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ABSTRACT Many positive-stranded RNA viruses encode polyproteins from which
viral proteins are generated by processing the polyproteins. This system produces an
equal amount of each viral protein, though the required amounts for each protein
are not the same. In this study, we found the extra membrane-anchored nonstruc-
tural (NS) proteins of Japanese encephalitis virus and dengue virus are rapidly and
selectively degraded by the endoplasmic reticulum-associated degradation (ERAD)
pathway. Our gene targeting study revealed that ERAD involving Derlin2 and SEL1L,
but not Derlin1, is required for the viral genome replication. Derlin2 is predominantly
localized in the convoluted membrane (CM) of the viral replication organelle, and
viral NS proteins are degraded in the CM. Hence, these results suggest that viral pro-
tein homeostasis is regulated by Derlin2-mediated ERAD in the CM, and this process
is critical for the propagation of these viruses.

IMPORTANCE The results of this study reveal the cellular ERAD system controls the
amount of each viral protein in virus-infected cells and that this “viral protein home-
ostasis” is critical for viral propagation. Furthermore, we clarified that the “convo-
luted membrane (CM),” which was previously considered a structure with unknown
function, serves as a kind of waste dump where viral protein degradation occurs. We
also found that the Derlin2/SEL1L/HRD1-specific pathway is involved in this process,
whereas the Derlin1-mediated pathway is not. This novel ERAD-mediated fine-tuning
system for the stoichiometries of polyprotein-derived viral proteins may represent a
common feature among polyprotein-encoding viruses.

KEYWORDS Flavivirus, endoplasmic reticulum-associated degradation, Derlin2, valosin-
containing protein, convoluted membrane, ERAD, VCP

iruses belonging to the genus Flavivirus encode a single polypeptide, from which

viral proteins are generated by cellular and viral proteases. This system has the
advantage of encoding more information in a small genome while allowing for the
synthesis of each adjacent viral protein required for the formation of the viral replicase
complex with a limited copy number of viral genomes (1). However, this system retains
considerable disadvantage in controlling the amount of each viral protein. For
instance, although the need for viral structural proteins, required for generation of
progeny virions, is much higher than the need for nonstructural (NS) proteins, which
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function as biochemical catalysts, yet the same amount of structural and NS proteins
are generated from a single polypeptide. Thus, viruses must discard extra NS proteins
that are synthesized concomitantly with structural proteins. This homeostasis of viral
protein levels is considered essential for viral propagation, though the mechanisms of
this control system have not yet been clarified.

The Flaviviridae is a family of positive, single-stranded RNA viruses, including den-
gue virus (DENV), Japanese encephalitis virus (JEV), West Nile virus, yellow fever virus,
and Zika virus. These viruses are transmitted by infected arthropods and cause severe
human diseases. Translation of viral RNA leads to the production of a single polypro-
tein (~3,400 amino acids), which is cleaved into three structural proteins (capsid, prM,
and E) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5)
by viral and host cellular proteases (2). The structural proteins form the virus particles,
which are ultimately released from the cells, whereas NS proteins are involved in RNA
genome replication by forming a specific compartment called the replication organ-
elle, comprising two different areas known as vesicle packets (VPs) and convoluted
membrane (CM) (3). VPs contain a few dozen small vesicles packed in the outer mem-
brane and represent the location of the viral genome synthesis. Meanwhile, CM form a
reticulovesicular network of membranes and is considered to function as a place for
storage, or the processing of membrane-anchored viral proteins (4).

Endoplasmic reticulum (ER)-associated degradation (ERAD) is a highly conserved
quality control system that recognizes misfolded ER proteins and transports them to
the cytoplasm for proteasomal degradation (5, 6). During this process, misfolded sub-
strates are ubiquitylated on the cytosolic side by ER-associated ubiquitin ligases such
as HRD1 or gp78. Ubiquitylated substrates are then extracted from the membrane by
valosin-containing protein (VCP)/p97, the conserved ATPase associated with diverse
cellular activities (AAA-ATPase), and delivered to the 26S proteasome for degradation.
HRD1 forms a complex with homologues of the yeast Hrd1p complex members,
including SELTL, OS-9, Derlin1/2/3, and HERP, whereas gp78 forms a complex with
UbxD8, UBAC2, UBE2G2, and Derlin1 (7). These complexes are further categorized
based on their composition, each of which recognizes substrates based on their mis-
folded regions (8, 9). Previously, several genetic screening studies identified ERAD com-
ponents, including Derlin2, SEL1L, and HRD1, as important for flavivirus replication (10,
11). However, the molecular mechanisms underlying the roles of these components in
viral genome replication remain largely unknown.

In this study, we aimed to determine if membrane-anchored viral NS proteins are
selectively degraded by the Derlin2-mediated ERAD pathway at the CM. This degrada-
tion of NS proteins is required to maintain viral protein homeostasis, which is critical
for viral genome replication in host cells.

RESULTS

A subset of JEV and DENV nonstructural proteins is selectively and rapidly
degraded in infected cells. To investigate changes in the level of each viral protein
within JEV-infected cells, we performed cycloheximide (CHX) chase followed by Western
blotting, using specific antibodies for all viral proteins, except for NS2A due to the
unavailability of antibody (Fig. 1A and B). We identified that the amounts of NS1, NS2B,
NS4A and NS4B proteins were rapidly reduced in these cells, compared to those of cap-
sid, E, NS3, and NS5. Among them, the reduction of NS2B, NS4A, and NS4B was signifi-
cantly impaired by the treatment of MG132, a proteasome inhibitor (Fig. 1C), suggesting
that these reductions are caused by proteasomal degradation. Similar results were also
observed in DENV-infected cells (Fig. 1D), suggesting that these are common features of
JEV- and DENV-infected cells. Moreover, NS2B, NS4A, and NS4B, which are ER mem-
brane-integrated proteins, were found to be ubiquitylated in the cells (Fig. 1E), suggest-
ing their degradation is mediated by the ERAD pathway. However, NS1 is a secreted pro-
tein and thus we cannot exclude the possibility that its observed reduction was due to
its secretion from cells.
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FIG 1 Stability of viral proteins in JEV- or DENV-infected cells. (A) Analysis of each JEV protein degradation by cycloheximide (CHX) chase analysis. HCT116
wild type (WT) cells infected with JEV (MOl =1) for 48 h were treated with 50 ug/ml CHX and collected at the indicated time points. Cell lysates of infected
cells were prepared and analyzed by Western blotting using the indicated antibodies. (B) The relative amount of viral proteins in A was quantified from
three independent experiments and normalized to the values for a-tubulin at each point. **, P<0.05, calculated by Student’s t test. (C) Inhibition of JEV
NS2B, NS4A, NS4B, and a-tubulin degradation under proteasome inhibitor treatment. HCT116 WT cells infected with JEV (MOI=1) for 48 h were treated
with 10 uM MG132 2 h before CHX chase analysis as described in A and the relative amount of viral proteins was quantified and normalized to the
baseline value at the zero time point. For NS2B, NS4A, and NS4B data, error bars indicate standard deviation. For the a-tubulin data, the value is the
average of two independent experiments. (D) Dengue virus NS4B is degraded by the proteasome. HCT116 WT cells infected with DENV (MOI=1) for 24 h
were treated with or without 10uM MG132 2 h before treatment with 50 ug/ml cycloheximide (CHX) and collected at the indicated time points. Cell
lysates of infected cells were prepared and analyzed by Western blotting using the indicated antibodies (upper panel). The relative amount of viral proteins
was quantified using the results of three independent experiments and normalized to the baseline values at the zero time point (bottom panel). **,
P < 0.05, calculated by Student’s t test. (E) Degradative NS proteins are ubiquitinated. Human 293T cells were transfected with FOS-tagged JEV NS2B, JEV-
NS4A, or JEV-NS4B. Expressed proteins were purified with Strep-Tactin Sepharose beads and ubiquitinated proteins in the bound fraction were detected
using anti-ubiquitin (top left) or anti-FLAG (bottom) antibodies. Ubiquitinated proteins in the input lysate fraction (Lysate) were also detected (right).
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VCP is required for JEV and DENV propagation. To identify cellular factors associ-
ated with the degradation process, we performed proteome analysis for the binding fac-
tors of NS4B, the NS protein found to be the most significantly degraded. JEV-NS4B and
DENV-NS4B, tagged with FLAG One STrEP (FOS), were expressed and affinity-purified from
HEK293T cells; copurified cellular proteins were then identified by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). We also performed the same experiment using
cells transfected with an empty vector and identified cellular proteins bound nonspecifi-
cally to the affinity beads. Following elimination of these nonspecific binders, a total of
105 proteins were identified in both JEV-NS4B and DENV-NS4B coprecipitates, with VCP
determined to be the most consistent factor in this proteomic screening (Fig. 2A, Table S1
in the supplemental material). Nuclear protein localization protein 4 (NPL4) and ubiquitin
recognition factor in ER-associated degradation protein 1 (UFD1), two well-known
VCP-associated factors (12), were also identified by this screening process. To confirm the
interaction between VCP and JEV NS4B, we carried out pulldown experiments using OSF
(One STrEP FLAG)-VCP-expressing cells infected with JEV. As shown in Fig. 2B, JEV NS4B
coprecipitated with OSF-VCP. We next investigated the colocalization of VCP with NS4B in
JEV-infected cells (Fig. 2C) or cells expressing JEV NS4B (Fig. 2D) and found that VCP colo-
calized at the puncta with JEV-NS4B. This colocalization was also detected in the cells
cotransfected with OSF-VCP and DENV NS4B (Fig. 2E), suggesting that both JEV- and
DENV-NS4B interact with VCP complexes.

To validate the role of the VCP complex and ERAD pathway in JEV infection, we
assessed the effect of VCP knockdown on viral propagation. Treatments with two dif-
ferent small interfering RNAs (siRNAs) reduced endogenous VCP expression to nearly
undetectable levels (Fig. 2F and G) without any cytotoxicity (Fig. 2H), while also signifi-
cantly reducing the infectious titers of both JEV and DENV (Fig. 2I). Additionally, the
viral protein levels (Fig. 2F and G) and intracellular viral RNA levels (Fig. 2J) were signifi-
cantly decreased. To elucidate the role of VCP in the postentry step, we prepared
in vitro-transcribed infectious JEV RNA and performed the same knockdown experi-
ments on infectious viral RNA-transfected cells (Fig. 2K). As a result, VCP knockdown
significantly impaired JEV propagation even in the viral RNA-transfected cells, indicat-
ing that VCP was required for virus replication in the postentry step.

VCP enzymatic activity is vital for virus replication and viral protein degradation.
VCP belongs to the AAA-ATPase family of proteins (13). VCP contains two conserved
AAA-ATPase domains (D1 and D2) (Fig. 3A), and mutations in these domains impair its
ATPase activity. To determine the importance of VCP ATPase activity, we examined
whether the point mutations that disrupt the ATPase activity of D1 and/or D2 inhibit
VCP function in flavivirus growth by using a siRNA depletion and rescue assay (Fig. 3B).
As expected, the inhibition of flaviviral growth by VCP depletion was rescued by over-
expressing a wild-type protein. In contrast, the overexpression of VCP with a mutated
D1 ATPase domain (E305Q) was not as capable of rescuing viral growth. Meanwhile,
VCP mutated at either the C-terminal D2 ATPase domain (E578Q) or both D1 and D2
ATPase domains (E305Q/E578Q) were unable to rescue the defects in viral growth,
although all mutant VCPs were expressed normally (Fig. 3B). These results confirm pre-
vious results, indicating that ATPase activity, especially the activity of the C-terminal
D2 ATPase domain, is critical for VCP function (14).

To further confirm the importance of ATPase activity in viral propagation, we
treated cells with specific small compounds, such as DBeQ (15), MDBN (16), and eeyar-
estatin | (Eerl), that inhibit the ATPase activity of VCP (17). These treatments impaired
the production of infectious JEV and DENV without exerting potent cytotoxicity
(Fig. 3C to F). This inhibitory effect was also observed during viral genome replication
in JEV subgenome replicon-transfected cells (Fig. 3G and H). Further, we assessed
whether VCP inhibition impairs viral protein degradation. As shown in Fig. 3I, DBeQ
treatment of virally infected cells completely inhibited the degradation of NS2B, NS4A,
and NS4B in CHX chase experiments. We also observed that the unfolded protein
responses (UPRs) were upregulated in virus-infected cells following DBeQ treatment
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FIG 2 VCP is a host factor required for JEV and DENV propagation. (A) The 2D plot of the Mascot search score of AP-MS analysis using
JEV- or DENV-NS4B as bait. A total of 105 proteins identified as common factors binding to both JEV-NS4B and DENV-NS4B in each Mascot
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(Fig. 3J). These results indicate that the activities of the ERAD pathway, mediated by
VCP, are closely related to viral genome replication in cells.

Derlin2-dependent ERAD pathway is essential for virus genome replication
and the degradation of viral NS proteins. To further confirm the involvement of the
ERAD pathway in viral genome replication, we tested virus propagation in ERAD compo-
nent-deficient cells. It was previously proposed that Derlin1 and Derlin2 recognize differ-
ent substrates in the ERAD pathway (8); therefore, we tested JEV growth in each knockout
cell. Interestingly, the deficiency of virus propagation was observed in Derlin2 knockout
cells, but not in Derlin1 knockout cells, although the cell growth rate was almost the
same (Fig. 4A to Q). These results suggest the Derlin2-specific ERAD pathway was involved
in viral propagation. Additional knockout of the Derlin3 gene in Derlin2-deficient cells did
not show any additive or synergistic inhibitory effect (Fig. 4A and C), while it was previ-
ously reported that the expression of Derlin3 is suppressed in HCT116 cells due to DNA
methylation (18). These results suggest that Derlin2 deficiency was enough to impair the
viral propagation (Fig. 4C). Virus propagation was also impaired in SEL1L knockout cells,
and HRD1-depleted cells, supporting the previous observations that both SELIL and
HRD1 function in the same pathway with Derlin2 (8) (Fig. 4C and D). The inhibitory effect
of Derlin2 deficiency was also observed in viral genome replication in subgenomic repli-
con-transfected cells (Fig. 4E). The results suggest the Derlin2/SEL1L/HRD1-mediated
ERAD pathway is involved in viral genome replication in the infected cells.

Next, we determined whether the viral growth hindrance via ERAD deficiency was
correlated with viral NS protein degradation. NS4B degradation in JEV-infected cells
was impaired in Derlin2 deficient cells, but not in wild-type (WT) or Derlin1-deficient
cells (Fig. 4F), suggesting that viral growth retardation was caused by defective viral NS
protein degradation by the ERAD pathway. To further investigate the relationship
between viral protein degradation and viral genome replication, we investigated the
effect of excess NS proteins on viral genome replication. Simultaneous expression of
NS2B, NS4A, or NS4B with virus subgenomic RNA significantly impaired virus genome
replication, whereas overexpression of NS3 or capsid did not show any effects (Fig. 5A).
Similar experiments were performed for JEV-infected cells and the results revealed that
overexpression of NS2B, but not NS3, impaired JEV propagation (Fig. 5B). These results
suggest that excess accumulation of viral NS proteins requiring degradation impairs vi-
ral genome replication.

Generally, accumulation of overexpressed proteins can induce UPR and protein ki-
nase RNA-like endoplasmic reticulum kinase (PERK)-mediated translational arrest (19);
however, overexpression of NS2B, NS4A, or NS4B did not have this effect (Fig. 5C).

FIG 2 Legend (Continued)

search were plotted on a 2D graph. The horizontal or vertical axis represents a Mascot search score based on DENV-NS4B or JEV-NS4B AP-
MS analysis, respectively. VCP and its cofactors are labeled in red. (B) Interaction between JEV-NS4B and VCP was validated using a
pulldown assay. Human 293T cells were transfected with pCAG-One-Strep-FLAG (OSF)-VCP and then infected with JEV (MOI=3.0) for 48 h.
The whole-cell lysates (WCL) were prepared and precipitated with Strep-Tactin beads. NS4B in the bead-bound fraction (top) and the WCL
(bottom) were visualized by Western blotting using the anti-JEV-NS4B antibody. OSF-VCP in the bead-bound fraction was visualized by
anti-FLAG antibody (middle). (C) VCP was colocalized with NS4B. Hela cells were infected with JEV (MOI=1) for 24 h and then transfected
with pCAG-OSF-VCP. Microscopic images of fixed cells stained with anti-FLAG (green) and anti-JEV NS4B (red) antibodies are presented. (D
and E) Colocalization of VCP and JEV NS4B (D) or DENV NS4B (E) in cotransfected cells. HelLa cells were cotransfected with OSF-VCP (green)
and JEV-NS4B-Myc (D, red) or DENV-NS4B-Myc (E, red). Microscopic images of fixed cells stained with anti-FLAG (green) and anti-Myc (red)
antibodies are presented. Scale bar = 20um (C to E). The numbers written under each image indicate the Mander's colocalization
coefficient R. (F and G) Effect of VCP knockdown on viral protein expression in JEV- or DENV- infected cells. Human 293A cells were
transfected with the indicated siRNAs against control (siControl) or VCP and then infected with JEV (F) for 72 h or DENV (G) for 96 h. Cell
lysates were prepared, and the indicated proteins were visualized by Western blotting using the indicated antibodies. (H) VCP knockdown
did not affect cell viability. Human 293A cells transfected with the indicated siRNAs were infected with JEV (MOI=1) for 48 h, and cell
viability was assessed using a luminescence-based cell viability assay. Relative luminescence values are shown. The value represents the
average of two independent experiments. (I) Effect of VCP knockdown on JEV or DENV propagation. Human 293A cells transfected twice
with the indicated siRNAs at a 24 h interval were infected, respectively, with JEV (black bar) for 72 h and DENV (gray bar) for 96 h at an
MOI of 0.3. The culture supernatants were collected and the infectious titers were determined by a focus-forming assay. (J) Effects of VCP
knockdown on JEV genomic RNA synthesis. Human 293A cells transfected with the indicated siRNAs for 24 h were infected with JEV
(MOI=0.3) for 48 h. The cells were harvested and the relative amount of viral RNA was determined by qRT-PCR and normalized to control
siRNA-transfected cells. (K) The effect of VCP knockdown on the virus production from viral genomic RNA-transfected cells. VCP or control
siRNA-transfected cells were also transfected with in vitro-transcribed full-genomic JEV infectious RNA. The infectious titer for the indicated
time points was determined (graph), and the expression level of each protein was validated after 72 h posttransfection (blots).
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FIG 3 The ATPase activity of VCP is vital for viral propagation and viral protein stability. (A) Domain structure of human VCP, indicating the N-terminal
domain (N), two AAA-ATPase domains (D1 and D2), and the ATPase-deficient mutations. (B) Phenotypic rescue of viral propagation by siRNA-resistant VCP
constructs. Human 293A cells were cotransfected with pCAG-OSF-VCP or its ATPase-deficient mutant, harboring an siRNA-resistant silent mutation (siRNA-r),
and siRNAs against VCP or control. A full time-course of siRNAs and rescue construct transfection are described in our previous paper (20). After two
rounds of siRNA transfection and rescue vector cotransfection, the cells were infected with JEV (MOI=0.3) for 48 h. Cell lysates were prepared, and proteins
were detected by Western blotting using the indicated antibodies (blots). Infectious titers of the culture supernatant were determined by a focus-forming
assay (graph). **, P<0.05, calculated by Student’s t test. (C to F) Effects of VCP inhibitors on JEV or DNEV propagation. Human 293A cells were infected
with JEV or DENV (MOI =0.3). After 2 h of virus inoculation, the cells were incubated with VCP inhibitors for 4 h. The culture supernatants of JEV and DENV
were collected after 48 hpi or 72 hpi and infectious titers were determined by focus-forming assay. The effects of DBeQ on JEV (C) and DENV (D)
propagation were determined. Cell viability at 48 h after JEV infection was determined (E). Effects of DBeQ, Eerl, or MDBN on JEV propagation was
determined (F). *, P < 0.05, calculated by Student’s t test. (G and H) Effects of DBeQ on JEV subgenome replication. Human 293T cells were transfected with
pCMV-JErep-nluc, followed by treatment with DBeQ for 6 h. The cells were lysed for 24 h after transfection and the protein expression level (G) and
luciferase activity (H) were measured. **, P < 0.05, calculated by Student’s t test. (I) Effects of DBeQ on the stability of JEV NS2B, NA4A, NS4B, or a-tubulin.
HCT116 wild type (WT) cells infected with JEV (MOI=1) for 48 h were treated with 10 M DBeQ at 2 h before treatment with 50 ng/ml CHX and cells were
collected at the indicated time points. The relative abundances of JEV NS2B (left), NS4A (middle), and NS4B (right) were quantified by Western blotting and
normalized to the baseline value at the zero time point. The error bars for NS2B, NS4A, and NS4B data represent mean standard deviation. For a-tubulin,
the data represent the average of two independent experiments. (J) Effects of JEV infection and DBeQ treatment on UPR. HCT116 WT cells infected with
JEV (MOI=1) for 24 h were treated with 10 M DBeQ for 4 h. The relative levels of GRP78 (bottom) and CHOP (upper) mRNA were determined using qRT-
PCR and normalized to actin mRNA levels.
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FIG 4 Analysis of JEV propagation on ERAD component-deficient cells. (A) Expression of endogenous Derlin family and SEL1L proteins in
each knockout cell. HCT116 cells with knockouts of Derlin1, Derlin2, Derlin2/3, or SEL1L were lysed, and endogenous proteins were
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Furthermore, overexpression of NS2B, NS4A, or NS4B impaired viral genome replication
in PERK knockout cells (Fig. 5D to F), which could not induce translational arrest in
response to treatment with thapsigargin, a Ca2*-ATPase inhibitor (Fig. 5E). These
results suggest that the impaired viral genome replication caused by NS protein accu-
mulation is not associated with UPR activation.

CM functions as a site for degradation of viral NS proteins. In specific types of
cells, such as Vero and Huh7.5.1 cells, enormous viral replication organelles, which can
form clumps up to 5 to 8 um diameter, are observed after JEV infection (Fig. 6A to D). Our
previous correlative light and electron microscopy (CLEM) analysis revealed that the VP
and CM in this compartment were distinguishable with specific antibodies for each viral
component (20). In this study, we confirmed that double-stranded RNA (dsRNA) and E pro-
tein predominantly localize at the VP area, while NS4B and other NS2B proteins localize in
the CM area (Fig. 6A to D). Electron microscopy further showed the accumulation of
numerus small vesicles at the periphery of these clumps, which likely corresponded to the
dsRNA-positive dots (Fig. 6D). Furthermore, a highly electron dense structure with a mem-
brane stack was observed at the center of each clump, corresponding to the CM positive
for NS proteins (Fig. 6D). However, CM was observed 24 h postinfection (hpi), while viral
protein could be detected after 12 hpi. (Fig. 6E). Furthermore, Derlin2 localized in the CM
area detected using CLEM (Fig. 6F). Cumulatively, these results suggest that the CM area
may be the site for Derlin2/ERAD-mediated NS protein degradation.

Considering that the levels of NS4B and other viral NS proteins were reduced follow-
ing CHX treatment (Fig. 1A and B), we performed imaging analysis to investigate
whether NS4B was degraded by CHX treatment. After 4.5-h treatment with CHX, JEV-
infected Vero cells were stained with antibodies and visualized to assess NS4B and
dsRNA localization. The staining pattern of NS4B in the viral replication organelle was
altered by CHX treatment (Fig. 6G and H) compared to that in untreated cells (Fig. 6A).
Furthermore, the NS4B signal within the center of the clumps, which was not stained
with dsRNA antibodies, disappeared in CHX-treated cells (Fig. 6G and H). Meanwhile,
these alterations were impaired by treatment with DBeQ or MG132 (Fig. 6G and H), sug-
gesting that NS4B in the CM may be predominantly degraded by the ERAD pathway.

We also assessed the cellular expression of JEV-NS4B. Immuno-electron microscopy
analysis showed that NS4B expression alone induced similar clumps in the perinuclear
region of virus-infected cells (Fig. 6l). These structures have stacked membranes with
NS4B proteins and resemble the CM in JEV-infected cells (Fig. 6l). However, the size of
this compartment was reduced by CHX treatment, which in turn was impaired by the
addition of DBeQ (Fig. 6J). These altered NS4B levels were also confirmed by Western
blotting (Fig. 6K). Cumulatively, these results suggest that NS4B protein may be
degraded by the ERAD pathway.

DISCUSSION
In this study, we demonstrated that specific viral NS proteins, namely, NS2A, NS4A, and
NS4B (not NS3, NS5, or structural proteins) are degraded by the VCP/Derlin2-mediated

FIG 4 Legend (Continued)

detected using Western blotting. (B) Growth rates of cells with Derlin family and SELTL knockouts. Total number of Derlin1, Derlin2,
Derlin2/3, or SEL1L knockout HCT116 cells at the indicated time points. Two independent knockout cell clones were tested and
compared to the parental wild-type (WT) HCT116 cells. (C) Kinetics of JEV growth in ERAD component-deficient cells. HCT116 wild type
(WT) cells, as well as Derlin1, Derlin2, Derlin2/3, and SEL1L-knockout cells, were infected with JEV (MOI=0.3). The culture supernatants of
infected cells were collected at the indicated times and the infectious titer was determined by a focus-forming assay. (D) Effect of HRD1
knockdown on JEV propagation. Human 293A cells transfected with HRD1 siRNAs twice with 24 h intervals were infected with JEV for 48
h at an MOI of 0.3. Cells were harvested, and endogenous HRD1 and a-tubulin were detected by Western blotting (bottom). The culture
supernatants were harvested, and the infectious titers were determined by a focus-forming assay (upper). **, P<0.05, calculated by
Student’s t test. (E) Comparison of the JEV subgenome replication kinetics between WT and Derlin2-knockout cells. HCT116 WT cells and
Derlin2-knockout cells were transfected with pCMV-JErep-nluc (A4.5p). The cell lysates were prepared at the indicated times, and their
luciferase activities were measured. (F) Stability of JEV NS4B protein in ERAD component-deficient cells. HCT116 WT cells, as well as
Derlin1- and Derlin2-knockout cells infected with JEV (MOI=1) for 48 h were treated with 50 ug/ml CHX and then collected at the
indicated time points. The relative amount of JEV NS4B was quantified by Western blotting and normalized to the initial value at the
zero time point.
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FIG 5 Overexpression of unstable NS proteins impairs viral genome replication. (A) Dominant-negative effect of some JEV proteins in terms of viral genome
replication. Human 293T cells were cotransfected with pCMV(A4.5)-JErep-nluc (or its nonreplicable variant pCMV-Jere-nluc-fs [NS5 frameshift]) and plasmids encoding
the indicated viral proteins. The cell lysates were collected at 120 h after transfection, and the luciferase activity was measured (upper graphs). Expressed viral
proteins were detected by Western blotting using anti-FLAG antibody (bottom panels). **, P < 0.05; *, P > 0.05, calculated by Student’s t test. (B) Dominant-
negative effect of JEV NS2B or NS3 proteins in JEV propagation. After 6 h of JEV infection (MOI=0.1), 1 x 10° 293T cells were transfected with the indicated amounts
of plasmid DNAs. After 6 h of plasmid transfection, culture medium was changed and cells were cultured for another 36 h. The JEV infectious titers in the culture
supernatants were determined by a focus-forming assay (upper) and expressed NS2B, NS3, and a-tubulin were detected by Western blotting (bottom). **, P < 0.05;
* P> 005, calculated by Student's t test. (C) Effects of NS protein overexpression on host cell translation. Human 293T cells were transfected with plasmids
encoding the indicated viral proteins and cultivated for 48 h. The cells were treated with 10ug/ml puromycin 10 min before harvesting, lysed, and puromycin-
incorporated proteins were detected using Western blotting with the anti-puromycin antibody (bottom). Relative puromycin signals were quantified by three
independent experiments (upper). (D) The expression of endogenous PERK in PERK knockout HCT116 cells. PERK knockout HCT116 cells were lysed and endogenous
PERK and a-tubulin were detected using Western blotting. (E) Deficiency of thapsigargin-mediated translational repression in PERK knockout cells. HCT116 wild-type
(WT) and PERK knockout cells were treated with 1M thapsigargin for 1 h and the cells were incubated with 10 xg/ml puromycin during the last 10 min. The cells
were also treated with 100 ug/ml CHX 15min before puromycin labeling. The cells were lysed and puromycin-incorporated proteins were detected by Western
blotting with the anti-puromycin antibody. Expression levels of PERK and a-tubulin were also tested using Western blotting (upper panel). Relative puromycin signals
were quantified using the results of three independent experiments (right). (F) Dominant-negative effect of some JEV NS proteins in terms of viral particle
production. HCT116 WT and PERK knockout cells were cotransfected with pCMV-JErep-nluc (or its nonreplicable variant pCMV-Jere-nluc-fs— pCMV-JErep-nluc-fs [NS5
frameshift]), pCAG-JEC (C), pCAG-JEprME (prME), and plasmids encoding the indicated viral proteins (or an empty vector [Empty]) and cultured for 72 h. The culture
supernatants of the transfected cells were harvested and inoculated into Huh7 cells. After 72 h postinoculation, the luciferase activity of Huh7 cells was measured.
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FIG 6 The role of the convoluted membrane in JEV propagation. (A to C) Different localizations of viral factors on the convoluted
membrane of the virus-infected cell. Confocal microscopy images of Vero cells infected with JEV (MOI=1) for 48 h, which had been
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ERAD pathway in the CM area of the viral replication organelle. These events are likely
essential for viral propagation, as disruption of this pathway significantly impaired viral ge-
nome replication.

In most viral species, the structural and NS proteins are encoded by different
mRNAs, as the requisite amounts of these proteins differ. Specifically, structural pro-
teins form progeny virions, while NS proteins act as catalytic agents; therefore, larger
quantities of structural proteins are required compared to NS proteins. Most viruses
can control the amount of each viral protein at the transcriptional level; however,
viruses of the Flaviviridae and Picornaviridae families do not have such properties.
These viruses first synthesize a single large polypeptide containing both structural and
NS proteins, after which cleavage of the polypeptide generates the individual viral pro-
teins (2). As a result, the same amounts of structural and NS proteins are produced in
these virus-infected cells. Meanwhile, the excess amount of NS proteins was harmful to
viruses (Fig. 5); therefore, the viruses remove extra NS proteins that were involuntarily
coproduced with the structural proteins. Our study proposes a novel model suggesting
that the cellular ERAD pathway plays a central role in maintaining viral protein homeo-
stasis. That is, Flaviviridae may have evolved to usurp the ERAD system to discard extra
NS proteins in virus-infected cells (Fig. 7).

Previous studies on JEV revealed that this virus uses programmed —1 ribosomal fra-
meshifting (—1 PRF) at the NS1 coding region (21). However, to date there is no direct
evidence indicating that —1 PRF controls the level of structural and NS proteins.
Nevertheless, it is interesting that NS1 protein is encoded at the beginning of the NS
protein-coding region, and —1 PRF can produce polyproteins containing only struc-
tural proteins. Thus, we cannot exclude the possibility that this frameshift may also
contribute to viral protein homeostasis.

Considering that the CM structure resembles that of the smooth ER, including the
absence of ribosomes, it was previously postulated to serve as a location for the proc-
essing and storage of viral polyproteins, rather than polyprotein synthesis (4). Our
results indicate that the CM may also function as the location of viral NS protein degra-
dation. Moreover, excess NS proteins were observed to accumulate at the center of the
replication organelle when the ERAD degradation system was unable to keep up with
viral protein synthesis. Thus, since the appearance of the CM is dependent on specific
cell types, as well as other conditions (22), perhaps it is passively generated during the

FIG 6 Legend (Continued)

fixed, and stained with anti-JEV NS4B protein and anti-JEV envelope (A), anti-JEV NS2B protein and anti-dsRNA (B), or anti-JEV envelope and
anti-dsRNA (C) antibodies. Scale bar: 5um. The white box in the bottom right panel is enlarged in the upper right panel (dual colors)
and left panels (single color). The fluorescence intensities indicated by the white arrows in A were measured and shown as red (NS4B) and
green (envelope) (A, bottom graph). (D) Visualization of viral replication organelle (RO) composed of a convoluted membrane (CM) and
vesicle packet (VP). A transmission electron microscopy image of Vero cells infected with JEV (MOI=1) for 48 h. The white box shown in
the left panel is enlarged in the right panel. Scale bars: 1 um (left panel); 100 nm (right panel). (E) The emergence of CM at the late stage
of viral infection. Vero cells were infected with JEV (MOI=1), fixed at the indicated times, and stained with anti-JEV NS4B antibody. The
percentage of JEV NS4B (white circles) and CM (black circles) positive cells are presented. (F) Derlin2 localized to RO. Correlative light
microscopy-electron microscopy (CLEM) images of Vero cells infected with JEV (MOI=1) for 48 h. A confocal microscopy image visualized
with anti-Derlin2 (green) and anti-dsRNA (red) antibodies is presented (top and middle). The white box shown in the upper panel is
enlarged in the middle panel. An ultrathin sectioned image was obtained using electron microscopy (bottom panel, merged with the
fluorescent image in the middle panel). Scale bar: 5 um (top panel). (G and H) JEV NS4B protein degradation at CM. Vero cells infected with
JEV (MOI=1) for 24 h were treated with 10 uM DBeQ and 10 uM MG132 for 2 h before treatment with 50 wg/ml CHX. After 4.5 h of CHX
treatment, the cells were fixed and stained with anti-JEV NS4B and anti-dsRNA antibodies. The white boxes shown in the top panels are
enlarged in the middle panels (anti-NS4B, single color) and bottom panels (red: anti-NS4B; green: anti-dsRNA) (G). Scale bar: 10 um (top
panels). (H) Scatterplots, merged with box plots, representing the ratio of the central part of the NS4B-positive structure (fluorescence
intensity at the central part/total fluorescence intensity of the structure). **, P < 0.05, calculated using Student's t test. A detailed method is
described in the Materials and Methods. (I) Ultrastructure of the compartment induced by JEV-NS4B expression. JEV-NS4B-GFP-expressing
293T cells were fixed and stained with anti-GFP antibody. After ultrathin sectioning, the immunostained compartment was observed by
transmission electron microscopy. The white box shown in the upper panel is enlarged in the bottom panel. The arrow in the upper panel
indicates the JEV-NS4B-inducing compartment. Arrowheads in the bottom panel indicate anti-GFP antibody-bounded signals. Scale bars:
2um (upper), 500 nm (bottom). (J and K) ERAD-mediated degradation of expressed JEV NS4B protein. (J) HelLa cells expressing JEV NS4B-
FOS protein were treated with 10 M DBeQ (right) or DMSO (middle) for 2 h before treatment with 50 wg/ml cycloheximide (CHX). After 4.5
h of CHX treatment, the cells were fixed and stained with anti-FLAG antibody. Images for negative-control cells treated with reagents are
shown in the left panel. Scale bar: 5 um. (K) Human 293T cells expressing JEV NS4B protein were treated with 10 «M DBeQ (right lane) or
DMSO (middle lane) for 2 h before treatment with 50 ug/ml CHX. After 4.5 h of CHX treatment, the cells were lysed and JEV NS4B protein
was detected by anti-FLAG antibody. Cell lysate from negative-control cells treated with reagents is shown in the left lane.
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FIG 7 Model proposing the relationship between virus life cycle, cellular ERAD pathway, and convoluted membrane. Flaviviruses first synthesize a single
large polypeptide containing both structural and NS proteins, which is subsequently cleaved and processed into different viral proteins. As a result, the
same amount of structural and NS proteins are produced in virus-infected cells. The structural proteins form progeny virions, whereas NS proteins act as
catalytic agents; therefore, the amount of structural proteins generated is higher than that of NS proteins. During the late stage of infection, viruses
remove extra NS proteins that are involuntarily coproduced with the structural proteins via the cellular ERAD pathway. The convoluted membrane (CM)
may function as a compartment produced passively during the later stage of infection in response to accumulated NS proteins, when the rate of ERAD

degradation is slower than the rate of viral protein synthesis.

later stage of infection in response to accumulated NS proteins. Its production may be
directly related to the capacity of ERAD degradation or to the speed of viral protein
synthesis. In fact, structures similar to CM have also been characterized in cells infected
with other viruses, including picornaviruses (23), rubiviruses (24), noroviruses (25), and
coronaviruses (26). Thus, CM may represent a common structure for viruses that regu-
late viral protein homeostasis by ERAD.

Unfolded or misfolded proteins synthesized at the ER are known target substrates
for the ERAD pathway (6). However, our results suggest that correctly folded proteins
can also serve as the targets for this pathway. Although the mechanism by which viral
NS proteins are recognized by ERAD remains unclear, one possibility is that specific
modifications on the viral NS proteins might function as targeting signals for the ERAD
pathway; alternatively, the sequestration from VP to CM might trigger the degradation.

The yeast ERAD pathway comprises three separate pathways, designated ERAD-L,
ERAD-M, and ERAD-C (27). Each ERAD pathway has substrates that differ spatially, and
require different components. Although exceptions exist, in general, ERAD-L primarily
recognizes misfolded substrates with lesions in their luminal domains, whereas ERAD-
M and ERAD-C recognize misfolded substrates with lesions in their transmembrane
domains and cytoplasmic regions, respectively. The ERAD-L pathway can be further tri-
furcated (28, 29). One route requires Derlin2/3 and SEL1L, but not Derlin1, while the
other two require Derlin1, not Derlin2/3 or SEL1L (8). In this study, we revealed that
only the Derlin2/3- and SEL1L-mediated ERAD-L pathway is involved in viral protein
degradation (Fig. 4C). Although the molecular mechanisms of how different ERAD
pathways recognize their respective substrates remains unknown, there may be com-
mon features between viral NS proteins and cellular substrates that are degraded by
the Derlin2/SEL1L-mediated ERAD pathway.

Our model does not exclude the possibility that degradation of cellular proteins by
ERAD and the proteasome pathway may affect viral genome replication. Indeed, JEV
infection induces degradation of HSP90 and activation of the JAK/STAT pathway to
attenuate antiviral signaling (30). Meanwhile DENV suppresses the innate immune
response by upregulating the expression of PDLIM2, an E3 ubiquitin ligase involved in
STAT2 degradation (31). The results of the current study indicate that ERAD and pro-
teasome inhibition inhibit degradation of these antiviral cellular proteins, while upre-
gulating the expression of these proteins may contribute to antiviral phenotypes.

Flavivirus infection induces UPR (32, 33). In this study, we observed further upregu-
lation of UPR following inhibition of the ERAD pathway (Fig. 3J). These results suggest
that accumulation of viral proteins can trigger UPR signaling. One of the UPR sensor
proteins, PERK, induces phosphorylation of elF2-« and global translational arrest (19).
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TABLE 1 Plasmids used in the study

Journal of Virology

Plasmid name Backbone Epitope tag Selection Reference
pCAG.Myc pCAG-Myc Amp
pCAG.OSF pCAG-OSF Amp
pCAG.JEV NS4B.FOS pCAG-FOS C; FLAG-One-StrEP (FOS) Amp
pCAG.JEV NS4B.Myc pCAG-Myc C, Myc Amp
pCAG.DENV NS4B.Myc pCAG-Myc C, Myc Amp
pCAG.OSF.NPL4_wt pCAG-OSF N; One-StrEP-FLAG (OSF) Amp
pCAG.Myc.NPL4_wt pCAG-Myc N, Myc Amp
pCAG.OSF.VCP-siR#1 (wt) pCAG-OSF N; One-StrEP-FLAG (OSF) Amp
pCAG.OSF.VCP.siR.E578Q pCAG-OSF N; One-StrEP-FLAG (OSF) Amp
pCAG.OSF.VCP.siR.E305Q/E578Q pCAG-OSF N; One-StrEP-FLAG (OSF) Amp
pCAG-NS2B-FOS pCAG-FOS C; FLAG-One-StrEP (FOS) Amp
pCAG-NS3-FOS pCAG-FOS C; FLAG-One-StrEP (FOS) Amp
pCAG-NS4A-FOS pCAG-FOS C; FLAG-One-StrEP (FOS) Amp
pCAG-NS4B-FOS pCAG-FOS C; FLAG-One-StrEP (FOS) Amp
pPCAG-NS5-FOS pCAG-FOS C; FLAG-One-StrEP (FOS) Amp
pCMV-JErep-nluc Amp 42
pCMV-JErep-nluc fs Amp 42
pCAG-JEC Amp 42
pCAG-JEprME Amp 42
PCMV(A4.5)-JErep-nluc Amp
pCMV(A4.5)-JErep-nluc fs Amp
rJEV(Mie/41/2002)/pMW119 Amp 37
However, this signaling is not involved in the impairment of viral propagation, as our
results show that accumulation of viral proteins impaired viral genome replication
even in PERK knockout cells (Fig. 5F). UPR may promote viral genome replication by
inducing chaperone expression, which guides the folding of viral and cellular proteins.
Although it remains unclear how viral NS protein accumulation impairs viral genome
replication, all ERAD-targeted viral proteins are anchored in the one-side leaflet of ER
membranes, leading to their bending (34); therefore, the accumulation of these pro-
teins may disrupt the proper formations of VPs that are critical for viral genome
replication.
Our study reveals that VCP depletion markedly reduces viral genome replication in
infected cells. Several specific small compounds that inhibit the ATPase activity of VCP
similarly impair viral genome replication (Fig. 3). Recently, other specific inhibitors of
VCP have been developed (35), which may represent potential antiviral drug candi-
dates for human-pathogenic flaviviruses, such as DENV and JEV.
MATERIALS AND METHODS
Cells, viruses, and transfection. The 293A, 293T, Hela, Huh7, BHK-21, Vero cells, and HCT116-
derived knockout cell lines were cultured in Dulbecco's modified Eagle medium (DMEM; Nacalai Tesque)
containing 100 units/ml penicillin, 100 wg/ml streptomycin, and 10% (vol/vol) fetal calf serum (FCS), in
humidified air containing 5% CO, at 37°C. C6/36 cells were cultured in Schneider's insect medium
(Sigma-Aldrich) at 25°C. JEV AT31 strain (kindly provided by Eiji Konishi, Osaka University) and DENV 2
NGC strain (ATCC VR-1584) were amplified in 293A and C6/36 cells, respectively. For transfection, PEI
MAX (Polysciences) or Lipofectamine 3000 (Thermo Fisher Scientific) were used according to the manu-
facturer’s instructions.
Reagents. All reagents and resources used in this study are listed in Table 1, Table 2, and Table 3.
CHX (Nacalai Tesque), DBeQ (Sigma-Aldrich), Eer1 (Sigma-Aldrich), MDBN (StressMarq Biosciences), and
MG132 (ECM Biosciences) were dissolved in dimethyl sulfoxide (DMSO) to prepare stock solutions.
Cycloheximide chase analysis. Cycloheximide (CHX) chase analysis was performed as described
previously with slight modifications (8). In brief, 5 x 10° cells cultured in 6-well plates were infected with
JEV at a multiplicity of infection (MOI) of 1 for 48 h. The cells were treated with 50 ug/ml CHX and lysed
with Laemmli’s sample buffer at each time point. SDS-PAGE and Western blotting were performed with
antibodies for each protein. Membranes were developed using EzWestLumi plus (ATTO), and signals
were detected using iBRIGHT CL1000 (Thermo Fisher Scientific). Band intensities were quantified using
ImagelJ/Fiji.
Purification of NS4B proteins and identification of copurified proteins by mass spectrometry.
Following transient expression of Strep-tagged flaviviral NS4B in 293T cells, affinity purification was per-
formed using Strep-Tactin Sepharose beads, and copurified proteins were identified by mass spectrometry,
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Target Host Clone Source Comment
JEV capsid rabbit original Reference 43
JEV prM rabbit GeneTex GTX131833
JEVE rabbit GeneTex GTX125867
JEVE mouse 6B4A-10 Merck MAB8743
JEV NST' mouse GT25111 GeneTex GTX633961
JEV NS2B rabbit GeneTex GTX125972
JEV NS3 rabbit original Reference 20
JEV NS4A rabbit GeneTex GTX132028
JEV NS4B rabbit GeneTex GTX125865
JEV NS5 rabbit original Immunized JEV NS5 (Pos: 691-709)
DENV NS4B rabbit Sigma SAB2700180
dsRNA mouse J2 English & Scientific Consulting Kft.

VCP rabbit Cell Signaling Technology
Derlin1 mouse DERLINT-1 Sigma

Derlin2 rabbit Sigma

FLAG mouse M2 Sigma

Myc mouse 9E10 DSHB

a-tubulin mouse AA4.3 DSHB

Synoviolin (HRD1) rabbit Bethyl Laboratories
Puromycin mouse 12D10 Merck

PERK rabbit Cell Signaling Technology
NPL4 rabbit Sigma

ubiquitin mouse FK2 MBL

DENV capsid rabbit original

GAPDH rabbit TREVIGEN

beta-actin mouse WAKO

SEL1L rabbit a kind gift from Nobuko Hosokawa

No. 2648
SAB4200148
D1194
F1804

A302-946A

MABE343

3192S

HPA021560

D058-3

Immunized DENV capsid (Pos: 1-100)
2275-PC-100

017-24573

Reference 44

as previously described (36). Identification of copurified proteins was carried out according to the follow-
ing steps: SDS-PAGE separation, band excision, digestion with trypsin, and liquid chromatography with
tandem mass spectrometry (LC-MS/MS). Tandem mass spectra were collected automatically and identified
based on a nonredundant human database on NCBI.

Strep-Tactin pulldown. Twenty-four hours after 293T cells were transfected with pCAG-OSF-VCP,
they were infected with JEV at an MOI of 3. The cells were lysed with lysis buffer (150 mM NaCl, 20 mM
Tris-HCI [pH 7.5], and 1% Triton X-100) supplemented with complete protease inhibitor cocktail (Roche)
48 hpi. After centrifugation at 20,000 x g and 4°C for 10 min, the lysate was incubated with Strep-Tactin
Sepharose beads (IBA GmbH) for 1 h at 4°C. The beads were then washed four times with lysis buffer
supplemented with 0.1% Triton X-100 and incubated with Laemmli’s sample buffer for 5min at 95°C.
The input lysate and eluate were then subjected to Western blotting.

siRNA knockdown and rescue. The siRNA knockdown and rescue experiments were performed as
described previously (20). The list of siRNA target sequences is presented in Table 3.

In vitro transcription of the JEV RNA genome. rJEV(Mie/41/2002)/pMW119, kindly provided by
Shigeru Tajima in NIID (37), was linearized with Ndel and transcribed in vitro using mMESSAGE
MMACHINE T7 kit (Ambion).

Focus-forming assay. Viral titers were determined using a focus-forming assay. In brief, Vero and
BHK-21 monolayers cultured in 96-well plates were inoculated with serially diluted JEV and DENV,
respectively, for 2 h. Next, the cells were overlaid with DMEM supplemented with 1% methylcellulose
and cultured for 34 (JEV) or 58 (DENV) h. The foci of viral infection were fluoroimmunostained, as
described below, using rabbit anti-JEV NS3 antibody and rabbit anti-DENV capsid antibody, respectively.
Fluorescent foci of infection were counted using a fluorescence microscope, and viral infectious titers
were calculated as focus-forming units per ml.

TABLE 3 siRNA target sequences

Name Sense sequence

Control CGUACGCGGAAUACUUCGALt

VCP_252 GAAUAGAGUUGUUCGGAAULtt
VCP_1095 GGAGGUAGAUAUUGGAAUUtt
Npl4_878 CUGAAGUGGUCGAUGAAAUtt
Npl4_55 ACAGCAACAAAGAGAGAAALtt

HRD1_170 UGGGCAAGGUGAUGGGCAAtt
HRD1_1544 CCGCCAUGCUGCAGAUCAAtt
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Virus genome replication assay using plasmid-based JEV subgenomic replicon system. We used
the plasmid-based subgenomic JEV replicon, designated pCMV(A4.5p)-JErep-nluc, developed from a previ-
ously described plasmid called pCMV-JErep-nluc (38). In this system, an extensive region of the CMV promoter
sequence was deleted, effectively attenuating its expression (39). This system allows for the minimization of
background NanoLuc luciferase activity derived from plasmid-driven mRNA. cDNA of the JEV Nakayama strain
containing the NanoLuc luciferase gene was inserted downstream of the attenuated CMV promoter (39).
Hepatitis delta virus ribozyme (HDV-RZ) and simian virus 40 polyadenylation signal were inserted downstream
of JEV ¢cDNA. The C-prM-E coding region of JEV ¢cDNA was replaced by NanoLuc luciferase fused with foot-
and-mouth disease virus (FMDV) 2A peptide coding sequence. pCMV(A4.5p)-JErep-nluc was transfected into
293T cells using PEI MAX. NanoLuc luciferase activity in the cell lysate was measured according to the manu-
facturer’s instruction (Promega).

Preparation and titration of single-round infectious particles. Preparation and titration of single-
round infectious particles (SRIPs) were performed as described previously (38). In brief, cells were
cotransfected with pCMV-JErep-nluc, pCAG-JEprME, and pCAG-JEC. The supernatant was harvested at
72 h posttransfection and used as SRIP supernatant. Huh7 cells were grown in a 96-well plate and inocu-
lated with SRIP supernatant for 72 h to estimate the infectious titer of the SRIPs, and NanoLuc luciferase
activity in the cell lysate was measured.

Cell viability. CellTiter-Glo luminescent cell viability assay kit (Promega) was used to evaluate cyto-
toxicity, as described previously (20).

Immunostaining and confocal microscopy. Cells cultured on glass coverslips were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS; Nacalai Tesque) for 15 min and subsequently per-
meabilized with 0.1% Triton X-100 in PBS. Cells were blocked with 10% FCS in PBS and incubated with
diluted primary antibodies. Next, cells were incubated with secondary antibodies conjugated with Alexa
Fluor 488 or 594 (Thermo Fisher Scientific) and nuclei were stained with Hoechst 33258 stain (Thermo
Fisher Scientific). The coverslips were mounted onto slides using Fluoromount-G (SouthernBiotech).
Images were acquired using a FluoView FV3000 confocal laser scanning microscope (Olympus) with a
UPLAPO 60x/1.35 numerical-aperture oil immersion objective (Olympus). Image analyses were per-
formed using ImageJ/Fiji. For staining against endogenous Derlin1 or Derlin2, cells were fixed with cold
methanol for 6 min at —20°C.

Quantitative real-time PCR. Total RNA for quantitative real-time PCR (QRT-PCR) was prepared from cells
using TRIzol reagent (Thermo Fisher Scientific) and converted into ¢cDNA using the Transcriptor First Strand
cDNA synthesis kit (Roche). The cDNA was amplified and quantified by real-time PCR on a PRISM 7900HT sys-
tem (Applied Biosystems), with power SYBER green PCR master mix (Applied Biosystems). The following pri-
mers were used: JEV NS5-F, 5'-GCCGGGTGGGACACTAGAAT-3'; JEV NS5-R, 5'-TGGACAGCGATGTTCGTGAA-3';
GRP78-F, 5'-GAACGTCTGATTGGCGATGC-3'; GRP78-R, 5'-TCAACCACCTTGAACGGCAA-3'; CHOP-F, 5'-CCTCCT
GGAAATGAAGAGGAAG-3'; CHOP-R, 5'-GTGACCTCTGCTGGTTCTGG-3'; beta-actin-F, 5'-CCAGCTCACCATGGAT
GATG-3'; beta-actin-R, 5'-ATGCCGGAGCCGTTGTC-3'".

Statistical analysis. All statistical analyses were performed using Microsoft Excel or GraphPad Prism
(v7; GraphPad software). Two-tailed student’s t tests were performed for unpaired or paired groups on
GraphPad Prism v7 software. We also performed one-way analysis of variance followed by Dunnett’s
test. Data are presented as mean = standard deviation. A P value < 0.05 was considered statistically sig-
nificant. Degrees of statistical significance are indicated in the figure legends.

Correlative light and electron microscopy. CLEM (correlative light and electron microscopy) was
performed as described previously with slight modifications (40). Vero cells in gridded 35-mm glass-bot-
tom dishes (P35G-2-14-CGRD; Mat-Tek) were infected with JEV at an MOI of 1. After 6 h, the cells were
washed and incubated with fresh medium for 42 h. The cells were then fixed with cold methanol at —20°C
for 6 min and washed with PBS containing 4% sucrose three times for 5 min each. The cells were permeab-
ilized with PBS containing 0.1% saponin for 30 min at 25°C. After washing with PBS, the cells were incu-
bated in PBS containing 10% FCS and 0.005% saponin for 30 min at room temperature. As primary anti-
bodies, rabbit anti-Derlin2 (D1194, Merck) and mouse anti-dsRNA (J2-1201, English & Scientific Consulting)
were added and incubated overnight at 4°C. After washing with PBS, the cells were incubated with Alexa
Fluor 488-labeled anti-rabbit and Alexa Fluor 568-labeled anti-mouse antibodies in blocking solution for
1 h at room temperature, then washed with PBS. Fluorescent images of target cells were taken at 100x
magnification using a confocal laser scanning microscope. In addition, a differential interference contrast
image of the same target cell was acquired to confirm its location in the dish. After imaging, cells were
fixed again with 2.5% GA, 2% sucrose in 50mM sodium cacodylate buffer (CaCo), supplemented with
50 mM KCl, 2.6 mM MgCl,, and 2.6 mM CaCl, for at least 30 min at room temperature. After five washes
with 50 mM CaCo, cells were incubated with 2% osmium tetroxide in 50mM CaCo for 40 min on ice,
washed three times with water, and incubated in 0.5% uranyl acetate in water overnight at 4°C. Samples
were then washed three times with water, dehydrated in a graded ethanol series (from 50% to 100%) at
room temperature, embedded in Epon 812 (Electron Microscopy Sciences), and polymerized for 2 days at
60°C. Ultrathin sections (70nm) were then obtained using Leica EM UC6 (Leica Microsystems) and
mounted on a grid. Sections were stained using 3% uranyl acetate in 70% methanol for 5min and lead ci-
trate (Reynold'’s) for 2 min. EM images were taken using a JEOL JEM-1400 (JEOL).

Immunoelectron microscopic analysis. Immunoelectron microscopic analysis was performed as
described previously (40). Briefly, after fixation with 4% paraformaldehyde, NS4B-GFP-expressing 293T cells
were permeabilized with 0.25% (wt/vol) saponin in 0.1 M PB (0.3 M sodium phosphate buffer, pH 7.4) for
30 min at room temperature, followed by treatment with blocking solution A (0.005% saponin, 10% bovine
serum albumin [BSA], and 10% serum in 0.1 M PB). Primary antibody staining was performed with an anti-
GFP (green fluorescent protein) antibody (1:250, B-2, Santa Cruz Biotechnology). Subsequently, cells were
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washed six times with rinse solution (0.005% [wt/vol] saponin in PB), and reacted with nanogold Fab’ con-
jugates (NanoProbes). After washing the cells with rinse solution six times, cells were fixed again with 500 |
of 1% (wt/vol) glutaraldehyde in PB. Cells were washed with 50 mM glycine, 1% (wt/vol) BSA in PB, and dis-
tilled water three times each. Next, gold signal intensification was performed with the Nanoprobes Gold
Enhancement kit (Nanoprobes). Briefly, cells were incubated with gold intensification mixture at room
temperature for 5 min. After washing the immunogold-labeled cells once with 1 ml of 1% (wt/vol) sodium
thiosulfate, cells were washed with distilled water three times. Samples were then postfixed in 1% osmium
tetroxide containing 1% potassium ferrocyanide in PB for 1 h and subsequently dehydrated in a graded
ethanol series (30, 50, 70, and 90%, vol/vol; T ml each), followed by treatment with 100% ethanol, twice for
10 min each. Next, cells were incubated on the coverslips with 50% (vol/vol) epoxy resin in ethanol for
30 min and embedded with epoxy resin. After polymerization of samples for 2 days at 60°C, ultrathin sec-
tions were generated using an ultramicrotome equipped with a diamond knife. Sectioned cells were
stained with 2% (wt/vol) uranyl acetate for 1 h, and washed three times in distilled water. Cells were then
stained with lead citrate for 2min and washed three times in distilled water. Finally, samples were
observed with a Hitachi H-7600 transmission electron microscope.
Generation of knockout HCT116 cells. For generating Derlin1, Derlin2, Derlin2/Derlin3, and SEL1L
knockout HCT116 cells, transcription activator-like effector nuclease (TALEN)-mediated genome editing was
performed as described previously (41). CRISPR/Cas9-mediated genome editing was performed using the
pX459 vector (Addgene; 62988) with the following single guide RNA (sgRNA); 5'-GGACCAAGACCGTGAAAGCA-
3’, to generate PERK knockout HCT116 cells.
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