














HCV Glycoproteins Are Targets of the ERAD Pathway

FIGURE 3. EDEMs are involved in the degradation of HCV glycoproteins. A, binding of EDEMs and ER Manl with HCV E2. 293T cells were seeded in 6-well
plates at a density of 3 X 10° cells/well. After overnight incubation, cells were co-transfected with plasmids carrying HCV E2-myc (1 ug) and EDEM1-HA,
EDEM2-HA, EDEM3-HA, or ER Manl-HA proteins (1 ng each). Forty-eight hours later, cells were harvested, immunoprecipitated (/P) with anti-HA antibodies, and
Western blotting (/B) was performed with the indicated antibodies. B, ubiquitylation of HCV E2 protein in cells co-transfected with HCV E2 and EDEM plasmids.
293T cells were seeded in 6-well plates at a density of 3 X 10° cells/well. Twenty-four hours later, the cells were co-transfected with plasmids carrying HCV
E2-myc (1 ng) and EDEM1-HA, EDEM2-HA, EDEM3-HA, or ER Manl-HA genes (1 g each). Forty-eight hours later, the cells were harvested and immunoprecipi-
tated with anti-E2 antibodies, and Western blotting was performed with the indicated antibodies. Arrow, HCV E2; open arrowhead, immunoglobulin heavy
chain. G, binding of EDEMs and ER Manl with endogenous SEL1L in cells. D, steady-state level of HCV E2 in HCV-infected HuH-7 cells after EDEM knockdown
(upper). The knockdown efficiencies of the respective siRNAs are shown in the lower panel. Values are normalized to GAPDH expression levels, and normalized
values in negative control cells have been arbitrarily set at 100%. E, stability of HCV E2 protein in EDEM1 knockdown cells. HCV-infected HuH-7 cells were
transfected with control or EDEM1 siRNA. Forty hours later, the cells were exposed to CHX (100 wg/ml) for 0, 12, 24, and 48 h, followed by immunoblotting.
Specific signals were quantified by densitometry, and the percent of HCV E2 remaining was compared with initial levels. The mean = S.D. (error bars) of two

independent experiments are shown.

on virus production was observed following EDEM2 gene
silencing (Fig. 44). On the other hand, no significant differ-
ences were observed with regard to intracellular HCV core pro-
tein levels among mock- and EDEM siRNA-transfected cells
(Fig. 4B), which indicates that replication of the viral genome is
not affected by EDEM proteins. To examine further whether
this effect on virus production was due to turnover of HCV
envelope proteins, we performed loss-of-EDEM-function
experiments in HuH-7 cells carrying HCV subgenomic repli-
cons. Because the replicons do not require envelope proteins,
they should be insensitive to the expression levels of
genes involved in the ERAD pathway. As expected,
siRNA-mediated knockdown of EDEMs resulted in little to
no change in genome replication (supplemental Fig. S4A).
To investigate further the participation of EDEMs in the
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HCV life cycle, HCV-infected cells were examined 48 h after
transfection with an expression plasmid for either EDEM1,
EDEM2, or EDEM3. As expected, exogenous expression of
EDEMLI in the infected cells led to a 2.4-fold decrease in virus
production compared with mock-transfected cells (p < 0.05)
(Fig. 4C). A moderate decrease of 1.7-fold was observed in
the cells overexpressing EDEM3 protein. Ectopic expression
of EDEMs and ER Manl did not cause any change in intra-
cellular HCV core protein levels (Fig. 4D). Similarly, little or
no change was observed in genome replication when plas-
mids carrying EDEMs were introduced into HCV sub-
genomic replicon cells (supplemental Fig. S4B). These
results indicate that EDEM1 and EDEMS3, particularly
EDEM]1, regulate virus production, possibly through post-
translational control of HCV glycoproteins.
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FIGURE 4. Role of EDEMs in HCV replication and production of infectious virus particles. A, HCV production in HuH-7 cells transfected with EDEM siRNAs.
Cells were infected with JFH-1 at a m.o.i. of 1. Twenty-four hours later, the cells were transfected with the indicated siRNAs at a final concentration of 10 nm. The
culture medium was harvested 48 h later and was used to infect naive HuH-7.5.1 cells seeded in a 96-well plate. Immunostaining using anti-HCV core antibodies
was performed at 72 h after infection, and focus-forming units were counted. B, siRNA-transfected and HCV-infected cells described in A harvested at 48 h after
infection. Intracellular HCV core protein was measured. The values were normalized to total protein in the cell lysate samples. C, HCV production in HuH-7 cells
transfected with plasmids carrying EDEM1-HA, EDEM2-HA, EDEM3-HA, or ER Manl-HA genes. D, intracellular HCV core protein within the cells described in C.
Expression levels of the EDEMs and ER Manl were determined by anti-HA immunoblotting. The mean = S.D. (error bars) of three independent experiments are

shown in all of the panels.

Chemical Inhibition of the ERAD Pathway Increases HCV
Production—KIF, a potent inhibitor of ER mannosidase, is
reported to inhibit the ERAD pathway. When HCV-infected
cells were treated with KIF, virus production increased in the
culture medium in a dose-dependent manner (Fig. 54, left), and
the steady-state level of E2 in the cells increased accordingly
(Fig. 5A, right). No change was observed in intracellular HCV
core protein levels after KIF treatment (Fig. 54, center). Kinetic
analyses showed that E2 was stabilized dramatically in KIF-
treated cells (Fig. 5B), whereas the fate of HCV core protein, a
nonglycoprotein, was not affected by KIF treatment (supple-
mental Fig. S5). No effect on virus replication was observed
when the cells harboring JFH-1 subgenomic replicons were
treated with KIF (data not shown).

On the basis of these findings, one may hypothesize that KIF
contributes to the stabilization of HCV glycoprotein(s) by
interfering with the interaction between (i) EDEMs and viral
proteins, or (ii) EDEMs and SEL1L. To address this, HCV E2
was co-expressed in 293T cells with EDEM1, EDEM2, EDEM3,
or ER Manl in the presence or absence of KIF, followed by
immunoprecipitation (Fig. 5C). E2 was shown to interact with
EDEM1, EDEM2, and EDEM3, analogous to the data shown in
Fig. 3A, and KIF did not block the interactions. Decreased elec-
trophoretic mobility of E2 was detected in KIF-treated cells,
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possibly due to a change in glycan composition caused by inhi-
bition of mannosidase activity. These findings led us to investi-
gate whether the glycans on HCV glycoproteins are required for
binding to EDEMs. We generated E1 and E2 mutants by replac-
ing their N-glycosylation sites with glutamine residues and ana-
lyzed their interaction with EDEMs. Removal of the glycans did
not inhibit the binding of E1 and E2 proteins to EDEM, dem-
onstrating that N-glycans on the surface of viral proteins are not
indispensible for an interaction between EDEMs and HCV gly-
coproteins to occur (supplemental Fig. S6). The effect of KIF on
the association of EDEMs with downstream ERAD machinery
was examined further. In cells co-expressing E2 and EDEMs,
the interaction of SEL1L with EDEM1 and EDEM3 was signif-
icantly reduced in the presence of KIF (p < 0.05) (Fig. 5C).
Consistent with these results, KIF abrogated the EDEM1- and
EDEM3-mediated ubiquitylation of HCV E2 protein (Fig. 5D).
This inhibitory effect of KIF on the SEL1IL-EDEM interaction
was also observed in HuH-7 cells (supplemental Fig. S7). These
results suggest that KIF stabilizes HCV glycoproteins by inter-
fering with the SEL1L-EDEM interaction and thus leads to an
increase in virus production.

Role of ERAD in the Life Cycle of JEV—This study demon-
strates involvement of the ERAD pathway in HCV production.
However, the role of this pathway in the production of other
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FIGURE 5. Effect of KIF on HCV production and stability of E2. A, extracellular HCV titer, intracellular HCV core protein expression, and steady-state
level of HCV E2 in HuH-7 cells treated with different concentrations of KIF. B, CHX-based HCV protein stability assay of HCV E2 protein in KIF-treated cells
as described in Fig. 3E. E2 protein levels normalized to actin levels are shown in the graph on the right. The open and filled circles indicate KIF-treated and
nontreated cells, respectively. The mean = S.D. (error bars) of two independent experiments are shown. C, binding of EDEMs and ER Manl with HCV E2
and SELTL in 293T cells in the absence or presence of KIF. 293T cells were seeded in 6-well plates at a density of 3 X 10° cells/well. After overnight
incubation, the cells were co-transfected with plasmids carrying HCV E2-myc (1 ng) and EDEM1-HA, EDEM2-HA, EDEM3-HA, or ER Manl-HA proteins (1
g each). After 6 h, the culture medium was replaced with fresh or KIF-containing medium (100 um). Forty-eight hours later, the cells were harvested and
immunoprecipitated (/P) with anti-HA antibodies, after which Western blotting (/B) was performed with the indicated antibodies. Specific signals were
quantified by densitometry, and the ratio between HCV E2 and HA (right graph) and between SEL1L and HA (left graph) in the same lanes is plotted on
the graphs. The mean £ S.D. of three independent experiments are shown. D, EDEM protein-mediated ubiquitylation of HCV E2 protein in 293T cellsin
the absence or presence of KIF. The experimental procedure was the same as that described in Fig. 5C, except that immunoprecipitation was performed
with anti-HCV E2 antibodies.

viruses is still unknown. To this end, we examined itsroleinthe  pjscussiON
life cycle of JEV, another member of the Flaviviridae family. In
contrast to HCV, KIF treatment had little effect on JEV produc-
tion in infected cells (Fig. 6A) or the steady-state level of viral E - ) i
glycoprotein (Fig. 6B). Interaction of EDEMs with JEV E was ~ ©a5€S: However, the involvement of ERAD in the life cycle of
analyzed further. Neither EDEMs nor ER Manl was found to viruses and infectious diseases remains poorly understood.
interact with JEV E in cells (Fig. 6C), indicating no significant ~Until recently, an experimental HCV cell culture infection sys-
role of the ERAD pathway in the JEV life cycle. Altogether, these ~ tem has been lacking such that studies evaluating the effect of
results strongly suggest that the ERAD pathway is involved in HCV infection on the ERAD pathway were performed by either
the quality control of glycoproteins of specific viruses, possible ~ using HCV subgenomic replicons which lack structural pro-
through an interaction with EDEM(s), and subsequent regula-  teins or by ectopic expression of one or multiple structural pro-
tion of virus production. teins (21, 22). However, this problem was solved by identifica-

Accumulating evidence points to a role of the ERAD pathway
in the pathogenesis of different genetic and degenerative dis-
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FIGURE 6. Binding of JEV envelope glycoprotein with EDEMs and effect of
KIF on JEV production. A, JEV production in HuH-7 cells treated with KIF. The
mean = S.D. (error bars) of three independent experiments are shown. B,
effect of KIF on the steady-state level of JEV envelope protein. C, binding of
EDEMs with the JEV envelope.

tion of an HCV clone, JFH-1, capable of replicating and
assembling infectious virus particles in cultured hepatocytes
(15). In the present study, we used JFH-1 to examine the effect
of HCV infection on activation of the ERAD pathway and its
role in the virus life cycle. Our results show that the ERAD
pathway is activated in HCV-infected cells, as evidenced by the
maturation of XBP1 mRNA to its active form and up-regulation
of EDEM1 (Fig. 1, A-D). Knocking down IRE1 reversed the
induction of EDEM1, indicating that HCV infection-induced
activation of the ERAD pathway is mediated through IRE1 (Fig.
1F). Loss- and gain-of-function analyses indicated that EDEM1
and EDEM3, particularly EDEM1, are involved in the post-
translational control of HCV glycoproteins by which viral pro-
duction is down-regulated (Figs. 3, D and E, and 4A). Our
results suggest that EDEM1 and EDEM3 play a role in delivery
of viral glycoproteins to the SEL1L-containing ubiquitin-ligase
complex. It has recently been reported that coronavirus infec-
tion causes an accumulation of EDEM1 in membrane vesicles
which are sites of viral replication, but that EDEM1 is not
required for coronavirus replication (23). To our knowledge,
the present study is the first to demonstrate regulation of the
viral life cycle by ERAD machinery through interaction of
EDEMs with viral glycoproteins.

We propose that the mechanisms described here are impor-
tant during the early stages of establishing persistent HCV
infection. ER stress caused by high levels of HCV infection dur-
ing the acute phase presumably results in activation of the
ERAD pathway. Induced EDEMs enhance the degradation of
HCV envelope proteins, thereby reducing virus production.
Maintenance of moderately low levels of HCV in the infected
liver may contribute to the persistence of HCV infection, often
associated with a lengthy asymptomatic phase that can last for
decades. A range of viruses, including flaviviruses such as JEV,
dengue virus, and West Nile virus, have been reported to induce
XBP1 mRNA splicing triggered by ER stress (2, 3, 24). However,
we demonstrate here that, in contrast to HCV, the envelope
protein of JEV, which causes acute encephalitis, is not recog-
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nized by EDEMs, and the ERAD pathway does not control JEV
production.

N-Linked glycoproteins displaying the glycan precursor
Glc1Man9GIcNAc2 bind ER chaperones, such as calnexin or
calreticulin, which facilitates protein folding. Removal of the
terminal Glc from glycans disrupts this interaction with chap-
erones leading to Man trimming and delivery to ERAD machin-
ery. A glucosyltransferase can transfer the terminal Man-linked
Glc back to glycans, thereby allowing the “calnexin cycle” to
continue until the glycoproteins are properly folded (for review,
see Ref. 25). During this cycle, the decision of when to abandon
additional folding attempts for immature polypeptides and to
direct them instead toward the degradation pathway appears to
be a crucial element of protein quality control. The basis by
which this occurs, however, is not fully understood. Here, we
demonstrate that stabilization of HCV envelope proteins and
increased virus production occurs with KIF treatment (Fig. 5, A
and B) and with gene silencing of either EDEM1 or EDEM3
(Figs. 3, D and E, and 4A). It is generally accepted that ERAD
functions to eliminate proteins that are unable to adopt their
native structure after translocation into the ER. From our
results, however, one could argue that, during the HCV life
cycle, at least a fraction of the competently folded viral glyco-
protein intermediates may be released from the calnexin cycle
before maturation and thereby be recognized as ERAD sub-
strates. As suggested previously, the processes of protein fold-
ing and ERAD compete to some extent for newly synthesized
polypeptides (26, 27). Under conditions in which high concen-
trations of ERAD-related factors are found in the ER due to
induction of ER stress by viral infection, activated ERAD
machinery may efficiently capture protein intermediates with
folding/refolding capacity and cause premature termination of
chaperone-assisted protein folding.

EDEM1 has recently been found to bind SEL1L, which is
involved in the translocation of ERAD substrates from the ER to
the cytoplasm (20). Our results demonstrate efficient binding of
EDEM1 and EDEM3 to SEL1L, whereas EDEM2 exhibits only
residual binding. In agreement with these results, increased
ubiquitylation of HCV E2 protein was observed in cells overex-
pressing EDEM1 and EDEM3, but not in cells overexpressing
the EDEM2 ortholog (Fig. 3B). Furthermore, KIF inhibited the
binding of EDEM1 and EDEM3 with SEL1L, thus abrogating
the ubiquitylation and enhancing the stability of HCV E2 pro-
tein (Fig. 5, B and D). It has been reported that KIF inhibits the
interaction between EDEM1 and SEL1L, thus stabilizing ERAD
substrates (4). Therefore, our results confirm previous findings
and show that, along with EDEM1, KIF inhibits the binding of
SEL1L to EDEM3. Furthermore, we have been the first to show
that HCV E2 is a virus-derived ERAD substrate that can be used
to analyze the mechanisms of this pathway. Taken together, our
results indicate that EDEM1 and EDEM3, but not EDEM2,
might be involved in targeting ERAD substrates to the translo-
cation machinery, which may partly explain the different roles
of the three EDEMs in HCV production. Although both
EDEM1 and EDEM3 bind SEL1L and HCV envelope proteins,
EDEML1 appears to have a larger role in regulation of HCV pro-
duction than EDEM3. This is supported further by the finding
that enhanced ubiquitylation of HCV E2 occurs in the presence
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of EDEM1 overexpression (Figs. 3B and 5D). In EDEM3-knock-
down cells, EDEM1 may take over the function of delivering
ERAD substrates to the translocation machinery. We also spec-
ulate that EDEM1 may function as a helper for EDEM3. This is
supported by the observation that EDEM1 and EDEM3 syner-
gistically increase HCV production when knocked down
together (data not shown). HCV glycoproteins are a suitable
means by which to investigate differences and redundancies
pertaining to the role of EDEMs in the ERAD pathway.

HCV-infected and TM-treated cells demonstrated the great-
est activation of EDEM1 transcript production among EDEMs
(Fig. 1, C and D, and supplemental Fig. S1). Although it is
known that XBP1 binds to specific ER stress-responsive cis-
acting elements to induce EDEMs (28, 29), the exact mecha-
nism of transcriptional regulation is not fully understood. It will
be interesting to examine regulatory mechanism(s) specific to
individual EDEM homologs in an ER stress-dependent or -in-
dependent manner.

These findings highlight the crucial role of the ERAD path-
way in the HCV life cycle. Further studies are needed to clarify
the details of this complex pathway. The data generated in this
work, however, further contribute to our understanding of the
mechanisms that govern the maturation and fate of viral glyco-
proteins in the ER.
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