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Flaviviruses are human pathogens that can cause severe
diseases, such as dengue fever and Japanese encephalitis, which
can lead to death. Valosin-containing protein (VCP)/p97, a
cellular ATPase associated with diverse cellular activities
(AAA-ATPase), is reported to have multiple roles in flavivirus
replication. Nevertheless, the importance of each role still has
not been addressed. In this study, the functions of 17 VCP
mutants that are reportedly unable to interact with the VCP
cofactors were validated using the short-interfering RNA
rescue experiments. Our findings of this study suggested that
VCP exerts its functions in replication of the Japanese en-
cephalitis virus by interacting with the VCP cofactor nuclear
protein localization 4 (NPL4). We show that the depletion of
NPL4 impaired the early stage of viral genome replication. In
addition, we demonstrate that the direct interaction between
NPL4 and viral nonstructural protein (NS4B) is critical for the
translocation of NS4B to the sites of viral replication. Finally,
we found that Japanese encephalitis virus and dengue virus
promoted stress granule formation only in VCP inhibitor-
treated cells and the expression of NS4B or VCP attenuated
stress granule formation mediated by protein kinase R, which is
generally known to be activated by type I interferon and viral
genome RNA. These results suggest that the NS4B-mediated
recruitment of VCP to the virus replication site inhibits
cellular stress responses and consequently facilitates viral
protein synthesis in the flavivirus-infected cells.

The genome of the genus Flavivirus is characterized by a
single-stranded positive-sense RNA. In humans, flaviviral in-
fections are associated with high rates of morbidity and mor-
tality. Flaviviruses, including dengue virus (DENV), Japanese
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encephalitis virus (JEV), Zika virus (ZIKV), and West Nile
virus (WNV), circulate between arthropod and vertebrate
hosts and are etiological factors for major epidemics world-
wide. Currently, effective antiflaviviral drugs are not available
for human use. Hence, there is an urgent need to develop
novel antiflaviviral therapeutic agents (1).

The RNA genome (size: 11 kb) of flaviviruses encodes a
large polyprotein, which is translated at the rough endoplasmic
reticulum (ER) and integrated into the ER membrane. Subse-
quently, the polyprotein is processed into three structural
proteins (capsid, prM, and E) and seven nonstructural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) by viral and
cellular proteases (2). NS2A, NS4A, and NS4B, which are
essential for virus replication, are not reported to exhibit
enzymatic activities. NS2A is thought to function in virion
assembly (3, 4), whereas NS4A is known to function in the
formation of convoluted membranes at replication organelles
(5). The role of NS4B in the viral replication cycle remains
unclear. However, NS4B is detected at the vesicle packet (VP)
in the replication organelle, which indicates that NS4B func-
tions as a scaffolding protein in viral replication (6, 7). NS4B
interacts with NS4A and NS3, a hybrid protein with viral
helicase and protease domains. This indicates that the major
function of NS4B is to promote the recruitment of NS4A and
NS3 (8, 9). Furthermore, WNV NS4B (along with other NS
proteins) suppresses experimentally induced stress granule
(SG) formation (9, 10).

Valosin-containing protein/p97 (VCP), a hexameric
ATPase, regulates diverse cellular functions, including ER-
associated degradation (ERAD), autophagy, chromatin
remodeling, and DNA repair. VCP carries out its regulatory
functions by either extracting ubiquitylated proteins from
membranes or cellular structures or by separating them from
binding proteins (11). In addition, mutations in VCP result in
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Flavivirus recruits the VCP–NPL4 to induce SG disassembly
inclusion body myopathy with Paget disease of the bone and
frontotemporal dementia and amyotrophic lateral sclerosis
(12). Furthermore, various cofactors, including NPL4, UFD1,
p47, p37, and UBXD1, bind to the N-terminal domain of VCP
through specific interaction domains or motifs and conse-
quently modulate the VCP-mediated processes (11). Previ-
ously, we had reported that siRNA-mediated knockdown of
VCP markedly downregulated the production of JEV or DENV
particles (>106-fold titer reductions) without exerting cyto-
toxic effects (13). This indicates that VCP is a potential ther-
apeutic target for flaviviral infections.

VCP is involved in at least two steps (capsid uncoating step
immediately after virion entry and viral RNA genome replica-
tion) of flavivirus replication (14). During capsid uncoating, the
VCP complex promotes the transportation of ubiquitinated viral
capsids to the proteasome, which leads to the release of the RNA
genome into the cytoplasm (15). In viral genome RNA replica-
tion, the VCP-mediated ERAD pathway is involved in the
degradation of ubiquitinated NS proteins, which is important to
maintain the homeostatic levels of viral proteins for efficient
flaviviral genome replication (13). However, the mechanisms
underlying the antiviral effect of VCP depletion have not been
elucidated. In addition to viral capsiduncoating andviral genome
replication, VCP may have other roles in flavivirus replication.

Type I interferons and cytoplasmic pattern recognition re-
ceptors are involved in typical host antiviral responses. The
cellular stress responses, which are considered important
antiviral strategies, mainly involve promoting the rapid
repression of cellular translation of proteins essential for cell
survival. Several viruses repress the cellular translation to
facilitate their replication. Hence, this process is a potential
therapeutic target for viral diseases (16).

SGs are aggregates of nontranslating messenger ribonu-
cleoprotein complexes formed in response to various envi-
ronmental and cellular signals (17). SG formation and
translational arrest are mediated by the phosphorylation of the
α subunit of eukaryotic translation initiation factor 2 (eIF2α),
which is catalyzed by several cytoplasmic kinases, including
protein kinase R (PKR). PKR, which senses the presence of
double-stranded RNA (dsRNA), is important for the response
to viral infections (18). Several independent groups have re-
ported that flaviviruses have multiple machineries to inhibit
the formation of SG assembly (19–23). However, the mecha-
nisms involved in the flavivirus-induced SG disassembly are
unclear. The aggregates of messenger ribonucleoproteins
dissociate after stress release. VCP is reported to play a critical
role in SG clearance (24, 25). In this study, NPL4, a cofactor of
VCP, was identified as a novel flavivirus host factor. In addi-
tion, the potential roles of NPL4 in releasing the viral trans-
lational machinery from SGs were determined.
Results

NPL4 is a potential VCP cofactor involved in flavivirus
propagation

To determine the cofactors of VCP critical for JEV propa-
gation, 17 VCP-expressing constructs with a mutation in the
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cofactor-binding region of the N-terminal domain (1–187
amino acids [aa]) were generated (Fig. 1A). These mutants
were classified as groups 1, 2, and 3 (Fig. 1B). Group 1
comprised five prototype mutants (m1 [D35A/V38A], m2
[F52A/R53A], m3 [I70A/L72A], m4 [V108A/K109A/Y110A],
and m5 [E141A/Y143A]) and two subprototype mutants (m2a
[F52A] and m2b [R53A]). First, we tested the ability of those
mutants to bind with known representative cofactors and its
truncation fragments, NPL4-Full length (FL), NPL4-N termi-
nal fragment (N), UFD1-FL, UFD1-C terminal fragment (C),
p47-FL, p37-FL, and UBXD1-FL, and we reproduced their
bindings to VCP-N terminal region using a yeast two-hybrid
(Y2H) assay (Fig. 1C). All tested cofactors interacted with
the full-length VCP protein (Fig. 1C, row 2). Among these,
only p47 and p37 interacted with the N-terminal fragment of
VCP (Fig. 1C, row 3). The VCP mutants m1 and m3 also
interacted with all tested cofactors. However, the m2, m2a, m4,
and m5 mutants did not interact with NPL4 alone, whereas
m2b did not interact with UFD1 alone. The inability of the
VCP m4 mutant to bind to NPL4 was verified using a pull-
down assay with the epitope-tagged proteins expressed in
293T cells (Fig. 1D).

Next, the ability of these mutants to rescue impaired JEV
propagation in VCP-depleted cells was examined (Fig. 1E). The
E578Q mutant, which lacks in ATPase activity, was used as a
control. Only m4 mutants could not effectively rescue VCP-
mediated viral propagation (the rescue rate was only 31% of
that of the wildtype [WT] control). The m5 mutant also did
not rescue VCP-mediated viral propagation function. How-
ever, we could not determine whether this mutant is func-
tionally null because its expression was not detected in cells.
The viral propagation rescue rates of the m2b mutants, which
could not bind to UFD1 alone, were similar to those of WT
VCP. This suggests that the binding of UFD1 is dispensable for
VCP function in viral propagation.

Based on the results of experiments with group 1 mutants,
this study focused on m5, m2b, and m3 mutations. The m5
(E141A/Y143A) mutation was split into m5a (E141A) and m5b
(Y143A) mutations. The results of the Y2H assay revealed that
the m5a mutant interacted with all tested cofactors, whereas
the m5b mutant did not interact with NPL4 alone (Fig. 1F). In
addition, a combinatorial mutant with m2b (R53A) and m3
(I70A/L72A) mutations was generated and named m2b + 3
(R53A/I70A/L72A). This mutant exhibited significantly
decreased binding to p37. These three mutants were expressed
at reasonable levels and markedly rescued virus propagation in
VCP-depleted cells (Fig. 1G). This indicates that the binding of
VCP to p37 and both m5a and m5b mutation sites (E141 and
Y143) are not important for VCP-mediated virus propagation
(Fig. 1G). In contrast to the m2b mutant, the m2b+3 mutant
interacted with UFD1 (Fig. 1, C and F). One explanation for
this observation is additional mutations in m2b may have
induced a conformational change in the N-terminal region of
VCP and consequently restored its ability to bind to UFD1.

Next, the following seven additional combinatorial mutants
with m4 were generated: m4+2 (F52A/R53A/V108A/K109A/
Y110A), m4+2a (F52A/V108A/K109A/Y110A), m4+2b



Figure 1. VCP exerts its function in flavivirus propagation by interacting with NPL4. A, structure of the VCP N-terminal domain (green) and the binding
site for the UBD domain in NPL4 (PDB ID:2PJH, brown). Predicted amino acids involved in NPL4 binding are highlighted in blue. B, schematic structure of the
N-terminal domain of VCP (top) and the amino acid sequences of wildtype (WT) and mutants (bottom). Amino acids labeled in red were substituted with
alanine. C, yeast two-hybrid (Y2H) assay for determining the interactions of VCP mutants of group 1 with cofactors. Yeasts were cotransformed with
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(R53A/V108A/K109A/Y110A), m4+5a (V108A/K109A/
Y110A/E141A), m4+5b (V108A/K109A/Y110A/Y143A),
m4+5b+2a (F52A/V108A/K109A/Y110A/Y143A), and
m4+5b+2b (R53A/V108A/K109A/Y110A/Y143A). The bind-
ing of these mutants to cofactors and their ability to rescue
virus propagation in VCP-depleted cells were examined (Fig. 1,
H and I). All additional m4 mutants exhibited impaired
binding to NPL4, whereas the m4+2b mutant exhibited
decreased binding to UFD1, p47, and p37. Moreover, all these
mutants could not effectively rescue virus propagation in VCP-
depleted cells. The rescue rates of all additional m4 mutants
were similar to those of the parental m4 mutant, which
exhibited 18% to 34% rescue rates of those of the WT control.
None of the additional m4 mutants exhibited additive or
synergistic inhibitory effects. These findings indicated that
only the m4 mutation sites, namely, V108, K109, and Y110,
were critical for VCP-mediated virus propagation. The other
sites that were tested for their effects on virus propagation
were dispensable for VCP-mediated virus propagation. The
m4 mutant did not interact with NPL4 alone but interacted
with other cofactors. This suggests that VCP binding to
NPL4 is critical for VCP-mediated viral propagation and
that VCP binding to other cofactors is dispensable for this
function.
Flavivirus NS4B interacts with NPL4–VCP complex

Previously, proteome analysis revealed that both NPL4 and
VCP coprecipitated with JEV-NS4B and DENV-NS4B (13).
Hence, these interactions were confirmed using the reciprocal
pull-down assay. As shown in Figure 2A, JEV-NS4B copreci-
pitated with both VCP and NPL4. These interactions were
confirmed via the immunoprecipitation assay using antibodies
directly bound to JEV-NS4B and endogenous NPL4. Endoge-
nous NPL4 was coprecipitated with NS4B using a JEV
infection–dependent method, indicating the specific interac-
tion between NS4B and NPL4 (Fig. 2B). NPL4 is a well-known
cofactor involved in the substrate recognition of VCP. Hence,
the effect of NPL4 expression on the interaction between
NS4B and VCP was evaluated. NPL4 overexpression was
promoted, whereas NPL4 knockdown impaired the interaction
between VCP and NS4B (Fig. 2, C and D), suggesting that
NPL4 may act as a bridge for the interaction between VCP and
NS4B. Two successive pull-down experiments using Strep-tag
and Myc-tag affinity beads showed that NPL4 has a central
role in the interaction between the NS4B and NPL4-VCP
complexes (Fig. 2E). These data suggest that NPL4 functions
plasmids expressing AD (activation domain) and DBD (DNA-binding domain
selective medium (Leu/Trp/Ade/His deficient). D, pull-down assay of NPL4 with
tagged VCPs and Myc-tagged NPL4. Bait and prey proteins in the bound frac
(middle panel). Prey proteins in the input lysate (Input) fraction were detected u
mutants of group 1. The 293A cells were transfected twice with siRNA and re
Japanese encephalitis virus (JEV) (multiplicity of infection [MOI] = 0.3). Post
measured using a focus forming assay (top panel). The E578Q mutant, which l
were measured using Western blotting with anti-VCP (second panel), anti-FLAG
0.05 (Student’s t test). F, Y2H assay for determining the interactions between
same as that in C. G, phenotypic rescue using VCP mutants of group 2. This ex
the interactions of VCP mutants of group 3 with cofactors. This experimental m
group 3. This experimental method was the same as that in E. *p < 0.05; ns,
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as a cofactor of VCP and mediates the interaction between
VCP and NS4B during viral infection.

Furthermore, NPL4 colocalized with NS4B. NPL4 diffusely
localized at the cytoplasm when it was expressed alone but
translocated to the NS4B-positive compartment in JEV-
infected cells or NS4B-transfected cells (Fig. 2, F and G).
This further indicated that NPL4 interacts with NS4B. The
direct interaction between NPL4 and NS4B was examined
using the Y2H assay (Fig. 2, H and I), which is suitable for
analyzing the cytosolic proteins. Hence, the interaction of all
possible cytosolic fragments of JEV-NS4B with NPL4 was
examined. Strong signals are observed with small proteins.
Therefore, NPL4 was divided into three fragments (1–83,
84–247, and 248–608 aa) and the interactions of these frag-
ments with the NS4B fragments were examined. The combi-
nation of DNA-binding domain fused to NS4B (2393–2447 aa)
and activation domain fused to NPL4 (84–247 aa) yielded a
positive signal, indicating that these peptides directly inter-
acted with each other (Fig. 2I). These results suggested that
NPL4 directly interacted with the NS4B cytoplasmic loop.
NPL4–VCP complex is required at early stage in viral life cycle

To examine the role of NPL4 in flavivirus propagation, the
effect of NPL4 knockdown on viral propagation was examined.
Treatment with siRNAs efficiently depleted the endogenous
NPL4 levels and significantly impaired JEV propagation
(Fig. 3A). Two different targeted siRNAs were evaluated, and
similar results were obtained (data not shown). Treatment
with NPL4 siRNAs also significantly impaired DENV replica-
tion in the subgenomic replicon cells (Fig. 3B). These findings
indicate that NPL4 is required for flavivirus replication.
Furthermore, the simultaneous knockdown of NPL4 with VCP
did not demonstrate any additive or synergistic inhibitory ef-
fect on either JEV propagation or DENV replication (Fig. 3, A
and B), suggesting that NPL4 and VCP play roles in the same
pathway.

A recent study has reported that the ATPase activity of VCP
is required for flavivirus propagation (13). Hence, the cells
infected with the virus for 2 h were treated with specific small-
molecule VCP ATPase inhibitors, such as DBeQ (26), for 4 h.
Treatment with the VCP ATPase inhibitors impaired the
production of infectious JEV in the supernatant (Fig. 3C),
which was consistent with the results of a previous study (13).
A 4-h pulse treatment with DBeQ just after virus inoculation
was sufficient to reduce the viral titers. However, the inhibitory
effect of DBeQ on virus production was not observed at other
) fusion proteins and plated on the control medium (Leu/Trp deficient) or
WT or various mutant of VCP. The 293T cells were cotransfected with OSF-
tion were detected using the anti-Myc (top panel) or anti-FLAG antibodies
sing the anti-Myc antibodies (bottom panel). E, phenotypic rescue using VCP
scue vectors. Post second transfection (24 h), the cells were infected with
infection (48 h), the infectious virus titer in the culture supernatant was
acks in ATPase activity, was used as a control. The protein expression levels
(third panel), or anti-α-tubulin (bottom panel) antibodies. **p < 0.01 and *p <
VCP mutants of group 2 with cofactors. This experimental method was the
perimental method was the same as that in E. H, Y2H assay for determining
ethod was the same as that in C. I, phenotypic rescue using VCP mutants of
not significant (Student’s t test). VCP, valosin-containing protein.



Figure 2. NPL4-VCP complex interacts with Japanese encephalitis virus (JEV)-NS4B. A, pull-down assay of JEV-NS4B with VCP and NPL4. The 293T cells
were cotransfected with OSF-VCP or OSF-NPL4 with Myc-JEV-NS4B. Bait and prey proteins in the bound fraction were detected using the anti-Myc (top
panel) or anti-FLAG antibodies (middle panel). Prey proteins in the lysate (Input) were detected (bottom panel). B, immunoprecipitation of JEV-NS4B with
endogenous NPL4 using 293T cells infected with JEV (MOI = 1.0) or mock for 48 h. Bait and prey proteins bound to anti-JEV-NS4B or control
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time points (Fig. 3, D and E). These results suggest that VCP
functions in the early and not the late stage of viral infection.
Treatment with the irreversible ERAD inhibitor eeyarestatin I
(EerI) (27) impaired virus production irrespective of the timing
of inhibitor treatment (Fig. 3, D and E).
Virus infection induces SG formation in the absence of NPL4–
VCP function

Buchan et al. (24) reported that VCP is involved in disso-
ciating SGs after cellular stresses are relieved. Thus, the effect
of VCP inhibitors on SG formation was examined in virus-
infected cells. The number of cells with G3BP-positive SGs
in the DBeQ-treated and JEV-infected group was significantly
higher than that in the DBeQ-treated and mock-infected
group (Fig. 4, A and B). Furthermore, treatment with 3,4-
methylenedioxy-b-nitrostyrene (MDBN; a VCP inhibitor)
dose dependently and significantly increased the number of
cells with SGs in the JEV-infected cells (Fig. 4C). These results
suggest that these are not the specific phenotypes observed
with DBeQ treatment. To examine the VCP inhibition–
mediated SG formation, the number of cells with SG forma-
tion expressing other SG markers among the virus-infected
cells was examined in the same experiments. DBeQ
significantly increased the production of TIAR-positive or
eIF3η-positive SGs in the virus-infected cells (Fig. 4D). This
suggested that these SGs are not G3BP-specific structures.
Although VCP or NPL4 knockdown reduced the viral genome
replication, the basal levels of viral genome replication and
viral protein expression were observed in these cells. The
number of SGs-positive cells was increased upon VCP or
NPL4 depletion in a JEV infection–dependent manner
(Fig. 4E). SG formation was also observed in DENV-infected
cells (Fig. 4F). Thus, the induction of SG formation may be a
common feature of flaviviruses. VCP inhibition–mediated SG
formation was also observed in JEV subgenomic replicon cells
(Fig. 4G). In the JEV subgenomic replicon cells, viral protein
translation, which is accompanied by viral genome replication,
proceeds without the viral structural proteins capsid, prM, and
E. This suggested that viral structural proteins are not involved
antibody–conjugated beads detected using the anti-NPL4 (left top panel) or a
immunoglobulin bands and NS4B, respectively. Prey proteins in the input lysat
JEV-NS4B (right bottom panel) antibodies. C, NPL4 expression promotes the inte
tagged VCPs and Myc-tagged JEV-NS4B with or without Myc-NPL4. Bait and
panel) or anti-FLAG (middle panel) antibodies. Prey proteins in the input lysate
D, effect of NPL4 knockdown on the interaction between VCP and NS4B. Sche
cells were transfected twice with siRNA, followed by the OSF-VCP and NS4B-
Sepharose beads, HiBiT-dependent NanoLuc luciferase activity (HiBiT activity
input lysate were detected using the anti-NPL4 (top panel) antibody, anti-FLAG
pull-down experiments for NS4B–NPL4–VCP ternary complex. Schematic prese
293T cells were transfected with NS4B-HiBiT, with or without Myc-NPL4 and OS
HiBiT activity was measured in the bead-bound fractions (second panel). After el
mixed with anti-Myc antibody–conjugated Sepharose beads. HiBiT activities we
the input fractions were measured (right panel). F and G, colocalization of NP
(24 h), JEV (MOI = 1.0)-infected HeLa cells were transfected with OSF-NPL4 and
(green) or anti-JEV-NS4B (red) antibodies (F). HeLa cells were cotransfected wi
image indicate Mander’s colocalization coefficient R. The scale bar represents 2
UBD, “ubiquitin-like” domain; NZF, Npl4 zinc finger or RanBP2/Nup358 zinc fing
JEV-NS4B fragments (2393–2447 aa). Each pair of plasmids includes one plasm
expresses DBD fused to fragments derived from JEV polypeptide containing the
Cells were plated on the control medium (right panel, Trp− and Leu−) or the se
column indicate the amino acid regions expressed in the yeast cells. VCP, val
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in this process. These findings indicate that flavivirus genome
replication or related event potentially induces SG formation
in the absence of VCP function.

Immunofluorescence analysis revealed that the G3BP
puncta overlapped with dsRNA. The G3BP signals were
adjacent to NS3, which was detected in the convoluted
membrane (CM) (Fig. 5A arrowhead). A previous study indi-
cated that G3BP was ubiquitinated during its disassembly (25).
Ubiquitin is also targeted for NPL4–VCP activity (11).
Although the ubiquitin signals overlapped with NS3, VCP
inhibition–induced SG was partially colocalized with ubiquitin
signals (Fig. 5B). This suggests that SGs formed close to the
viral replication organelles could be in the disassembly process.
Furthermore, partial NPL4 signals overlapped with both NS4B
and G3BP (Fig. 5C). This indicated that the NPL4–VCP
complex is recruited to the replication organelle through
interaction with NS4B and that this complex modulates the
formation of SG adjacent to the viral replication organelle.

To further analyze VCP inhibition–mediated SG formation,
the correlation between viral protein expression and VCP in-
hibition was examined in JEV-infected cells. The effect of
DBeQ on SG formation at an early stage of infection was
examined. As shown in Figure 6, the number of NS3-positive
cells gradually increased to almost 100% at 22 h post infection.
The number of SGs increased between 6 and 10 h post
infection, a time frame during which viral proteins were
detected. These results suggest that DBeQ-induced SG for-
mation is related to viral protein expression.
VCP suppresses SG accumulation in virus-infected cells

Viral infection activates the antiviral stress responses, such
as the assembly of RNA granules in the host cells to inhibit
mRNA translation. Previous studies have elucidated the
mechanisms underlying the virus-mediated modulation of the
assembly/disassembly of RNA granules. However, the molec-
ular mechanisms underlying the RNA granule formation are
unclear. Recently, two studies have reported that VCP plays an
important role in SG clearance (24, 28). Thus, the status of SG
formation in virus-infected cells was examined. Consistent
nti-JEV-NS4B (left bottom panel) antibodies. Black and gray arrows indicate
e (Input) fraction were detected using the anti-NPL4 (right top panel) or anti-
raction between VCP and NS4B. The 293T cells were cotransfected with OSF-
prey proteins in the bound fraction were detected using the anti-Myc (top
(Input) fraction were detected using the anti-Myc antibodies (bottom panel).
matic presentation of pull-down HiBiT assay is shown in the left panel. 293T
HiBiT expression plasmids. After cell lysis and pull-down with Strep-Tactin
) in the bead-bound fraction was measured (graph). Prey proteins in the
(middle panel) antibody, or HiBiT blotting (bottom panel). E, two-successive
ntation of two-successive pull-down HiBiT assays is shown in the left panel.
F-VCP. After cell lysis and pull-down with the Strep-Tactin Sepharose beads,
uting bead-bound proteins by adding destiobiotin, the eluted fractions were
re then measured in the bead-bound fractions (third panel). HiBiT activities in
L4 and JEV-NS4B in JEV-infected cells or cotransfected cells. Post infection
fixed. The levels of OSF-NPL4 and NS4B were detected with the anti-FLAG

th OSF-NPL4 (green) and JEV-NS4B-Myc (red) (G). The numbers under each
0 μm (F and G). H, schematic structure of NPL4 and its fragments used in (I).
er. I, yeast two-hybrid assay for examining the interaction between NPL4 and
id that expresses AD fused to the fragments of NPL4 and one plasmid that
cytoplasmic region. Plasmids were transformed into the yeast strain AH109.
lective medium (left panel, Trp−, Leu−, His−, and Ade−). The numbers in each
osin-containing protein.



Figure 3. VCP ATPase is important for early stage of viral propagation. A, effect of NPL4 and/or VCP knockdown on JEV propagation. 293T cells were
transfected with siRNA against NPL4 and/or VCP twice for 24 h. The cells were then infected with JEV (MOI = 0.3). Virus titers in the supernatant 48 h post
infection were measured (top graph). **p < 0.0001; ns, not significant (Tukey’s multiple comparison test). The levels of VCP (second panel), NPL4 (third panel),
and α-tubulin (bottom panel) were determined using Western blotting. B, effect of NPL4 and/or VCP knockdown on Dengue virus (DENV) genome repli-
cation. 293T cells were transfected with siRNA against NPL4 and/or VCP twice for 24 h, followed by transfection with NanoLuc expressing the DENV
subgenomic replicon RNA-expressing plasmid. NanoLuc-dependent luciferase activities were measured in the cell lysate at 72 h post transfection (top
graph). **p < 0.001; ns, not significant (Tukey’s multiple comparison test). The levels of VCP (second panel), NPL4 (third panel), and α-tubulin (bottom panel)
were determined using Western blotting. C, effect of DBeQ on JEV propagation. The 293A cells were infected with JEV (MOI = 0.3) for 2 h and treated with
10 μM of DBeQ for 4 h. Post infection (48 h), the infectious virus titer in the culture supernatant was measured using a focus forming assay. **p < 0.01
(Student’s t test). D and E, time of addition assay. D, schematic diagram of DBeQ treatment. The 293A cells were infected with or without JEV (MOI = 0.3) and
treated with 10 μM of DBeQ or 10 μM of Eer1 for 4 h at the indicated time points. Virus inoculation (white box) and drug treatment (gray box) time frames
are indicated. E, results of time of the addition assay. All supernatants were collected 48 h post infection to determine the JEV infectious titer using a focus
forming assay. JEV, Japanese encephalitis virus; MOI, multiplicity of infection; VCP, valosin-containing protein.

Flavivirus recruits the VCP–NPL4 to induce SG disassembly
with the previous findings in DENV-infected and WNV-
infected cells (19, 29), JEV infection significantly impaired
oxidative stress–induced SG formation (20). Treatment with
arsenite or polyinosinic:polycytidylic (poly (I:C); a mimic of
viral dsRNA) promoted SG formation through eIF2α phos-
phorylation. Thus, the effect of NS4B expression on SG for-
mation through eIF2α phosphorylation was examined. In
arsenite-treated cells, virus infection significantly impaired
arsenite-induced SG accumulation (Fig. 7, A and B). Similar
results were obtained upon the expression of NS4B. The G3BP
puncta were less or not observed in JEV-NS4B–expressing
cells (Fig. 7, C and D). This suggested that NS4B is involved in
the inhibition of SG formation in virus-infected cells. In
addition, NS4B expression mitigated poly (I:C)-induced SG
accumulation (Fig. 7E). These results suggest that NS4B in-
hibits the eIF2α phosphorylation–dependent SG induction
pathway. Interesting, VCP expression also mitigated poly (I:C)-
induced SG accumulation (Fig. 7E), suggesting that the VCP
complex is involved in the same pathway. In addition to the
eIF2α phosphorylation–dependent pathway, this study exam-
ined the effect of NS4B expression on SG formation through
the eIF2α phosphorylation–independent pathway. The cells
were treated with rocaglamide A, an inhibitor of eIF4A and an
SG inducer. NS4B expression impaired SG formation in
J. Biol. Chem. (2022) 298(3) 101597 7



Figure 4. VCP inhibition induces stress granule (SG) formation in flavivirus-infected cells. A and B, effect of DBeQ treatment and/or JEV infection on SG
formation. Schematic diagram illustrating DBeQ treatment (A, upper). The number of cells containing SGs was counted (A, lower), after staining the cells with
anti-G3BP (green) and JEV-NS3 (red) antibodies (B). **p < 0.01 (Student’s t test). The scale bar represents 20 μm. C, 3,4-Methylenedioxy-b-nitrostyrene
(MDBN: VCP inhibitor) dose dependently increased the formation of SGs in JEV-infected cells. Huh7 cells were treated with MDBN at the indicated amount
for 4 h post infection (24 h). The number of cells containing SGs was counted, after staining the cells with the anti-G3BP antibodies. *p < 0.05 (Student’s t
test). D, effect of DBeQ treatment and/or JEV infection on SG formation. Huh7 cells were mock infected or infected with JEV (MOI = 1.0) and treated with or
without DBeQ (5 μM) for 4 h post infection (24 h). The number of cells containing SGs was counted, after staining the cells with anti-G3BP, anti-TIAR, or anti-
eIF3η antibodies. **p < 0.01 (Student’s t test). E, effect of VCP or NPL4 knockdown on JEV infection–mediated SG formation. Huh7 cells were transfected
twice with siRNA for a 24-h interval, followed by JEV or mock-infected cells (MOI = 1.0) for 24 h. The cells were fixed and stained with anti-G3BP (green) and
anti-JEV-NS3 (red) antibodies. The scale bar represents 10 μm. The numbers of cells containing G3BP dots among the NS3-positive cell population were
plotted in the bottom graph. **p < 0.05 (Student’s t test). F, effect of DBeQ treatment and/or DENV infection on SG formation. Schematic diagram of DBeQ
treatment (upper). Huh7 cells were subjected to mock infection or DENV infection (MOI = 1.0) at 0 h and treated with or without 5 μM of DBeQ for 4 h post
infection (48 or 72 h). The number of cells containing SGs was counted, after staining the cells with the anti-TIAR antibodies. *p < 0.05 (Student’s t test).
G, SG formation in DBeQ-treated subgenomic replicon cells. SG puncta in the cells transfected with JE replicon, a plasmid expressing JEV subgenomic-
replicon RNA, were detected using the anti-TIAR antibodies. A JE replicon [C-NS5(fs)] with a frame-shift mutation (fs) within the NS5 coding region was
used as a replication-incompetent construct. **p < 0.01 (Student’s t test). JEV, Japanese encephalitis virus; MOI, multiplicity of infection; VCP, valosin-
containing protein.

Flavivirus recruits the VCP–NPL4 to induce SG disassembly
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Figure 5. Stress granules (SGs) localize adjacent to replication organelle. A, SGs localized adjacent to the replication organelle. Huh7 cells stably
expressing mCherry-G3BP (red) were infected with JEV and treated with 5 μM DBeQ for 4 h post infection (24 h). The cells were fixed and stained with anti-
double-stranded RNA (dsRNA) (green) and anti-JEV-NS3 (cyan) antibodies. Arrowheads indicate G3BP-positive SGs. B, accumulation of ubiquitinated proteins
in the replication organelles. mCherry-G3BP-expressing Huh7 cells were infected with JEV (MOI = 1.0) and treated with 5 μM DBeQ for 4 h post infection
(24 h). The cells were fixed and stained with anti-ubiquitin (FK2, green) and anti-JEV-NS3 antibodies (cyan). The white arrowheads indicate ubiquitinated
proteins accumulated around the viral replication organelles. The scale bar represents 10 μm. C, NPL4 is localized at the replication organelles and SGs.
mCherry-tagged G3BP (red) and moxCerulean3-tagged NPL4 (cyan)–expressing Huh7 cells were infected with JEV (MOI = 1.0) and treated with 10 μM DBeQ
for 4 h post infection (48 h). The cells were fixed and stained with the anti-NS4B antibodies (green). The scale bar represents 10 μm. JEV, Japanese
encephalitis virus; MOI, multiplicity of infection.

Flavivirus recruits the VCP–NPL4 to induce SG disassembly
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Figure 6. VCP inhibition–induced stress granule formation is correlated
with viral protein expression. A, schematic diagram of VCP inhibitor
treatment. Gray and white boxes indicate the time frame of the treatment
with DBeQ and virus inoculation, respectively. B, JEV or mock-infected
(MOI = 1.0) cells were treated with or without DBeQ (5 μM) for 4 h post
infection (2, 6, 10, and 22 h). The cells were then fixed and stained with anti-
G3BP and anti-NS3 antibodies to detect stress granules and virus infection.
The number of stress granule–positive cells (left panel) and NS3-positive
cells (right panel) in the total cell culture was counted. JEV, Japanese
encephalitis virus; MOI, multiplicity of infection; VCP, valosin-containing
protein.

Flavivirus recruits the VCP–NPL4 to induce SG disassembly
rocaglamide A–treated cells (Fig. 7, F and G). These results
suggest that NS4B and VCP suppress SG accumulation in the
downstream process of SG formation cycle.

In flavivirus infection, the activated PKR-induced phos-
phorylation of eIF2α at S51 is reported to promote SG for-
mation (18). Hence, the effect of PKR and eIF2α mutants on
PKR-mediated SG induction, which is reported to be acti-
vated by dsRNAs, was examined (30). The cells were trans-
fected with PKR-D328A (a constitutively active form capable
of inducing eIF2α phosphorylation (31)), PKR-K296R (an
unphosphorylated kinase-dead PKR), and eIF2α-S51D (a
phosphomimetic mutant (32)). The overexpression of PKR-
WT, PKR-D328A, and eIF2α-S51D promoted the formation
of SGs (Fig. 8, A and B). In contrast, the overexpression of
PKR-K296R, eIF2α-WT, or eIF2α-S51A did not promote SG
formation (Fig. 8, A and B). These findings suggest that the
formation of SGs in this study was mediated by PKR-
dependent eIF2α phosphorylation. Next, the effect of NS4B
or VCP expression on SG formation in PKR-D328A–
expressing cells was examined. Although the expression of
JEV–NS4B or VCP decreased the number of SGs, the
expression level of PKR-D328A was similar to that in control
cells (Fig. 8, C–E). These results suggest that NS4B and VCP
impair the formation of SGs through PKR. Addition of the
VCP inhibitor restored the formation of SGs in PKR-D328A–
expressing cells even in the NS4B-expressing cells, suggesting
that VCP mediated SG disassembly downstream of NS4B
(Fig. 8F).

The inhibition of translation initiation is associated with SG
formation. Moreover, SG formation was negatively correlated
with viral replication and regulated by NS4B and VCP.
10 J. Biol. Chem. (2022) 298(3) 101597
Therefore, the effects of NS4B on PKR-mediated translational
suppression were examined. The expression of PKR-D328A or
eIF2α-S51D significantly suppressed the translation of lucif-
erase reporter mRNA under the control of the cauliflower
mosaic virus promoter, which is dependent on the 50-cap
structure (Fig. 9A, bottom panel, lanes 2 and 3). This
translational inhibition was attenuated upon the expression of
JEV-NS4B alone or transfection of JEV subgenomic replicon
constructs (Fig. 9A). Furthermore, puromycin immunoblotting
assay revealed that the global translational arrest was mitigated
upon the expression of JEV-NS4B (Fig. 9B). Puromycin enters
the A site of the ribosome. Therefore, the peptides were
labeled with puromycin during synthesis. The translation ac-
tivity was monitored by detecting the puromycin-bound
elongating polypeptides. The puromycin signal intensity in
the cells expressing PKR-D328A or eIF2α-S51D was lower
than that in the cells transfected with a control vector (Fig. 9B,
lanes 1–3). These results indicate that the expression of PKR-
D328A or eIF2α-S51D inhibited the entire translation ma-
chinery. However, this inhibition was abolished upon the
coexpression of NS4B (Fig. 9B, lanes 2–3 compared with lanes
5–6). Thus, NS4B has an inhibitory role in PKR-D328A or
eIF2α-S51D–induced translational arrest. These results are
consistent with our other findings on the importance of NS4B
in mitigating eIF2α-mediated translational arrest and dis-
assembling SGs. In summary, these results suggest that the
NS4B–NPL4–VCP complex may function to resolve the SG to
facilitate the translation of proteins required for viral replica-
tion under stress conditions.
Discussion

This study demonstrated that the NPL4–VCP complex is an
essential factor for JEV and DENV propagation by revealing a
novel function of the NPL4–VCP complex, which involves the
disassembly of SGs. Several viruses have evolved to evade
various cellular antiviral responses and consequently promote
self-replication. The findings of this study suggest that NS4B
recruits VCP to evade the cellular stress responses by dis-
assembling the SGs and facilitates the synthesis of proteins
required for initiating viral genome replication (Fig. 10). These
results are consistent with those of previous studies, which
reported that ZIKV evades the host antiviral stress responses
by modulating eIF2α dephosphorylation (23).

In the innate immune response, type I interferon induces
the expression of PKR, which is activated by the dsRNA virus
genome (18). Activated PKR inhibits cellular translational
machinery by phosphorylating eIF2α (30) and consequently
promotes the formation of cytoplasmic RNA granules (SGs).
SGs are repeatedly assembled and disassembled during viral
infection through PKR-mediated eIF2α phosphorylation and
GADD34-mediated dephosphorylation, respectively (33). Fla-
viviruses do not markedly activate PKR (9, 34). However, the
phosphorylation of eIF2α achieves a balance between accel-
eration and suppression of cellular protein synthesis. The
findings of this study suggest that eIF2α-dependent trans-
lational activity can be regulated by SG assembly/disassembly,



Figure 7. Expression of NS4B and JEV infection impair stress-induced stress granule formation. A and B, inhibition of oxidative stress–induced SG
formation in JEV-infected cells. HeLa cells were infected with JEV (MOI = 1.0). Post infection (24 h), the cells were treated with 100 μM arsenite for 30 min,
fixed, and stained with anti-G3BP (green) and anti-JEV-NS3 (red) antibodies. The scale bar represents 20 μm (A). The number of G3BP puncta in each cell was
plotted using a scatter plot. The number of cells with G3BP puncta is shown in the bar graph (B). **p < 0.01 (Student’s t test). C and D, inhibition of oxidative
stress–induced SG formation in JEV-NS4B-transfected cells. The HeLa cells were transfected with JEV-NS4B-Myc expression plasmid for 24 h. Next, the cells
were treated with 100 μM arsenite for 30 min, fixed, and stained with anti-G3BP (green) and anti-Myc (red) antibodies. Asterisks indicate cells exhibiting
strong NS4B expression. The scale bar represents 20 μm (C). The number of G3BP puncta in each cell was plotted as a scatter plot. The number of cells with
G3BP puncta is shown in the bar graph (D). **p < 0.01 (Student’s t test). E, inhibition of poly(I:C)-induced SG formation in JEV-NS4B-transfected cells. The
HeLa cells were transfected with JEV-NS4B-Myc or Myc-VCP expression plasmid for 24 h. The cells were then transfected with 100 ng/ml of poly(I:C) for
6 h, fixed, and stained with the anti-G3BP antibodies. The number of cells with G3BP puncta was counted and indicated in the bar graph. **p < 0.01
(Student’s t test). F and G, inhibition of rocaglamide A (Roc-A)-induced SG formation in JEV-NS4B-transfected cells. The HeLa cells were transfected with JEV-
NS4B-Myc expression or empty vector for 24 h. The cells were then treated with 500 nM Roc-A for 1 h, fixed, and stained with the anti-G3BP and anti-Myc
antibodies. Asterisk indicates NS4B-positive cells (F). The number of G3BP puncta in each cell was plotted as a scatter plot. The number of cells with G3BP
puncta is shown in the bar graph (G). **p < 0.01 (Student’s t test). JEV, Japanese encephalitis virus; MOI, multiplicity of infection; SG, stress granule; VCP,
valosin-containing protein.

Flavivirus recruits the VCP–NPL4 to induce SG disassembly
which is in turn regulated by the VCP complex and the
phosphorylation status of eIF2α. However, SG formation is
constitutively suppressed and PKR activity is upregulated in
flavivirus-infected cells (9, 33). These previous findings suggest
that the downstream PKR signaling is inhibited. This study
demonstrated that the NPL4–VCP complex may play a role in
the inhibition of PKR signaling. Viruses may activate PKR to
inhibit cellular protein synthesis and recruit the VCP complex
J. Biol. Chem. (2022) 298(3) 101597 11



Figure 8. Expression of NS4B and Japanese encephalitis virus infection impair activated protein kinase R (PKR)-induced SG formation. A and B, SG
induction in cells expressing WT PKR, a constitutively active PKR (PKR-D328A), a kinase dead PKR (PKR-D296R), WT eIF2α, a phosphomimetic form of eIF2α
(eIF2α-S51D), or a phosphorylation dead form of eIF2α (eIF2α-S51A). A, post transfection (24 h) with PKR-WT, PKR-D328A, PKR-K296R (A, upper) or eIF2α-WT,
eIF2α-S51D, eIF2α-S51A (A, lower) expression vector, the HeLa cells were fixed and stained with anti-G3BP antibody. The scale bar represents 20 μm. B, the
number of cells with G3BP puncta was counted. **p < 0.01 (Student’s t test). C and D, NS4B and VCP expression suppresses PKR-induced SG formation. HeLa
cells were cotransfected with OSF-PKR-D328A, mCherry-G3BP (red), and a plasmid expressing either NS4B-Myc or Myc-VCP. The control groups were
transfected with the corresponding empty vectors. Post transfection (24 h), the cells were fixed and stained with anti-Myc (green) and anti-FLAG (gray)
antibodies. The scale bar represents 20 μm. E, NS4B and VCP expression suppresses PKR-induced SG formation. HeLa cells were cotransfected with OSF-PKR
(PKR-D328A), mCherry-G3BP, and a plasmid expressing either NS4B-Myc or Myc-VCP. Post transfection (24 h), the cells were fixed and stained with anti-
FLAG and anti-Myc antibodies. The number of G3BP puncta and G3BP puncta–positive cells is indicated (lower panel). The protein expression levels
were determined using anti-FLAG, anti-Myc tag, or anti-α-tubulin antibodies (upper panels). **p < 0.01 (Student’s t test). F, effect of DBeQ on NS4B-mediated
suppression of PKR-induced SG formation. HeLa cells were cotransfected with OSF-PKR-D328A, mCherry-G3BP (red), and a plasmid expressing NS4B-Myc.
Post transfection (24 h), the cells were treated with DBeQ for 4 h, then fixed and stained with anti-Myc (green) and anti-FLAG (gray) antibodies. The scale bar
represents 20 μm. The numbers of cells containing G3BP dots among NS4B-positive cell population were plotted in the right graph. **p < 0.05 (Student’s t
test). SG, stress granule; VCP, valosin-containing protein.

Flavivirus recruits the VCP–NPL4 to induce SG disassembly
to promote viral protein synthesis. A similar scheme has been
proposed in hepatitis C virus (HCV). HCV inhibits only eIF2α-
mediated cellular protein synthesis by activating PKR and
promotes eIF2α-independent IRES-mediated viral protein
synthesis (35). A 30 UTR-mediated 50-cap–independent
translation system has been proposed in flavivirus (36). How-
ever, VCP recruitment in flavivirus could have an additional or
12 J. Biol. Chem. (2022) 298(3) 101597
equivalent role in HCV-IRES–mediated stress-independent
protein synthesis.

Several other mechanisms of inhibiting SG formation in
flavivirus-infected cells have been reported. JEV or ZIKV
capsid (a viral structural protein) directly interacts with caplin
1 (an SG component) and suppresses SG formation (20, 22).
However, viral structural proteins are dispensable for flavivirus



Figure 9. Expression of NS4B impairs activated PKR–induced translational arrest. A, expression of NS4B impairs PKR-induced translational suppression.
The 293T cells were cotransfected with cauliflower mosaic virus promoter-driven luciferase-expressing constructs, stress granule–inducing constructs
(OSF-PKR-D328A or OSF-eIF2α-S51D), and JEV-NS4B-Myc or JEV subgenomic replicon constructs. Post transfection (24 h), the cells were lysed and the
luciferase activities in the cells were measured (lower graphs). The OSF-PKR-D328A or OSF-eIF2α-S51D (upper) and α-tubulin (middle) protein levels were
determined using the anti-FLAG and anti-α-tubulin antibodies, respectively. **p < 0.01 (Student’s t test). B, JEV-NS4B expression mitigated the PKR-D328A or
eIF2α-S51D-induced translational arrest. Post transfection (24 h) with OSF-PKR-D328A or OSF-eIF2α-S51D vectors with or without JEV-NS4B-Myc vectors, the
cells were treated with puromycin (5 μg/ml) for 25 min. The cells were harvested and lysed in a lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris [pH
7.5], and proteinase inhibitors). Puromycin-bound proteins, OSF-PKR-D328A, OSF-eIF2α-S51D, α-tubulin were examined using Western blotting with the
anti-puromycin, anti-FLAG, anti-α-tubulin antibodies. JEV, Japanese encephalitis virus; PKR, protein kinase R.

Flavivirus recruits the VCP–NPL4 to induce SG disassembly
genome replication. In this study, VCP inhibition–mediated
SG formation was observed in subgenomic replicon cells,
which do not express capsid (Fig. 4G). This indicated that the
VCP pathway is independent of capsid–caplin 1 interaction.
The second mechanism involves the direct association of JEV-
NS2A with PKR, which leads to the inhibition of PKR activa-
tion (37). However, this mechanism is not supported by the
observations of our group and other groups, which reported
that flavivirus suppresses oxidative stress–induced SG forma-
tion (9, 19, 29). The third mechanism involves the WNV-
mediated upregulation and activation of transcription factors
that modulate the antioxidant response, which leads to the
impairment of arsenite-induced SG formation (21). Under
oxidative stress conditions, this pathway may also have a role
in anti-SG responses.

HRI is activated under oxidative stress conditions instead of
PKR (38). NS4B expression impairs oxidative stress–induced
SG formation (Fig. 7, C and D), which indicated that this in-
hibition machinery is not specific for the PKR pathway.
Furthermore, a recent study demonstrated that DENV infec-
tion impairs not only eiF2α-dependent SG formation but also
hippuristanol-induced eIF2α-independent SG formation.
However, the authors suggest that the formation of SGs is not
related to translational suppression (29). These results suggest
that viruses regulate SG formation downstream of the pathway
after SG formation. Flaviviruses may have multiple pathways
to evade SG formation. The findings of this study are
consistent with those of a previous study, which reported that
WNV NS4B is involved in suppressing SG formation (9). This
phenotype was confirmed in this study. However, NS4B
expression alone was sufficient to suppress oxidative stress–
induced SG formation (Fig. 7, C and D). The NPL4–VCP
complex was associated with NS4B (Fig. 2) and SGs accumu-
lated adjacent to the viral replication organelle in VCP-
inhibited cells (Fig. 5). This suggests that the NS4B-mediated
recruitment of the NPL4–VCP complex to the viral replica-
tion organelle facilitates viral protein synthesis by preventing
SG formation.

The VCP complex is reported to be involved in other viral
life cycles. In HCV and poliovirus infection, VCP has been
identified as a cellular factor that facilitates viral genome
replication (39, 40). The precise role of VCP in viral genome
replication remains unclear. Yi et al. (40) reported that VCP is
potentially involved in the assembly of the HCV replicase
complex. VCP might also function as a counterpart for the
stress response in these viral infections. Furthermore, we could
not exclude the possibility that VCP is involved in the entry
steps of viral infection. Phongphaew et al. (41) reported that
WNV RNA level was downregulated even 2 h post infection in
VCP-depleted cells, although the effect was minimal. Further
experiments are required to clarify this question.

Previous studies have suggested that SG formation is limited
in virus-infected cells as dsRNA (intermediate product of viral
genome RNA processing) is masked in vesicles at the viral
J. Biol. Chem. (2022) 298(3) 101597 13



Figure 10. Schematic presentation indicating the functions of NPL4–
VCP complexes in flavivirus-infected cells. The NPL4-VCP complexes are
recruited to the viral replication organelle. This event may be important in
the disassembly of SGs to facilitate efficient viral protein synthesis. SG, stress
granule; VCP, valosin-containing protein.

Flavivirus recruits the VCP–NPL4 to induce SG disassembly
replication organelle (9, 19, 34). However, fluorescence anal-
ysis in this study demonstrated that SGs were formed adjacent
to the viral replication organelle. A part of SG signals over-
lapped with the dsRNA signals located near CM (Fig. 5A).
These results suggest that some parts of exposed dsRNA can
be recognized by PKR and/or SG components. SGs comprise
phase-separated RNA and RNA-binding proteins (42). Thus,
SG signals are located at VP (an RNA replication site) but not
at CM (a membrane protein accumulation site). The ubiquitin
signals were also detected in the VP (Fig. 5B). Recently, G3BP1
ubiquitylation was reported to be a trigger for the disassembly
of SGs (25). These observations suggest that NPL4-VCP–
mediated SG disassembly processes are ongoing in this area.
Of interest, the ubiquitin signals are also detected at the CM
(Fig. 5B). These signals may indicate ubiquitylated NS proteins
that can be degraded by ERAD at the CM (13). Furthermore,
recent studies reported that the ULK1- and ULK2-mediated
phosphorylation of VCP is required for the disassembly of
SGs (43). ULK1/2 may regulate the NS4B-NPL4-VCP–medi-
ated SG disassembly process.

Recently, various small compounds that specifically inhibit
D1 and D2 ATPase activities have been developed (44, 45).
These inhibitors are expected to be used as VCP-targeting
therapeutics and can be potential candidates for developing
antiflavivirus drugs.
Experimental procedures

Cells, viruses, and reagents

HeLa, 293A, 293T, Huh7, BHK-21, and Vero cells were
cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum, 100 U/ml penicillin, and
100 μg/ml streptomycin at 5% CO2 and 37 �C. JEV AT31 and
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DENV 2 NGC strains (ATCC VR-1584) were cultured in 293A
and BHK-21 cells, respectively. DBeQ (Sigma), Eer1 (Sigma),
MDBN (StressMarq Biosciences), and rocaglamide A (Sigma)
were dissolved in dimethyl sulfoxide. The culture medium of
mock-treated cells contained the highest inhibitor concentra-
tion used in the respective assay. To induce the formation of
SGs, the cells were cultured in a growth medium containing
100 μM sodium arsenite. The siRNAs, plasmids, and anti-
bodies are listed in the Supplemental Information (Tables S1–
S3). Virus titration was performed with a focus forming assay
as described (46). For the infection study, viruses were inoc-
ulated at a multiplicity of infection of 0.3 for propagation and
1.0 for imaging experiments, including the quantification of
SGs.

siRNA-mediated knockdown and rescue experiments

siRNA-mediated gene silencing and gene rescue experi-
ments were performed as described (46). Briefly,
HEK293A cells transfected twice with 10 nM siRNA using
Lipofectamine RNAiMAX transfection reagent (Thermo
Fisher Scientific) at 24 h intervals were infected with viruses
24 h post transfection. The culture supernatant was collected
48 h post infection. The viral titer in the culture supernatant
was measured using a focus forming assay. For rescue exper-
iments, siRNAs were mixed with plasmids encoding VCP with
a silence mutation at the siRNA target sequence (see
Table S1). The cells were transfected with this mixture using
Lipofectamine 3000 (Thermo Fisher Scientific).

Immunofluorescence

Cells cultured on glass coverslips were fixed with 4% para-
formaldehyde in PBS (Nacalai Tesque) for 10 min, per-
meabilized with PBS containing 0.1% Triton X-100, blocked
with 10% fetal bovine serum, and incubated with the diluted
primary antibodies (see Table S2) for 60 min at 25 �C. Next,
the cells were incubated with various Alexa Fluor–conjugated
secondary antibodies in PBS for 60 min. The cells were then
mounted on coverslips with Fluoromount-G (South-
ernBiotech). The images were captured using an Olympus
FV3000 laser scanning confocal microscope.

Y2H analysis

Directed two-hybrid assays were performed using the
Matchmaker GAL4 Yeast Two-Hybrid 3 system (Clontech).
The pGADT7-based and pGBKT7-based plasmids (see
Table S3) were cotransformed into the competent yeast strain
AH109, following the manufacturer’s instructions. The trans-
formation efficiencies were tested using control plates (Leu/
Trp deficient). The interactions were examined using selective
plates (Leu/Trp/Ade/His deficient).

Measurement of luciferase activity

NanoLuc luciferase and firefly luciferase activities were
measured using the Nano-Glo Luciferase Assay System
(Promega) and Bright-Glo Luciferase Assay System (Promega),
respectively. The cells were washed with PBS and lysed in a
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lysis buffer (1% Triton-X100, 50 mM Tris-HCl pH 7.4,
150 mM NaCl, and protease inhibitors [Roche]). The cleared
lysate was mixed with luciferase assay buffer (Promega). The
luminesce intensity of the mixture was measured using a
luminometer (Fluoroskan Ascent FL, Labsystems) for 10 s.
Values were represented as relative light units.

Strep-Tactin pull-down

Post transfection (48 h), HEK293T cells were lysed in lysis
buffer (150 mM NaCl, 20 mM Tris-HCl [pH 7.5], and 1%
Triton X-100) supplemented with complete protease inhibitor
cocktail (Roche). The cell lysates were centrifuged at 20,000g
and 4 �C for 10 min. The supernatant was incubated with
Strep-Tactin Sepharose beads (IBA GmbH) for 1 h at 4 �C.
The beads were washed four times with wash buffer (150 mM
NaCl, 20 mM Tris-HCl [pH 7.5], and 0.1% Triton X-100) and
incubated with Laemmli sample buffer (125 mM Tris-HCl [pH
6.7], 20% glycerol, 0.01% bromophenol blue, 10% 2-
mercaptoethanol, and 4% SDS) for 5 min at 95 �C. The
input lysate and eluate were then subjected to Western
blotting.

Immunoprecipitation for endogenous proteins

Protein A beads were washed thrice with wash buffer and
incubated with the anti-JEV-NS4B antibody at 4 �C for 1 h.
After antibody conjugation, the beads were rewashed thrice
with the wash buffer. HEK293T cells were collected after
infection with JEV at MOI = 1.0 for 48 h. The cells were
washed twice with ice-cold PBS and lysed in lysis buffer sup-
plemented with a complete protease inhibitor cocktail (Roche)
on ice for 5 min. The cell lysates were cleared via centrifuging
at 20,000g and 4 �C for 10 min. The lysates were incubated
with the anti-JEV-NS4B antibody–conjugated protein A beads
at 4 �C for 1 h. The beads were then washed thrice with wash
buffer and incubated with Laemmli sample buffer for 5 min at
95 �C. The input lysate and eluate were then subjected to
Western blotting.

Pull-down HiBiT assay

The cells were washed twice with ice-cold PBS and lysed in
lysis buffer supplemented with a complete protease inhibitor
cocktail (Roche), on ice for 5 min. The cell lysates were
centrifuged at 20,000g and 4 �C for 10 min, and HiBiT-
dependent luciferase activity (HiBiT activity) was measured
in the input fraction using the Nano Glo HiBiT Lytic Detection
System (Promega). The Strep-Tactin pull-down protocol was
followed; briefly, the beads were washed four times with the
wash buffer, suspended in destiobiotin-containing 1 × elution
buffer (IBA), and incubated at 4 �C for 1 h. The eluted frac-
tions were collected via centrifugation at 20,000g and 4 �C for
1 min, and HiBiT activity was measured. Subsequently, the
collected Strep-Tactin elution fraction was incubated with the
anti-Myc antibody–conjugated protein A beads at 4 �C for 1 h.
The beads were washed thrice with wash buffer and resus-
pended in the wash buffer. Then, HiBiT activity in the bead-
bound fraction was measured.
Puromycin labeling assay

HEK293T cells were transfected with plasmid using poly-
ethylenimine (PEI). PEI (Polysciences) was mixed with plas-
mids at a ratio of 3:1 (w/w) and incubated at room temperature
for 15 min. The DNA/PEI mixture was added to the cell cul-
ture medium. Post transfection (24 h), the cells were treated
with 5 μg/ml puromycin for 25 min and lysed in lysis buffer.
The cell lysate was centrifuged at 20,000g and 4 �C for 10 min.
The puromycin-labeled peptides in the clarified lysate were
detected using Western blotting with anti-puromycin
antibodies.

Western blotting and HiBiT blotting

The cells were washed with ice-cold PBS, scraped, collected
by centrifugation at 500g and 4 �C for 10 min, and lysed in lysis
buffer. The lysates were mixed with 2 × Laemmli sample buffer
and subjected to SDS-PAGE. The resolved proteins were
transferred to an Immobilon-P polyvinylidene difluoride
membrane (Millipore). The membrane was blocked with
blocking buffer (3% or 0.3% skim milk in TBS-T [25 mM Tris
(pH 7.5), 137 mM NaCl, 0.27 mM KCl, and 0.05% Tween 20])
for 30 min and incubated with the primary antibodies (see
Table S2) at 4 �C overnight. Next, the membrane was incu-
bated with secondary antibodies at room temperature for
50 min. Immunoreactive signals were developed using
EzWestLumi plus (ATTO) and observed using the iBright
Imaging System (Thermo Fisher Scientific). For HiBiT blot-
ting, the protein-bound Immobilon-P polyvinylidene difluor-
ide membrane was treated with the bacterially expressed
recombinant LgBiT and NanoLuc substrate of the Nano-Glo
Luciferase Assay System (Promega). The luminescence sig-
nals were observed using the Molecular Imager iBright Im-
aging System.

DNA-based subgenomic replicon analysis

The type 1 dengue (DENV1) subgenomic reporter replicon
and RdRp-inactivated subgenomic reporter replicon-
expressing plasmid DNA, designated pCMV (Δ4.5p)-D1-
nluc-rep and pCMV (Δ4.5p)-D1-nluc-rep-fs, respectively,
were used in this study. These plasmids were constructed from
previously described plasmids, pCMV-D1-nluc-rep and
pCMV-D1-nluc-rep-fs, respectively (47), by deleting the
extensive region of the CMV promoter. Briefly, after a 24-h
transfection of the 293T cells described above with the indi-
cated siRNAs, the cells were transfected with each replicon
plasmid DNA using Lipofectamine 3000 (Thermo fisher). Af-
ter 72 h of post-plasmid DNA transfection, NanoLuc luciferase
activity was determined in cells using the Nano-Glo luciferase
assay system and the Varioskan LUX Multimode Microplate
Reader (Thermo fisher Scientific) according to the manufac-
turer’s instructions. For Western blot sample preparation, the
cells were directly lysed in Laemmli’s sample buffer.

Statistical analysis

The means between two groups were compared using the
Student’s t test. Differences were considered significant at *p <
J. Biol. Chem. (2022) 298(3) 101597 15
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0.05 and **p < 0.01. Additional methods, extended data
display, and discussion are available in Supplemental
Information.
Data availability

The data that support the findings of this study are available
from the corresponding author, Eiji Morita, upon reasonable
request.
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information.
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