bind to proteins tagged with monoubiquitin/nondegradative ubiquitin chains
and can perform other cellular functions, such as disassembly of RNA-protein com-
plexes and separation of transcription factors from chromatin (44, 45). VCP regulates
and drives multiple cellular functions based upon specific combinatorial interactions
with diverse cofactors, 30 of which are known to date (15). Various VCP cofactor pro-
teins are known and characterized, such as UFD1-NPL4, p47, UBXD1, UBXD2, gp78,
HRD1, VCIP135, and many more (19). These cofactors can bind to the VCP N or C termi-
nus and provide spatiotemporal specificity for its diverse functions in the cell.

Given its abundance and multiple roles in several cellular processes, it is perhaps
not surprising that VCP is an important host factor for virus replication/life cycle. VCP
has been studied in the context of several viruses, such as poliovirus, enterovirus (EV)
71, coronavirus, HCMV, Sindbis virus (SINV), vesicular stomatitis virus (VSV), Rift Valley
fever virus (RVFV), chikungunya virus, HCV, and WNV (20–26, 28, 46, 47). In this study,
we have examined the role of VCP in the context of the flavivirus life cycle and dis-
sected its role in detail for JEV. Below, we analyze the role that VCP plays in the flavivi-
rus life cycle and, in particular, JEV.

VCP depletion does not affect JEV attachment. Our study shows that JEV attach-
ment on cells was not affected by VCP deficiency. Flavivirus entry is primarily mediated
through clathrin-mediated endocytosis (CME) (12, 48, 49). While an earlier study has
shown that VCP depletion delays transferrin receptor (TfR) recycling, (36) it was

FIG 11 VCP interacts with JEV NS5 in infected cells. (A) HeLa cells were infected with JEV (3 MOI),
and the cell lysates prepared at 24 hpi were immunoprecipitated (IP) using the VCP antibody or
rabbit IgG as the isotype control (left panel), and NS5 antibody or rabbit IgG (right panel). The input
and the IP samples were Western blotted with the VCP and NS5 antibodies, as indicated on the right
side of the blots. (B) HEK 293T cells were transfected with 1mg plasmid expressing NS5-HA or NS3-
HA. The cell lysates were prepared at 24 hpt, and immunoprecipitation was performed using the HA
antibody. The input and the IP samples were Western blotted with the VCP and HA antibodies, as
indicated at the right side of the blot. (C) NS5-HA transfected HEK 293T cells were either mock- or
JEV-infected (10 MOI), and lysates prepared at 24 hpi were immunoprecipitated using the HA
antibody. Western blotting was done using the HA, VCP, or NS3 antibodies, as indicated at the right
side of the blot.
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observed not to have any effect on the plasma membrane levels of TfR or other adhe-
sion molecules (cadherin, JAM1), ion transporters (ATP1A1, ATP7A), and poliovirus re-
ceptor. The entry of the alphaviruses chikungunya virus (CHIKV) and Ross River virus
(RRV) through CME and Junin pseudotyped virus through the TfR, was also shown to
be unaffected by VCP depletion (24). However, the same study showed that VCP deple-
tion altered the expression of the major cellular iron transporter NRAMP2 and b1
integrin and blocked SINV entry through NRAMP2. These effects were independent of
ERAD and were suggested to be caused by mislocalization of NRAMP2 to lysosomes,
suggesting cargo-specific regulation of membrane trafficking by VCP (24). Similar levels
of virus attachment observed in our study indicate that virus receptor levels are not
significantly altered under VCP-deficient conditions.

VCP depletion traps the virus nucleocapsid in CCV. VCP has been shown to inter-
act with clathrin and EEA1 and regulate early endosomal dynamics and trafficking of
the TfR and caveolin 1 (35). Interestingly, we also observed higher CLC and EEA1 levels
in VCP depleted cells. Accumulation of coronaviruses in the early endosomes of VCP-
depleted cells has been reported (23). Since VCP inactivation leads to the formation of
large immature early endosomes (36, 37), we hypothesized that these conditions might
lead to the entrapment of the internalized virion particles in the early endocytic com-
partments. This arrest of virus particles in the early endosomes could lead to reduced
and/or delayed release of the virus-RNP complex. We observed higher capsid protein
and viral RNA levels in purified CCV from VCP-depleted cells. There was also enhanced
internalized virus capsid colocalization with the clathrin light chain, but not with EEA1.
Collectively, these data are indicative of virus entrapment in CCVs under VCP-deficient
conditions.

Vaccinia virus genome release was shown to be ubiquitination-independent, but it
required the proteasomal activity with the core protein existing in a ubiquitinated state
inside the virion (50). Ubiquitination was described to be essential for uncoating of the
influenza A virus (IAV) also, wherein the capsid protein was associated with ubiquitin
chains noncovalently in the virion (51). The E3 ubiquitin ligase Itch was shown to be
essential for the IAV release from endosomes (52). Ubiquitination, but not a proteaso-
mal activity, was shown to be essential for the DENV genome uncoating and release
(53). Though direct ubiquitination of the DENV capsid was not seen, the internalized
capsid protein was degraded by the host ubiquitin-proteasomal system; however, pro-
teasomal activity and capsid degradation were not required for the initiation of the first
round of viral translation. The study concluded that capsid protein degradation takes
place independently of the engagement of the viral genome in viral translation. Using
a yellow fever reporter virus, a recent study showed an essential role for ubiquitination
in an early prereplication step of the virus life cycle that was also sensitive to the VCP
pharmacological inhibitors DBeQ and NMS-873 (27). In our study, we did not detect
ubiquitination on internalized JEV virion capsid protein (data not shown). However,
since overexpressed JEV capsid protein undergoes K48 ubiquitination (our unpub-
lished observations), it is possible that the ubiquitination of the capsid occurs at the
level of nucleocapsid disassembly.

VCP in complex with the UBXD1 cofactor was essential for sorting mono-ubiquiti-
nated Cav1 to the lysosome for degradation (35); however, UBXD1 depletion did not
impact JEV replication at any step, ruling out its involvement.

VCP is critical for JEV replication and is a part of the replication complex. We
established an essential role for VCP in JEV replication through the transfection of viral
RNA, thus bypassing the JEV endocytosis and nucleocapsid uncoating. Our study also
showed that VCP displayed a strong colocalization with JEV NS5 and NS1. NS5 is the
RNA-dependent RNA polymerase (RdRP), and NS1 also plays a critical role in flavivirus
RNA replication (54, 55). Thus, VCP localizes with components of the virus replication
complex and is likely to play an important role in virus replication. The VCP-NS5 inter-
action was also validated by immunoprecipitation experiments. Published literature
has shown VCP to be associated with the HCV viral replicase, and its ATPase activity
was essential for virus replication (21). In this context, it may be of interest to note that
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the VCP pharmacological inhibitor CB-5083, which interferes with its ATPase activity,
caused significant inhibition of JEV RNA synthesis and viral titers, suggesting that the
ATPase activity of the VCP may have a role in the JEV RNA replication. Besides the role
as the ATPase in the virus replication, studies on the HCV replication complex suggest
that VCP might have a role in the disaggregation of aggregation-prone replicase com-
ponents to maintain its functionality (22). Additionally, VCP might have a role in the
Alphavirus replication, as it was shown to colocalize with the replication proteins and
compartments of these viruses (20, 21, 25, 46).

The UFD1-NPL4 heterodimer is a well-characterized cofactor of VCP. It is essential
for ERAD through the dislocation of polyubiquitinated substrates from the ER (15, 19).
Depletion of UFD1 did not affect virus entry but resulted in significant inhibition of vi-
rus replication and egress, validating its role as an essential host factor for JEV replica-
tion. A role of UFD1 for EV71 entry has been described in an siRNA-based screen of 31
VCP cofactors (56). The VCP-UFD-NPL4 complex has also been shown to negatively reg-
ulate type I interferon signaling through proteasomal degradation of RIG-I in the con-
text of VSV infection (57).

In summary, our study demonstrates a role of the VCP in the flavivirus replication
and presents a detailed analysis of its role in the JEV life cycle ranging from the nucleo-
capsid release to the genome replication. Further mechanistic studies with the VCP
core complexes will enhance our understanding of how the VCP cofactors modulate
the virus replication. Because of its important role in the replication of the flaviviruses,
VCP presents a pan-flavivirus target for the novel antiviral development.

MATERIALS ANDMETHODS
Cell lines and viruses. The HeLa cell line (CCL-2) was obtained from ATCC. The Huh7, HEK-293T,

Vero, and C6/36 cell lines were obtained from the cell repository at the National Centre for Cell Sciences,
Pune, India. Dulbecco’s modified Eagle medium (DMEM) (HyClone) supplemented with 10% fetal bovine
serum (FBS) was used to culture HeLa, Huh7, and HEK-293T cells. Leibovitz’s L-15 medium (HyClone)
with 10% FBS was used for culturing C6/36 cells. Minimum essential medium Eagle (MEM) (HyClone)
was used for culturing Vero cells. All the media were supplemented with 1� penicillin-streptomycin-glu-
tamine (PSG) (Invitrogen). The following virus strains were used for the study: JEV (strain P20778,
GenBank accession no. AF080251), DENV-2 (strain P23085 INDI-60, GenBank accession no. KJ918750), and
WNV (strain 68856, GenBank accession no. EU249803). The C6/36 cell line was used for culturing and gener-
ating JEV and DENV-2. The Vero cell line was used to culturing WNV, and for plaque assays and foci forming
assays to determine the titer of all three viruses.

Reagents, antibodies, and primers. CB-5083 (1542705-92-9), Eeyarestatin 1 (4129650-54-4), and
DBeQ (177355-84-9) were purchased from Cayman Chemical. The following primary antibodies were
used in the study: VCP (ab11433; CST-2648S), GAPDH (GTX100118), pan-flavi antibody 4G2 harvested
from HB-112 (ATCC) culture supernatant, clathrin light chain (CLC; Santa Cruz; SC-32815), clathrin heavy
chain (CHC; CST-P1663), EEA1 (CST-2411S), JEV capsid (GTX131368); JEV NS1 (ab41651), JEV NS5
(GTX131359), HA (GTX), and rabbit IgG (CST-2729). A polyclonal JEV NS5 rabbit antibody with high speci-
ficity and sensitivity was generated in the lab and used for immunoprecipitation studies. Horseradish
peroxidase (HRP)-conjugated secondary antibodies were purchased from Jackson Immunochemicals.
Alexa 488 Tf (T13342) and fluorophore-coupled secondary antibodies were from Invitrogen, Thermo Fisher
Scientific. Human ON-TARGETplus- VCP-SMARTpool (L-008727-00-0020), UBXD1-SMARTpool (L-008785-01-
0005), UFD1 (L-017918-00-0005), ON-TARGETplus control siRNA nontargeting pool (D-001810-10-20), and
DharmaFECT 1 transfection reagent (T-2001-02) were purchased from Dharmacon. The primers (59-39) used
in the study were as follows: JEV: F-AGAGCACCAAGGGAATGAAATAGT, R-AATAAGTTG TAGTTGGGCACTCTG;
JEV TaqMan probe CCACGCCACTCGACCCATAGACTG (59 end, 6-carboxyfluorescein [FAM]; 39 end, 6-carb-
oxytetramethylrhodamine [TAMRA]): DENV-2: F-TCAATATGCTGAAACGCGAGAAAACCG, R-CGCCACAAGG
GCCATGAACAGTTT; WNV: F-GCTCCGCTGTCCCTGTGA, R-CACTCTCCTCCTGCATGGATG; GAPDH: F-TGCA
CCACCAACTGCTTAGC; R-GGCATGGACTGTGGTCATGAG; VCP: F-AAACCGTGGTAGAGGTGCCA, R-CTTGGA
AGGTGTCATGCCAA; UFD1: F-CCCATGCTGTTCAAACTGACC, R-AAGTGCGTTTTCTAATACGGCT; UBXN6:
F-GGAGCGCATTAACTGCCTG, R-GCTCA GCACGTAGAACTCCTC.

Cell treatment and virus assays. Cells were transfected with siRNA for 48 h (UBXD1, UBA1; 30 nM)
or 72 h (VCP; 12.5 nM), and cell viability, protein, and/or RNA levels of the target gene were checked. For
the VCP inhibitor experiments, cells were treated with the indicated concentration of the drug 1 h
before infection (virus entry experiments) or 2 h postinfection (virus replication experiments). siRNA/
drug-treated cells were infected with the virus at 1 MOI, and infection was monitored by harvesting cells
for qRT-PCR and supernatant for virus titers at different time points. For virus entry assays, cells were
incubated with the infection medium (virus plus incomplete medium; JEV and WNV, 5 MOI; DENV-2, 10
MOI) on ice for 1 h (JEV and WNV) or 2 h (DENV-2). After incubation, cells were washed with 1� PBS,
complete medium was added, and cells were shifted to 37°C for 1 h. Cells were harvested by washing,
and trypsin treatment was given to remove any extracellular attached virus. qRT-PCR was done to
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measure the levels of internalized viral RNA relative to the GAPDH transcript. To monitor the levels of
capsid protein at early time points of virus infection, HeLa cells were infected with JEV at 50 MOI 72 h
post-siRNA treatment. Cells were harvested by trypsin treatment at 1 h intervals, and lysates were proc-
essed for Western blotting. To block protein synthesis and proteasomal degradation, siNT-transfected
cells were treated with 100mg/ml cycloheximide and 1mM bortezomib 1 h prior to infection and replen-
ished after infection. Cells were infected with JEV at 50 MOI on ice for 1 h. Cells were harvested at 3 hpi
by trypsin treatment and processed for Western blotting. Alternatively, the cells were infected with JEV
at 100 MOI and processed at 3 hpi for immunofluorescence staining of the capsid protein for confocal
analysis.

RNA isolation and quantitative real-time PCR (qRT-PCR). Total cellular RNA was isolated with the
phenol-chloroform method using RNAiso reagent (TaKaRa Bio). The cDNA was prepared using the
Prime-script transcription kit (Promega). SyBr mix and TaqMan mix (TaKaRa Bio) were used to set up
real-time PCR on QuantStudio 6 (Applied Biosystems). Each experiment had biological triplicates, and
qPCR for each sample was done in technical triplicates.

Western blot analysis. Cells were lysed in buffer (1% TritonX-100 in 50mM Tris-HCl, pH 7.5, 150mM
NaCl, and protease inhibitor cocktail; Sigma-Aldrich, Merck). Then, 5� loading buffer was added to the
lysates and heated at 95°C for 10min. Different percentages of SDS-PAGE were run depending on the
target protein’s molecular weight. Proteins from the gel were transferred onto a polyvinylidene difluo-
ride (PVDF) membrane. Posttransfer blocking was done using 5% nonfat milk in 1� PBS. Membranes
were incubated at 4°C overnight with primary antibodies (mentioned above) diluted in milk. Three
washes with 1� PBST (1% Tween in PBS) were given. HRP-conjugated secondary antibodies were diluted
in milk, and membranes were incubated for 1 h at room temperature (RT). Three washes with 1� PBST
were given before subjecting the membrane to the HRP substrate, Luminol (Santa Cruz).

Immunofluorescence staining. Cells were plated on glass coverslips for all immunofluorescence
experiments. After the indicated treatment and/or time point postinfection, cells were fixed with 2%
paraformaldehyde for 15min and permeabilized using 0.3% Tween in 1� PBS for another 15min at RT.
After blocking, staining was performed using primary (JEV-capsid, NS1, NS5, EEA1, CLC, VCP) and appro-
priate fluorescence-labeled secondary antibodies. Imaging was performed on an Olympus FV3000 con-
focal microscope using a �60 1.4-numerical-aperature (NA) objective.

Transferrin kinetics. HeLa cells were plated on glass coverslips. At 72 hpt (siNT and siVCP), cells
were incubated in a starvation medium (incomplete DMEM plus HEPES buffer, pH 7.4, plus 0.5% bovine
serum albumin [BSA]) for 30min. Cells were moved to ice and were incubated with Alexa 488 conju-
gated Tf for 10min. After washing, complete medium was added, and cells were shifted to 37°C and
incubated for 2, 5, 10, 15, 30, and 120min. After the incubation, cells were washed with chilled PBS and
acid buffer (50mM NaCl, 150mM glycine, pH 3) for 3min before fixing with 2% paraformaldehyde.
Imaging was done using a FV3000 microscope (Olympus). The integrated fluorescence intensity of Alexa
488 Tf was calculated per cell using Fiji software (NIH) (https://imagej.net/Fiji/Downloads). Two cover-
slips were used for each time point. Fluorescence intensity was calculated from 12 or more fields (;100
cells/coverslip). Fluorescence associated with internalized Tf was plotted against time and fitted using a
logarithmic trendline.

Estimation of EEA1 endosome diameter. The images were converted to 8 bit. The image calibra-
tion was done by drawing a straight line on the scale bar, and the scale was set. The images were
zoomed, and a straight line was drawn across the diameter of the EEA1-positive structures, and particle
analysis was performed to obtain the length of the line drawn.

Endosome fractionation. HeLa cells treated with siRNA were infected with JEV at 50 MOI for 3 h, as
described above. Cells were trypsinized to remove any extracellular attached virus and were harvested.
Endosome isolation was done using the published protocols (58–60). Then, 1-ml aliquots were collected
starting from the top of the gradient. Western blotting was performed to analyze the proteins present in
different fractions. RNA was isolated from every fraction, and JEV RNA levels were analyzed by qRT-PCR.

Clathrin-coated vesicle purification and isolation of associated viral RNA. Cells were infected
and harvested as described for endosome fractionation. Cells were washed with buffer A [100mM 2-(N-
morpholino)ethanesulfonic acid (MES), 0.2mM EGTA, 0.5mM MgCl2; pH 6.5] and homogenized in buffer
A using a 26-gauge syringe. Centrifugation at 4,100� g was done to remove the debris and unlysed
cells. Ultracentrifugation was used to remove the heavy membrane fractions from the lysates. Buffer A-
FS (buffer A with 12.5% wt/vol OptiPrep and 12.5% wt/vol sucrose) was diluted using buffer A in a 1:4 ra-
tio to precipitate clathrin-coated vesicles (61). The final pellet was resuspended in 80ml buffer A, and
20ml of it was processed for RNA isolation.

Transfection of JEV RNA. JEV RNA was isolated from purified JEV virions using the Qiagen RNeasy
kit, 74104. siNT- and siVCP-transfected HeLa cells were transfected 72 h later with 250 ng viral RNA. To
confirm the internalization of viral RNA, cells were harvested at 6 hpt, and levels of viral RNA were ana-
lyzed by qRT-PCR. To determine the role of VCP in the first round of replication, cells were fixed with 2%
paraformaldehyde at 6, 12, and 24 hpt, and NS1-positive cells were observed by confocal microscopy. To
access the role of VCP in virus RNA replication, cells were harvested 24 h later. Relative JEV intracellular
RNA levels were determined by qRT-PCR, and supernatants were used to perform the plaque assay to
measure the virus titer.

Immunoprecipitation. Cells were infected with JEV at 3 MOI and harvested at 24 hpi. For overex-
pression studies, 1mg of the plasmid expressing NS5-HA and NS3-HA was transfected into HEK-293T
using Lipofectamine 2000, and cell lysates were made 24 hpt. A coimmunoprecipitation (Co-IP) kit
(Pierce) was used and as per the protocol; 10mg antibody was used for 1mg of total cell lysate. The
results of the co-IP were analyzed by Western blotting.
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Virus titration. Vero cells were infected with the serial dilutions of the viral supernatant at 90% to
95% confluence. Cells were incubated with infection medium for 1 h (for JEV and WNV) or 2 h (for DENV-
2). After washing, cells were overlaid with an agarose plug (1:1, agarose VIII: 2� MEM; for JEV and WNV)
or with CMC medium (0.5% carboxymethyl cellulose in MEM; for DENV-2). For titration of JEV and WNV,
cells were fixed with 3.7% formaldehyde overnight and stained with crystal violet after removing the
agarose plug for visualizing the plaques. For DENV-2 titration, CMC was removed, and cells were washed
and fixed with 2% paraformaldehyde. The focus-forming assay was done by immunostaining with 4G2
primary antibody, followed by the TrueBlue substrate for the peroxidase-conjugated secondary
antibody.

Cytotoxicity assay. Cell viability assays were performed by using the MTT assay (TOX1; Sigma-
Aldrich, Merck) as per the product manual. Cell viability was measured relative to the controls.

Survival assay in the JEV mouse model. Experiments using the JEV mouse model were conducted
at the Regional Centre for Biotechnology after approval from the animal ethics committee (RCB/IAEC/
2018/040). Animals were handled as per the guidelines of the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA), Government of India. C57BL/6 mice were maintained
and provided by the Small Animal Facility in the NCR Biotech Science Cluster. For virus generation, 2- to
3-day-old mice pups were given an intracranial injection of JEV. The pups’ brains were harvested at the
onset of symptoms such as movement impairment and constant shivering/body tremors. Brain tissue
was homogenized in incomplete MEM medium, and the supernatant was titrated by plaque assay. For
the survival assay, 3-week-old mice were weighed, and grouping was done by matching weight. Mice
were given an intraperitoneal injection with 107 PFU of JEV. The drug was administered by the oral route
at a concentration of 30mg/kg body weight starting from 2 hpi until day 12 at intervals of 24 h.
The drug dosage was based on observable toxicity in mice and published literature (33, 34). Mice were
observed for visual symptoms and mortality. To analyze the effect of CB-5083 on JEV titer, mice were
segregated in two groups, JEV and JEV1CB-5083 (12 mice each). Both the groups received 107 PFU of
JEV via intraperitoneal injection. The drug regime was followed as described above. Three mice from
each group were sacrificed, and their brains were harvested for virus titration by plaque assay.

Statistical analysis. Statistical analysis of the data was done using the paired Student’s t test or one-
way ANOVA followed by Tukey’s post hoc test. Differences were considered significant at P values of
,0.05.
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