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ABSTRACT We previously reported that hepatitis C virus (HCV) infection activates
the reactive oxygen species (ROS)/c-Jun N-terminal kinase (JNK) signaling pathway.
However, the roles of ROS/JNK activation in the HCV life cycle remain unclear. We
sought to identify a novel role of the ROS/INK signaling pathway in the HCV life
cycle. Immunoblot analysis revealed that HCV-induced ROS/JNK activation promoted
phosphorylation of Itch, a HECT-type E3 ubiquitin ligase, leading to activation of
Itch. The small interfering RNA (siRNA) knockdown of Itch significantly reduced the
extracellular HCV infectivity titers, HCV RNA, and HCV core protein without affecting
intracellular HCV infectivity titers, HCV RNA, and HCV proteins, suggesting that ltch is
involved in the release of HCV particles. HCV-mediated JNK/Itch activation specifically
promoted polyubiquitylation of an AAA-type ATPase, VPS4A, but not VPS4B, required
to form multivesicular bodies. Site-directed mutagenesis revealed that two lysine res-
idues (K23 and K121) on VPS4A were important for VPS4A polyubiquitylation. The
siRNA knockdown of VPS4A, but not VPS4B, significantly reduced extracellular HCV
infectivity titers. Coimmunoprecipitation analysis revealed that HCV infection specifi-
cally enhanced the interaction between CHMP1B, a subunit of endosomal sorting
complexes required for transport (ESCRT)-Ill complex, and VPS4A, but not VPS4B,
whereas VPS4A K23R/K121R greatly reduced the interaction with CHMP1B. HCV
infection significantly increased ATPase activity of VPS4A, but not VPS4A K23R/K121R
or VPS4B, suggesting that HCV-mediated polyubiquitylation of VPS4A contributes to
activation of VPS4A. Taken together, we propose that the HCV-induced ROS/JNK/Itch
signaling pathway promotes VPS4A polyubiquitylation, leading to enhanced VPS4A-
CHMP1B interaction and promotion of VPS4A ATPase activity, thereby promoting the
release of HCV particles.

IMPORTANCE The ROS/JNK signaling pathway contributes to liver diseases, includ-
ing steatosis, metabolic disorders, and hepatocellular carcinoma. We previously
reported that HCV activates the ROS/JNK signaling pathway, leading to the o) B 0 A S e
enhancement of hepatic gluconeogenesis and apoptosis induction. This study fur- Microbiology. All Rights Reserved.
ther demonstrates that the HCV-induced ROS/JNK signaling pathway activates the Address correspondence to Ikuo Shoji,
E3 ubiquitin ligase Itch to promote release of HCV particles via polyubiquitylation ishoji@med kobe-uacjp.

of VPS4A. We provide evidence suggesting that HCV infection promotes the ROS/
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he World Health Organization estimates over 70 million people worldwide are

chronically infected with hepatitis C virus (HCV), emphasizing that HCV still repre-
sents a major public health problem (1). HCV infection often causes chronic hepatitis,
liver cirrhosis, and hepatocellular carcinoma (HCC). Despite the availability of highly
effective direct-acting antivirals (DAAs) for HCV treatment, emerging DAA resistance
and limited access to DAAs therapy in developing countries still impede global HCV
elimination (2, 3).

HCV is a positive-sense single-stranded RNA virus that belongs to the genus
Hepacivirus of the family Flaviviridae. The HCV genome consists of 9.6-kb RNA encoding
a single polyprotein of about 3,010 amino acids (aa), which is processed by viral pro-
teases and cellular signalases to produce three structural proteins (Core, E1, and E2)
and seven nonstructural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (4).

The precise mechanisms by which infectious HCV particles are released from
infected hepatocytes have not been fully understood. Extensive research has shown
that the Golgi is important for HCV release (5, 6). HCV particles are assembled in the
endoplasmic reticulum (ER), transported to the Golgi compartment in COPII vesicles,
and finally released through the Golgi secretory pathway (7). Notably, recent evidence
indicates that late endosomes/multivesicular bodies (MVBs), which are associated with
the release of exosomes, play a major role in HCV release (6, 8, 9). MVB formation is
regulated by members of endosomal sorting complexes required for transport (ESCRT)
machinery that mediate membrane abscission processes and intraluminal budding on
endosomal membranes. The ESCRT machinery consists of five protein complexes,
termed ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III, and VPS4. The AAA ATPase VPS4 (two iso-
forms, VPS4A and VPS4B) disassembles the ESCRT-Ill complex from the MVB mem-
brane, thereby driving membrane fission and recycling of ESCRT-IIl subunits (10, 11).
HCV hijacks the ESCRT machinery, especially the VPS4 ATPase, to direct assembled viral
particles into MVBs for subsequent release (12, 13).

We previously reported that HCV infection induces reactive oxygen species (ROS)
production and activates the c-Jun N-terminal kinase (JNK) signaling pathway, leading
to enhancement of hepatic gluconeogenesis (14) and induction of apoptosis (15, 16).
In addition, a growing body of evidence suggests that the JNK pathway contributes to
the development of HCC (17-20). However, the roles of the ROS/JNK signaling pathway
in the HCV life cycle are still unclear.

JNK regulates various physiological processes, including cell death and survival, dif-
ferentiation, proliferation, and carcinogenesis, by phosphorylating targets, including
c-Jun (21), p53 (22), and c-Myc (23). Itch is a member of the neural precursor cell-
expressed developmentally downregulated protein 4 (NEDD4) family of HECT-type E3
ligases with an N-terminal lipid-interacting C2 domain, four WW domains for protein-
protein interaction, and a C-terminal catalytic HECT domain (24). Under physiological
conditions, Itch WW domains restrict the interdomain mobility of the HECT domain,
locking Itch in a closed inactive conformation (25). JNK phosphorylates Itch at Ser'®,
Thr?22, and Ser?3?, leading to a conformational change that weakens the interaction
between the WW and HECT domains, thereby augmenting the catalytic activity of Itch
(25, 26).

In this study, we demonstrate that the HCV-induced ROS/JNK signaling pathway
activates the E3 ubiquitin ligase Itch to promote release of HCV particles via polyubi-
quitylation of VPS4A. Thus, we propose that HCV infection activates the ROS/JNK/Itch/
VPS4A signaling pathway to facilitate the release of infectious HCV particles.

RESULTS

HCV infection promotes phosphorylation of HECT-type E3 ubiquitin ligase Itch
via ROS/JNK signaling pathway. To identify a novel role for the ROS/JNK signaling
pathway in the HCV life cycle, we first examined whether HCV infection induced phos-
phorylation and activation of ltch in Huh-7.5 cells. Imnmunoblot showed that the
amount of phosphorylated Itch at Thr?22 markedly increased in HCV J6/JFH1-infected
Huh-7.5 cells at 3 days postinfection (dpi), 6 dpi, and 8 dpi compared to those in the
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FIG 1 HCV infection promotes phosphorylation of HECT-type E3 ubiquitin ligase ltch via the ROS/JNK
signaling pathway. (A) Huh-7.5 cells were infected with HCV J6/JFH1 at an MOI of 2. At 3, 6, and
8 days postinfection (dpi), the cells were harvested, and the cell lysates were analyzed by
immunoblotting with the indicated antibodies. The level of GAPDH served as a loading control. (B)
Huh-7.5 cells were infected with HCV J6/JFH1 at an MOI of 2. At 3 dpi and 6 dpi, the cells were
harvested with or without pretreatment with JNK inhibitor SP600125 (SP; 30 uM for 30 h) or
antioxidant N-acetyl cysteine (NAC; 5 mM for 8 h). The cell lysates were analyzed by immunoblotting
with the indicated antibodies. The level of GAPDH served as a loading control.

mock-infected control cells (Fig. 1A, 1st panel, lanes 2, 4, and 6). The total expression
levels of Itch were unchanged (Fig. 1A, 2nd panel, lanes 1 to 6). We found that c-Jun, a
key substrate for JNK, was phosphorylated and activated in HCV-infected cells com-
pared to the mock-infected control cells (Fig. 1A, 3rd panel, lanes 2, 4, and 6). The total
expression levels of c-Jun in HCV-infected cells were also higher than those in the
mock-infected control cells (Fig. 1A, 4th panel, lanes 2, 4, and 6). These results suggest
that HCV infection activates the ROS/JNK signaling pathway and promotes phosphoryl-
ation of Itch at Thr-222.

To determine whether ROS/INK signaling pathway induces Itch activation, we
treated HCV-infected cells with the specific JNK inhibitor SP600125 or the antioxidant
N-acetyl cysteine (NAC). We performed immunoblot analysis to determine the phos-
phorylation status of Itch in HCV-infected cells at 3 dpi and 6 dpi. Treatment with
SP600125 or NAC clearly inhibited HCV-induced phosphorylation of c-Jun and the lev-
els of c-Jun (Fig. 1B, 3rd and 4th panels, lanes 4 to 6 and lanes 10 to 12). In parallel, the
HCV-induced Itch phosphorylation at Thr??2 was markedly reduced after treatment
with SP600125 or NAC (Fig. 1B, 1st panel, lanes 4 to 6 and lanes 10 to 12). These results
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suggest that HCV infection promotes phosphorylation and activation of Itch via the
ROS/JNK signaling pathway.

Knockdown of Itch does not affect HCV replication but decreases the release of
HCV particles. To determine the effect of Itch on the HCV life cycle, Huh-7.5 cells were
infected with HCV J6/JFH1 in the presence or absence of Itch small interfering RNA
(siRNA). We examined the amount of intracellular viral proteins, HCV infectivity titers,
and HCV RNA, as well as extracellular HCV infectivity titers, HCV RNA, and HCV core
protein. Endogenous Itch expression was markedly reduced by Itch siRNA in HCV-
infected cells (Fig. 2A, 1st panel, lanes 2, 4, 6, and 8). Knockdown of ltch did not show
any effect on the levels of intracellular HCV core protein and NS3 protein (Fig. 2A, 2nd
and 3rd panels, lanes 1 to 8), amount of intracellular HCV infectivity titers (Fig. 2B), and
HCV RNA (Fig. 2C). These results suggest that Itch does not affect HCV replication. We
further examined the effect of Itch on HCV replication in HCV full-genome replicon
(FGR) Con1 (RCYMT) cells. Itch siRNA efficiently knocked down endogenous ltch
expression level in HCV FGR-harboring cells (Fig. 2D, 1st panel, lane 2). However,
knockdown of Itch did not show any effect on the amount of NS3 protein (Fig. 2D, 2nd
panel, lanes 1 and 2), and intracellular HCV RNA (Fig. 2E). These results indicate that
Itch is not involved in HCV replication.

Interestingly, knockdown of Itch markedly decreased the amount of extracellular HCV
infectivity titers (Fig. 3A), HCV RNA (Fig. 3B), and HCV core protein (Fig. 3C). Notably, knock-
down of Itch did not show any significant effect on the amount of extracellular apolipo-
protein E (ApoE) (Fig. 3D). These results suggest that the decreased HCV infectivity titers
by Itch knockdown are not due to the downregulation of ApoE, a cellular factor for
enhancement of extracellular HCV infectivity (27). To determine whether the decreased
extracellular HCV infectivity titers resulted from depletion of Itch, we transfected a plasmid
encoding FLAG-tagged siRNA-resistant ltch (FLAG-ltch-R) into HCV-infected cells in the
presence or absence of Itch siRNA (Fig. 3E). Imnmunoblot analysis showed the expression
levels of endogenous Itch and FLAG-Itch-R (Fig. 3E, 1st panel, lanes 1 to 4). Overexpression
of the FLAG-ltch-R recovered the extracellular HCV infectivity titers (Fig. 3F) and extracellu-
lar HCV RNA levels (Fig. 3G). These results suggest that Itch is involved in the release of in-
fectious HCV particles, but not HCV replication.

Inhibition of the ROS/JNK signaling pathway decreases the release of
infectious HCV particles. To determine the role of the ROS/JNK signaling pathway in
the release of infectious HCV particles, we examined the effects of the antioxidant NAC
and the JNK inhibitor SP600125 on the release of infectious HCV particles at 3 dpi and
6 dpi. Inhibition of the ROS/JNK signaling pathway by the antioxidant NAC or the JNK
inhibitor SP600125 significantly decreased extracellular HCV infectivity titers (Fig. 4A),
but not intracellular HCV infectivity titers (Fig. 4B) and HCV RNA (Fig. 4C). To test
whether combined treatment of HCV-infected cells with JNK inhibitor SP600125 and
Itch siRNA leads to further reduced release of HCV particles, we treated HCV-infected
cells with JNK inhibitor SP600125 in the presence or absence of Itch siRNA at 3 dpi and
6 dpi, respectively. Endogenous Itch expression was reduced by Itch siRNA in HCV-
infected cells (Fig. 4D, top right panel, lanes 2, 4, 6, and 8). Combined treatment with
SP600125 and Itch siRNA caused a slight decrease in extracellular HCV infectivity titers
compared to SP600125 alone treatment or knockdown of Itch alone (Fig. 4D, left
panel). These results suggest that ROS/JNK signaling pathway promotes the release of
infectious HCV particles, but not HCV replication.

HCV infection specifically promotes VPS4A polyubiquitylation via JNK/Itch
signaling pathway. To determine whether HCV-induced activated ltch promotes the
polyubiquitylation of AAA ATPase VPS4A or VPS4B, we performed cell-based ubiquity-
lation assays. We infected Huh-7.5 cells with HCV J6/JFH1 and then transfected cells
with pcDNA-VPS4A-FLAG or pcDNA-VPS4B-FLAG together with a plasmid pRK5-HA-
ubiquitin (Ub) encoding HA-tagged Ub. HCV-infected cells or mock-infected control
cells at 5 days after virus infection were treated with the specific JNK inhibitor
SP600125. Cell lysates were immunoprecipitated with anti-FLAG beads and immuno-
blotted with anti-HA polyclonal antibody to detect ubiquitylated VAP4A-FLAG and
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FIG 2 Knockdown of ltch does not affect HCV replication. (A) Huh-7.5 cells were transfected with
40 nM ltch siRNA or control siRNA. At 24 h posttransfection, cells were infected with HCV J6/JFH1 at
an MOI of 2. The cells were harvested at 1, 3, 5, and 7 dpi. The cell lysates were analyzed by
immunoblotting with the indicated antibodies. The level of GAPDH served as a loading control. (B)
Cell pellets were washed and disrupted by freeze-thaw, and then the intracellular virus infectivity was
measured by a focus-forming assay. (C) Total cellular RNA was extracted, and HCV RNA was
quantitated by RT-gPCR. Amounts of intracellular HCV RNA were normalized to amounts of GAPDH
mMRNA. (D) Huh-7 cells stably harboring an HCV-1b RNA full-genome replicon (FGR) derived from
Con1 (RCYM1) were transfected with 40 nM lItch siRNA or control siRNA. At 48 h posttransfection, the
cells were harvested. The cell lysates were analyzed by immunoblotting with the indicated
antibodies. The level of GAPDH served as a loading control. (E) Total cellular RNA was extracted, and
HCV RNA was quantitated by RT-qPCR. Amounts of intracellular HCV RNA were normalized to
amounts of GAPDH mRNA.
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FIG 3 Knockdown of Itch decreases the release of HCV particles. (A) Huh-7.5 cells were transfected with 40 nM
Itch siRNA or control siRNA. At 24 h posttransfection, cells were infected with HCV J6/JFH1 at an MOI of 2. The
culture supernatants were collected at 1, 3, 5, and 7 dpi. The extracellular virus infectivity was measured by a
focus-forming assay. (B) Extracellular HCV RNA was extracted and quantitated by RT-qPCR. The value for the
control siRNA-transfected cells at 1 dpi was arbitrarily expressed as 1.0. (C) The amount of extracellular HCV
core protein was measured by core ELISA. The value for the control siRNA-transfected cells at 1 dpi was
arbitrarily expressed as 1.0. Data represent means * SEM of data from three independent experiments; **,
P < 0.01 compared with the controls. (D) The amount of extracellular ApoE protein was measured by the
human ApoE ELISA kit. (E) Huh-7.5 cells were transfected with 40 nM Itch siRNA or control siRNA. At 24 h
posttransfection, cells were infected with HCV J6/JFH1 at an MOI of 2. At 3 h postinfection, cells were
transfected with Itch siRNA-resistant plasmid pCAG-FLAG-Itch-R. At 72 h after plasmid transfection, the cells
were harvested, and cell lysates were analyzed by immunoblotting with anti-ltch MAb, anti-NS3 MAb, and anti-
GAPDH MAb. The level of GAPDH served as a loading control. (F) Culture supernatants were collected, and the
extracellular virus infectivity was measured by a focus-forming assay. (G) The extracellular HCV RNA was
extracted and quantitated by RT-qPCR (G). Data represent means * SEM of data from three independent
experiments.

VPS4B-FLAG proteins, respectively (Fig. 5A). HCV infection markedly increased VPS4A
polyubiquitylation compared to the mock-infected control cells (Fig. 5A, 1st panel,
lanes 3 and 9). Moreover, treatment of the HCV-infected cells with the JNK inhibitor
SP600125 greatly decreased HCV-induced VPS4A polyubiquitylation (Fig. 5A, 1st panel,
lanes 11 and 9), suggesting that the JNK/Itch signaling pathway is involved in VPS4A
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FIG 4 Inhibition of the ROS/JNK signaling pathway decreases the release of infectious HCV particles. Huh-7.5
cells were infected with HCV J6/JFH1 at an MOI of 2. At 3 and 6 dpi, the cells and the culture supernatants
were harvested with or without pretreatment with JNK inhibitor SP600125 (SP; 30 uM for 30 h) or antioxidant
NAC (5 mM for 8 h). The extracellular virus infectivity (A) and intracellular virus infectivity (B) were measured by
a focus-forming assay. (C) Intracellular HCV RNA was quantitated by RT-qPCR. Amounts of intracellular HCV
RNA were normalized to amounts of GAPDH mRNA. The value for the untreated control cells was arbitrarily
expressed as 1.0. (D) Huh-7.5 cells were transfected with 40 nM lItch siRNA or control siRNA. At 24 h
posttransfection, cells were infected with HCV J6/JFH1 at an MOI of 2. At 3 and 6 dpi, the cells and the culture
supernatants were harvested with or without pretreatment with JNK inhibitor SP600125 (SP; 30 uM for 30 h).
(D, Left) Extracellular virus infectivity was measured by a focus-forming assay. (D, Right) Cell lysates were
analyzed by immunoblotting with anti-ltch MAb and anti-GAPDH MAb. The level of GAPDH served as a loading
control. Data represent means + SEM of data from three independent experiments, *, P < 0.05 compared with
the untreated control.

polyubiquitylation. HCV infection did not show any effect on the VPS4B polyubiquityla-
tion (Fig. 5A, 1st panel, lanes 4 and 10). Treatment with JNK inhibitor SP600125 inhib-
ited HCV-induced increased Itch phosphorylation (Fig. 5A, 5th panel, lanes 11 and 12),
phosphorylation of c-Jun, and the levels of c-Jun (Fig. 5A, 7th and 8th panels, lanes 11
and 12). These results suggest that HCV infection specifically promotes VPS4A polyubi-
quitylation via the JNK/Itch signaling pathway.

To further validate the effect of Itch on VPS4A polyubiquitylation, we transfected
HCV-infected Huh7.5 cells or mock-infected control cells with pcDNA-VPS4A-FLAG to-
gether with pRK5-HA-Ub in the presence or absence of Itch siRNA. Knockdown of Itch
resulted in a decrease in HCV-induced VPS4A polyubiquitylation (Fig. 5B, 1st panel,
lanes 2 and 4), suggesting that Itch is involved in VPS4A polyubiquitylation in HCV-
infected cells.

Knockdown of VPS4A decreases the release of infectious HCV particles. To
determine a role of VPS4A in the release of infectious HCV particles, Huh7.5 cells were
infected with HCV J6/JFH1 in the presence of VPS4A siRNA and VPS4B siRNA,
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FIG 5 HCV infection specifically promotes VPS4A polyubiquitylation via the JNK/Itch signaling pathway. (A) Huh-7.5
cells were infected with HCV J6/JFH1 at an MOI of 2. At 3 h postinfection, cells were transfected with pcDNA-
VPS4A-FLAG or pcDNA-VPS4B-FLAG together with pRK5-HA-Ub as indicated. At 4 days postinfection, HCV-infected
cells and uninfected control cells were treated with JNK inhibitor SP600125 (SP; 30 wM). The cells were harvested at
30 h after treatment with SP600125, and cell lysates were immunoprecipitated with anti-FLAG beads, followed by
immunoblotting with anti-HA PAb (1st panel) or anti-FLAG PAb (2nd panel). Input samples were immunoblotted
with anti-HA PAb (3rd panel), anti-FLAG PAb (4th panel), anti-phospho-ltch (T222) PAb (5th panel), anti-tch MAb
(6th panel), anti-phospho-c-Jun (563) RMAb (7th panel), anti-c-Jun RMAb (8th panel), anti-NS3 MAb (9th panel), and
anti-GAPDH MAb (10th panel), respectively. The level of GAPDH served as a loading control. HC, immunoglobulin
heavy chain. (B) Huh-7.5 cells were transfected with 40 nM Itch siRNA or control siRNA. At 24 h posttransfection,
cells were infected with HCV J6/JFH1 at an MOI at 2. At 3 h postinfection, cells were cotransfected with pcDNA-
VPS4A-FLAG and pRK5-HA-Ub as indicated. At 4 days after plasmid transfection, cells were harvested, and cell
lysates were immunoprecipitated with anti-FLAG beads, followed by immunoblotting with anti-HA PAb (1st panel)
or anti-FLAG PAb (2nd panel). Input samples were immunoblotted with anti-HA PAb (3rd panel), anti-FLAG PAb
(4th panel), anti-ltch MAb (5th panel), anti-NS3 MAb (6th panel), and anti-GAPDH MADb (7th panel), respectively. The
level of GAPDH served as a loading control.

respectively. Endogenous expression of VPS4A and VPS4B in HCV-infected cells was
greatly reduced by siRNAs (Fig. 6A, 1st panel, lane 2; 2nd panel, lane 3). Notably, knock-
down of VPS4A, but not VPS4B, significantly decreased the extracellular HCV infectivity
titers (Fig. 6B). We confirmed that neither VPS4A nor VPS4B knockdown affected the
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FIG 6 Knockdown of VPS4A decreases the release of infectious HCV particles. (A) Huh-7.5 cells were
transfected with either VPS4A siRNA (80 nM) or VPS4B siRNA (40 nM). At 24 h posttransfection, cells
were infected with HCV J6/JFH1 at an MOI of 2. The cell lysate and the culture supernatants were
harvested at 6 dpi. The cell lysates were analyzed by immunoblotting with the indicated antibodies.
The level of GAPDH served as a loading control. (B and C) Extracellular virus infectivity (B) and
intracellular virus infectivity (C) were measured by a focus-forming assay. (D) Intracellular HCV RNA
was quantitated by RT-qPCR. Amounts of intracellular HCV RNA were normalized to amounts of
GAPDH mRNA. The value for the control cells was arbitrarily expressed as 1.0. Data represent means =+
SEM of data from three independent experiments, *, P < 0.05, compared with the control.

intracellular HCV NS3 protein levels (Fig. 6A, 3rd panel, lanes 1 to 3), intracellular HCV
infectivity titers (Fig. 6C), and intracellular HCV RNA levels (Fig. 6D). These results sug-
gest that VPS4A, but not VPS4B, is involved in the release of infectious HCV particles.

HCV induces polyubiquitylation of VPS4A via the K6-, K11-, K27-, and K29-
linkage polyubiquitin chains. To determine the types of polyubiquitin chains on
VPS4A, HCV-infected cells or mock-infected control cells were transfected with pcDNA-
VPS4A-FLAG together with a series of ubiquitin K-only constructs in which only the
indicated lysine was encoded, while the other six lysine residues were mutated to argi-
nine residues. KO, in which all lysine residues are mutated to arginine residues, repre-
sents no lysine available. Cell lysates were immunoprecipitated with anti-FLAG beads
and immunoblotted with anti-HA polyclonal antibody to detect ubiquitylated VPS4A-
FLAG. Interestingly, polyubiquitylation of VPS4A-FLAG was detected using wild-type
(WT) and K6-, K11-, K27-, and K29-Ub upon HCV infection (Fig. 7A, 1st panel, lanes 6, 8,
and 10; Fig. 7B, 1st panel, lanes 2 and 4). No polyubiquitylation of VPS4A-FLAG was
detected using other ubiquitin plasmids, such as KO-, K33-, K48-, and K63-Ub. These
results suggest that VPS4A is polyubiquitylated via the K6-, K11-, K27-, and K29-linkage
polyubiquitin chains in HCV-infected cells.

To determine whether HCV-induced VPS4A polyubiquitylation affects the stability of
VPS4A, we performed kinetic analysis using the protein synthesis inhibitor cycloheximide
(CHX). VPS4A-FLAG protein was expressed in HCV-infected cells or mock-infected control
cells. The CHX half-life experiment demonstrated no significant difference in the half-life
of VPS4A-FLAG protein in HCV-infected cells and mock-infected control cells (Fig. 7C, 1st
panel, and Fig. 7D, red lines). On the other hand, the half-life of endogenous mutant p53
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FIG 7 HCV induces polyubiquitylation of VPS4A via the K6-, K11-, K27-, and K29-linkage polyubiquitin chains.
(A and B) Huh-7.5 cells were infected with HCV J6/JFH1 at an MOI of 2. At 3 h postinfection, cells were
cotransfected with pcDNA-VPS4A-FLAG and the indicated HA-tagged Ub plasmids. At 4 days transfection, cells
were harvested, and cell lysates were immunoprecipitated with anti-FLAG beads, followed by immunoblotting
with anti-HA PAb (1st panel) or anti-FLAG PAb (2nd panel). Input samples were immunoblotted with anti-HA
PAb (3rd panel), anti-FLAG PAb (4th panel), anti-NS3 MAb (5th panel), or anti-GAPDH MAb (6th panel),
respectively. The level of GAPDH served as a loading control. HC, immunoglobulin heavy chain. (C) HCV-
infected cells and mock-infected control cells were transfected with pcDNA-VPS4A-FLAG. The cells were treated
with 50 ug/mL cycloheximide (CHX) at 48 h after transfection. The cell lysates were harvested at 0, 8, 16, and
24 h after treatment with CHX, followed by immunoblotting with anti-FLAG PAb (top), anti-p53 MAb (middle),
and anti-GAPDH MAb (bottom). The level of GAPDH served as a loading control. (D) Specific signals were
quantitated by densitometry, and the percentage of remaining VPS4A-FLAG, p53, and GAPDH at each time was
compared with that at the starting point, respectively. Closed triangles, HCV-infected cells; closed circles, mock-
infected control cells. Red lines, blue lines, and black lines indicate VPS4A-FLAG, p53, and GAPDH, respectively.
H, HCV; M, mock.

protein was shortened in HCV-infected cells compared to those in the mock-infected
control cells (Fig. 7C, 2nd panel, and Fig. 7D, blue lines). This result is consistent with a
previous report (28) that p53 is rapidly degraded in HCV-infected Huh-7.5 cells. On the
one hand, the half-life of endogenous glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) protein did not show any significant change upon HCV infection (Fig. 7C, 3rd
panel, and Fig. 7D, black lines). These results suggest that HCV-mediated VPS4A polyubi-
quitylation does not affect the stability of VPS4A.
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Lys23 and Lys'?" of VPS4A are ubiquitylation acceptor sites for HCV-mediated
VPS4A polyubiquitylation. To determine the ubiquitylation acceptor sites for HCV-
mediated VPS4A polyubiquitylation, we aligned the amino acid sequences of VPS4A
and VPS4B. VPS4A and VPS4B have 40 Lys residues, and 37 Lys residues are common
between these two isoforms (Fig. 8A, highlighted in blue). In addition, we found that
Lys?3, Lys®?, and Lys'?" are specific Lys residues for VPS4A (Fig. 8A, highlighted in pink).
Therefore, we hypothesized that these three Lys residues are candidates for ubiquityla-
tion acceptor sites.

We constructed three VPS4A mutants, containing a point mutation of Lys to Arg at
Lys?3, Lys®2, and Lys'?", respectively. The cell-based ubiquitylation assays, coupled with
immunoblotting, revealed that these three single-point mutants were polyubiquitylated
(Fig. 8B, 1st panel, lanes 6, 8, and 10). We further constructed three double-point
mutants, VPS4A K23R/K82R, VPS4A K23R/K121R, and VPS4A K82R/K121R, respectively.
Notably, the double-point mutant VPS4A K23R/K121R, but not VPS4A K23R/K82R and
VPS4A K82R/K121R, markedly decreased HCV-induced VPS4A polyubiquitylation (Fig. 8C,
1st panel, lanes 6, 8, and 10). These results suggest that Lys?> and Lys'?' of VPS4A are
ubiquitylation acceptor sites for HCV-mediated VPS4A polyubiquitylation.

HCV infection enhances the interaction between VPS4A and CHMP1B via
VPS4A polyubiquitylation. To address the mechanism underlying VPS4A polyubiqui-
tylation-enhanced release of infectious HCV particles, we performed coimmunoprecipi-
tation analysis using plasmids for nine human ESCRT-IIl proteins (CHMP1A, CHMP1B,
CHMP2A, CHMP2B, CHMP3, CHMP4B, CHMP5, CHMP6, and CHMP7). HCV-infected cells
or mock-infected control cells were expressed with VPS4A-Myc-Hisg together with
FLAG-tagged ESCRT-IIl proteins, as indicated in Fig. 9A and B. At 4 days postinfection,
cells were harvested, and cell lysates were immunoprecipitated with anti-Myc beads.
Immunoprecipitation analysis revealed that FLAG-CHMP1B was coimmunoprecipitated
with VPS4A-Myc-Hisg in the mock-infected control cells (Fig. 9A, 1st panel, lane 5).
Furthermore, the coprecipitation of FLAG-CHMP1B with VPS4A-Myc-His, using anti-
Myc beads increased by 1.8-fold in HCV-infected cells, suggesting that HCV infection
enhances the interaction between VPS4A and CHMP1B (Fig. 9A, 1st panel, lane 6). No
other FLAG-tagged ESCRT-IIl proteins were coprecipitated with VPS4A-Myc-His, in ei-
ther control cells or HCV-infected cells (Fig. 9A, 1st panel, lanes 3, 4, and 7 to 10; Fig.
9B, 1st panel, lanes 1 to 8). These results suggest that VPS4A specifically interacts with
CHMP1B upon HCV infection.

We noticed that a very faint FLAG-CHMP7 band was detected after coimmunopreci-
pitation with VPS4A-Myc-His, in the mock-infected control cells and in HCV-infected
cells (Fig. 9B, 1st panel, lanes 9 and 10). To determine whether the FLAG-CHMP7 band
detected after coimmunoprecipitation with anti-Myc-beads was specific or not, we per-
formed coimmunoprecipitation with anti-Myc-beads in the presence or absence of
VPS4A-Myc-His, (Fig. 9C). Immunoprecipitation analysis revealed that FLAG-CHMP7
band was detected even in the absence of VPS4A-Myc-Hisg (Fig. 9C, 1st panel, lanes 1
and 2). We thus concluded that FLAG-CHMP7 nonspecifically bound to anti-Myc beads
and was not coimmunoprecipitated with VPS4A-Myc-His,.

To further determine whether polyubiquitylation of VPS4A is important for the
interaction between VPS4A and CHMP1B, we transfected HCV-infected cells with
PEF1A-VPS4A-Myc-His,, PEF1A-VPS4A (K23R/K121R)-Myc-His,, or pEF1A-VPS4B-Myc-
Hise together with pCMV-3xFLAG-CHMP1B. Immunoprecipitation analysis using anti-
Myc beads revealed that less FLAG-CHMP1B was coimmunoprecipitated with VPS4A
(K23R/K121R)-Myc-Hisg than wild-type VPS4A-Myc-Hisg upon HCV infection (Fig. 9D, 1st
panel, lanes 4 and 6). FLAG-CHMP1B was hardly coprecipitated with VPS4B-Myc-His, in
HCV-infected cells (Fig. 9D, 1st panel, lane 8). These results suggest that HCV infection
enhances the interaction between VPS4A and CHMP1B via VPS4A polyubiquitylation.

HCV infection enhances the ATPase activity of VPS4A via VPS4A polyubiquitylation.
VPS4A ATP hydrolysis is required for disassembly of the ESCRT-IIl complex from the
MVB membrane. To determine the effect of HCV infection on the ATPase activity of
VPS4A, HCV-infected cells or mock-infected control cells were transfected with pEF1A-
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FIG 8 Lys* and Lys'?' of VPS4A are ubiquitylation acceptor sites for HCV-mediated VPS4A polyubiquitylation. (A) Amino acid sequence
alignment of VPS4A (GenBank accession number NM_013245.3) and VPS4B (GenBank accession number NM_004869.4). Common Lys residues

March 2022 Volume 96 Issue6 e01811-21

(Continued on next page)

jvi.asm.org

12

Downloaded from https://journals.asm.org/journal/jvi on 07 December 2022 by 133.30.169.29.


https://www.ncbi.nlm.nih.gov/nuccore/NM_013245.3
https://www.ncbi.nlm.nih.gov/nuccore/NM_004869.4
https://jvi.asm.org

ROS/JNK/Itch Signaling Pathway Promotes HCV Release

VPS4A-Myc-His,, pEFTA-VPS4A (K23R/K121R)-Myc-Hise, or pEF1A-VPS4B-Myc-His,, respec-
tively. At 4 days postinfection, the cells were lysed, and VPS4A-Myc-His,, VPS4A K23R/
K121R-Myc-Hisg, and VPS4B-Myc-His proteins were purified using anti-Myc beads, respec-
tively. After elution with Myc peptide (Fig. 10A, 2nd panel), these Myc-tagged proteins
were precipitated with 3.2 M ammonium sulfate followed by resuspension in ATPase assay
buffer (Fig. 10A, 1st panel). The ATPase assay showed that ATPase activity of VPS4A was
significantly increased in HCV-infected cells compared with the control cells (Fig. 10B). On
the other hand, HCV infection did not affect ATPase activity of VPS4A K23R/K121R or
VPS4B (Fig. 10B). These results suggest that HCV infection enhances ATPase activity of
VPS4A via VPS4A polyubiquitylation.

Taken together, we propose a model in which the HCV-induced ROS/JNK signaling
pathway activates the E3 ubiquitin ligase Itch to promote VPS4A polyubiquitylation,
leading to enhanced VPS4A-CHMP1B interaction and VPS4A ATPase activity, thereby
promoting the release of HCV particles (Fig. 11).

DISCUSSION

In this study, we demonstrated that HECT-type E3 ubiquitin ligase ltch was acti-
vated by the HCV infection-induced ROS/JNK signaling pathway (Fig. 1). Importantly,
Itch is involved in the release of infectious HCV particles (Fig. 3). To explore the molecu-
lar mechanism of Itch-mediated HCV particle release, we investigated the effect of Itch
on the polyubiquitylation of VPS4. Cell-based ubiquitylation assays showed that the
HCV-induced JNK/Itch signaling pathway specifically promoted polyubiquitylation of
VPS4A, but not VPS4B (Fig. 5). In addition, VPS4A, but not VPS4B, was involved in
releasing HCV particles (Fig. 6). Next, we explored the possible involvement of the VPS4A
polyubiquitylation in the activation of VPS4A ATPase activity. Immunoprecipitation analysis
revealed that HCV infection specifically enhanced the interaction between VPS4A and
CHMP1B via VPS4A polyubiquitylation (Fig. 9). Moreover, HCV infection significantly
enhanced ATPase activity of VPS4A, but not VPS4B (Fig. 10). Collectively, our results sug-
gest that the ROS/JNK/Itch signaling pathway enhances the release of HCV particles via
VPS4A polyubiquitylation to enhance its interaction with CHMP1B and ATPase activity
(Fig. 11). To our knowledge, this is the first study to clarify the role of Itch in the release of
infectious HCV particles.

Several studies demonstrated possible links between lItch and virus budding and
release. For example, ltch induces influenza A virus release from endosomes through
ubiquitylation of viral M1 protein (29). Itch also facilitates Ebola virus budding (30) and
nuclear egress of Epstein-Barr virus (31) through interaction with viral proteins. In this
study, we further expanded the role of Itch in the release of HCV particles.

The ESCRT machinery is required for the biogenesis of MVBs, a special subset of late
endosomes, generated by the inward budding of numerous intraluminal vesicles. It is
well-known that many enveloped RNA viruses, including human immunodeficiency vi-
rus type 1 (HIV-1), utilize ESCRT machinery to acquire their membrane envelopes and
affect assembly and release following membrane scission (32-34). In addition, ESCRT
machinery is also hijacked by nonenveloped RNA viruses, such as hepatitis A virus (35),
bluetongue virus (BTV) (36), and enveloped DNA viruses, including hepatitis B virus
(37), for facilitation of intracellular budding or release. Importantly, the release of infec-
tious HCV particles depends on components of the ESCRT machinery, such as HRS
(ESCRT-0) (8), TSG101 (ESCRT-I) (12), ESCRT-III (12, 13), Alix (a protein that bridges
ESCRT-I and ESCRT-III) (9, 12), and VPS4 (12, 13), while the assembly of intracellular in-

FIG 8 Legend (Continued)

are highlighted in blue, specific Lys residues for VPS4A are highlighted in pink, and specific Lys residues for VPS4B are highlighted in yellow.
Numbers indicate the position of amino acid residues. (B and C) Huh-7.5 cells were infected with HCV J6/JFH1 at an MOI of 2. At 3 h
postinfection, cells were transfected with expression plasmids for each FLAG-tagged VPS4A single-point mutant (B) or double-point mutant (C)
together with HA-tagged Ub plasmid. At 4 days transfection, cells were harvested, and cell lysates were immunoprecipitated with anti-FLAG
beads, followed by immunoblotting with anti-HA PAb (1st panel) or anti-FLAG PAb (2nd panel). Input samples were immunoblotted with anti-
HA PAb (3rd panel), anti-FLAG PAb (4th panel), anti-NS3 MAb (5th panel), and anti-GAPDH MAb (6th panel), respectively. The level of GAPDH

served as a loading control. HC, immunoglobulin heavy chain.

March 2022 Volume 96 Issue6 e01811-21

Journal of Virology

jvi.asm.org

13

Downloaded from https://journals.asm.org/journal/jvi on 07 December 2022 by 133.30.169.29.


https://jvi.asm.org

Deng et al.

Journal of Virology

A < o < M B m
— = N N o < Yo} O N~
o o o o o o o Qo o
= = = = = = = = =
T T T T I T I T
., 9 9 o 0 o o o O 0O
S Q O] Q O] ) Q O] O] O]
6 3 I 3 5 S 3 3 3 3
= w w ou o u S VU TSN T TP (OO
+ + + + 4+ + + + + + VPS4A-Myc-His, ++ + + ++ + + + + VPS4A-Myc-His,
- 4+ - 4+ -+ - + - + HCVJ6/JFH1 -+ - + -+ - + — + HCV JBIJFH1
lane 1 2 3 4 56 78 9 10 lane 1 2 3 45 6 7 8 9 10
4g[v S selinainadeessl HC -
2 IP: Myc
2 i IB: FLAG L e et p—— L ITDQMyc
N e —— | X * IB: FLAG
118 28| LC
75 h— s o
63" ol ey, (IP: MyC 75 ey
48 2 IB: VPS4A 63 : Myc
s5) TRk | 5 PS4
48
Lysate - - - g
35 63 —
e =B - o -_—
28 IB: FLAG 48 Lysate
B ——— m— IB: FLAG
2 :_gslz\a/;te 28
—— ==1B: Myc
48 gg Lysate
o Lysate 48| = |IB: Myc
IB: NS3
- e e e~ _—| 0. 75 Lysate
(kDa IB: GAPDH —ILysate
35 IB: GAPDH
(kDa)
C D - — + + - - — — VPS4A-MycHiss
- - ++ - = —= - VPS4A-Myc-Hisg - — — — + + — — VPS4A (K23R/K121R)-Myc-Hisg
- — — — + + = — VPS4A (K23R/K121R)-Myc-His, - — — — — — 4+ + VPS4B-Myc-Hisg
- - — - — — + + VPSiBMycHis + 4+ + + + + + + FLAGCHWPIB
+ + ++ + + + + FLAG-CHMP?7 - 4+ - 4+ — 4+ — 4 HCVJeJFH1
- + -4+ = 4+ = 4+ HCVJI6IFH1 Lane 1 2 3 4 5 6 7 8
Lane 1 2 34 5 6 7 8 - Be i
IP: Myc 35 . . NG
63 RS pie - ——— IB: FLAG
== |IP: Myc; IB: Myc 1 2 0805 0.10.1
48 --....;‘ HC 63 IP: Myc: IB: Myc
Lysate 43| TR . e e e (HC
63 | ———— . )\
63 35 - o> Lysate
- — —|Lysate - ——— D FLAG
48 o — IB: Myc
75 L ty 63 Lysate
ysate 48 —————— 10 NMvC
— o —-— wm— IB:- NS3 y
-~ | Lysate
Lysate L TS
35| ! |3~ GAPDH | — _lLyéate
(kDa) 35 IB: GAPDH
(kDa)

FIG 9 HCV infection enhances the interaction between VPS4A and CHMP1B via VPS4A polyubiquitylation. (A and B) Huh-7.5 cells were infected with HCV J6/
JFH1 at an MOI of 2. At 3 h postinfection, cells were cotransfected with pEF1A-VPS4A-myc-Hisg and the indicated 3xFLAG-tagged CHMP plasmids. At 4 days
transfection, cells were harvested, and cell lysates were immunoprecipitated with anti-Myc beads, followed by immunoblotting with anti-FLAG PAb (1st panel) or
anti-VPS4A PAb (2nd panel). The relative levels of coimmunoprecipitated FLAG-tagged CHMP1B protein were quantitated by densitometry and indicated below in
the respective lanes. Input samples were immunoblotted with anti-FLAG PAb (3rd panel), anti-Myc MAb (4th panel), anti-NS3 MAb (5th panel), and anti-GAPDH
MAb (6th panel), respectively. The level of GAPDH served as a loading control. HC, immunoglobulin heavy chain; LC, immunoglobulin light chain. Huh-7.5 cells
were infected with HCV J6/JFH1 at an MOI of 2. At 3 h postinfection, cells were cotransfected with pCMV-3 xFLAG-CHMP7 (C) or pCMV-3xFLAG-CHMP1B (D) and
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fectious virus particles may be independent of the late ESCRT pathway that mediates
membrane fission (12, 13). Moreover, HCV particles have been observed to traffic to
recycling endosomes (38, 39).

Consistent with previous studies, we found that VPS4, either VPS4A or VPS4B, did
not show any significant effect on HCV replication as well as intracellular HCV assem-
bly. Importantly, our data showed that VPS4A, but not VPS4B, was involved in infec-
tious HCV particle release (Fig. 6), suggesting that VPS4A specifically plays a role in the
trafficking of HCV particles into a secretory compartment MVB. VPS4A ATP hydrolysis is
required for disassembly of the ESCRT-Il complex from the MVB membrane (40).
Although the mechanistic details of VPS4A activation need further investigation, there
is an increasing body of evidence that interaction between VPS4A and ESCRT-IIl pro-
teins, including CHMP1B, induces VPS4A ATPase activity through relief of VPS4A auto-
inhibition (41, 42). It is noteworthy that HCV infection greatly enhanced the interaction
between VPS4A and CHMP1B (Fig. 9) and promoted VPS4A ATPase activity (Fig. 10).
We reason that HCV infection may specifically promote VPS4A ATP hydrolysis activity
via association with CHMP1B. In addition, we demonstrated evidence suggesting that
VPS4A polyubiquitylation is involved in the enhancement of interaction between VPS4A
and CHMP1B and the promotion of VPS4A ATPase activity. In this context, VPS4A has
been reported to interact directly with HCV NS5A protein (9). Interestingly, a part of the
NS5A-containing low-density HCV particles most likely exit the cells via fusion of MVB to
the plasma membrane (43). These findings further highlight the importance of VPS4A in
the release of HCV particles.

We noted that although knockdown of Itch markedly decreased the release of HCV
particles, still, substantial amounts of infectious HCV particles were left (Fig. 3) since it
is known that only a part of HCV particles might be released by the MVB and a part by
the conventional secretory pathway, namely, Golgi secretory pathway (5, 6). HCV par-
ticles are transported from the ER to the Golgi in COPII vesicles to embark on the Golgi
secretory route (7). The roles of unconventional secretion pathways in HCV particle
release also have been investigated. HCV might directly remodel the Golgi and initiate
an autophagy-related release pathway (44, 45). These studies suggest that there might
be more than one pathway that could be used by assembled HCV particles for release.
However, it is challenging to clearly delineate the exact route of HCV particle release.

Based on our findings, we propose that HCV-induced ROS/JNK/Itch signaling pathway
promotes VPS4A polyubiquitylation, leading to enhanced VPS4A-CHMP1B interaction
and promotion of VPS4A ATPase activity, thereby upregulating the release of HCV par-
ticles. Our results may lead to a better understanding of the mechanistic details of HCV
particle release and allow the development of a novel antiviral therapeutic strategy.

MATERIALS AND METHODS

Cell culture and virus. A human hepatoma cell line, Huh-7.5 (46), was kindly provided by C.M. Rice
(The Rockefeller University, NY). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM)
(high glucose) with t-glutamine (Fujifilm Wako Pure Chemical Industries, Osaka, Japan) and supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) (Biowest, Nuaillé, France), 100 units/mL pen-
icillin, 100 wg/mL streptomycin (Gibco, Grand Island, NY), and 0.1 mM nonessential amino acids (Gibco).
Cells were transfected with plasmid DNA using FuGene 6 transfection reagents (Promega, Madison, WI).

The pFL-J6/JFH1 plasmid, which encodes the entire viral genome of a chimeric strain of HCV-2a,
JFH1 (47), was kindly provided by C.M. Rice. The HCV genome RNA was synthesized in vitro using pFL-
J6/JFH1 as a template and was transfected into Huh-7.5 cells by electroporation (15, 48, 49). The virus
produced in the culture supernatant was used for infection experiments (15, 49). Virus infection was per-
formed at a multiplicity of infection (MOI) of 2 in the infection experiments. Huh-7 cells stably harboring
an HCV-1b FGR derived from Con1 (RCYM1) (50) were also used. The FGR cells express all of the HCV pro-
teins ranging from the core protein to NS5B.

FIG 9 Legend (Continued)

Journal of Virology

PEF1A-VPS4A-Myc-His,, or pEF1A-VPS4A (K23R/K121R)-Myc-His,, or pEF1A-VPS4B-Myc-His, as indicated. At 4 days transfection, cells were harvested, and cell
lysates were immunoprecipitated with anti-Myc beads, followed by immunoblotting with anti-FLAG PAb (1st panel) or anti-Myc MAb (2nd panel). The relative
levels of coimmunoprecipitated FLAG-tagged CHMP1B protein were quantitated by densitometry and indicated below in the respective lanes. Input samples were

immunoblotted with anti-FLAG PAb (3rd panel), anti-Myc MAb (4th panel), anti-NS3 MAb (5th panel), anti-GAPDH MAb (6th panel), respectively. The level of

GAPDH served as a loading control. HC, immunoglobulin heavy chain.
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FIG 10 HCV infection enhances the ATPase activity of VPS4A via VPS4A polyubiquitylation. Huh-7.5
cells were infected with HCV J6/JFH1 at an MOI of 2. At 3 h postinfection, HCV-infected cells or
mock-infected control cells were transfected with pEF1A-VPS4A-Myc-His,, pEF1A-VPS4A (K23R/K121R)-
Myc-His,, or pEF1A-VPS4B-Myc-His, as indicated. At 4 days after transfection, cells were harvested,
and cell lysates were immunoprecipitated with anti-Myc beads, followed by elution with Myc peptide.
The eluate was precipitated with 3.2 M ammonium sulfate, followed by resuspending in ATPase assay
buffer. (A) The purified proteins were subjected to immunoblotting with anti-Myc MAb (1st panel,
after precipitation with ammonium sulfate; 2nd panel, after elution with Myc peptide). Input samples
were immunoblotted with anti-Myc MAb (3rd panel), anti-NS3 MAb (4th panel), and anti-GAPDH MAb
(5th panel), respectively. The level of GAPDH served as a loading control. Arrows indicate
immunoglobulin heavy chain. (B) ATPase activities of VPS4A-Myc-His,, VPS4A K23R/K121R-Myc-His, or
VPS4B-Myc-His, expressed in HCV-infected cells or mock-infected controls cells were measured by
ATPase assay. The value of mock-infected controls cells was used as background and was arbitrarily
defined as 0. Background-subtracted ATPase activities were shown. Data represent means + SEM of
data from three independent experiments, *, P < 0.05.

Expression plasmids. The expression plasmid pMD18-human ltch was purchased from Sino
Biological Inc. (Wayne, PA). The cDNA fragment of Itch was amplified by PCR using pMD18-human Itch
as a template. The primer sequences were as follows: sense primer, 5'-TCGAGCTCAGCGGCCGCCA
TGTCTGACAGTGGATCACA-3’, and antisense primer, 5'-TCGGAATTCGCGGCCCTTGTCCAAATCCTT-3'. The
amplified PCR product was purified and inserted into the Notl site of pCAG-FLAG using the In-Fusion HD
cloning kit (Clontech, Mountain View, CA). To generate an Itch siRNA-resistant expression plasmid,
pCAG-FLAG-Itch-R, that contains two silent mutations in the Itch siRNA target sequence, nucleotide sub-
stitutions were introduced to wild-type FLAG-Itch expression plasmid by using the QuikChange site-
directed mutagenesis kit (Agilent Technologies, Santa Clara, CA). The primer sequences were as follows:
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FIG 11 A proposed mechanism of the ROS/JNK/Itch signaling pathway-mediated HCV particle release. HCV
infection causes an increase in ROS production and JNK activation, which phosphorylates Itch, a HECT-type
E3 ligase with a C2 domain, four WW domains, and a HECT domain, leading to a conformational change
and activation of Itch. Activated Itch promotes polyubiquitylation of VPS4A, leading to an increased
interaction between VPS4A and CHMP1B, which may be involved in the promotion of VPS4A ATPase
activity and formation of VPS4A hexamer. Activated VPS4A dissociates ESCRT-Il complex from endosomal
membranes, resulting in membrane scission and formation of the multivesicular body. Subsequently,
ESCRT pathway-mediated release of HCV particles is enhanced. P, phosphorylation; Ub, ubiquitylation.

sense primer (FLAG-Itch-R), 5'-CTGCCACCATACAAGAGTTACGAGCAACTGAAGGAAAAG-3’, antisense
primer (FLAG-ltch-R), and 5'-CTTTTCCTTCAGTTGCTCGTAACTCTTGTATGGTGGCAG-3'. The expression
plasmids pcDNA-VPS4A-FLAG and pcDNA-VPS4B-FLAG have been described previously (51). The single-
point mutants of VPS4A K23R, K82R, and K121R were constructed by overlap extension PCR using
pPcDNA-VPS4A-FLAG as a template. The specific primers used for that PCR were as follows: sense primer
(K23R), 5'-CAGAGGAGGACAAAGCCAGGAACTACGAGGAGGCGCTGC-3'; antisense primer (K23R), 5'-GCAG
CGCCTCCTCGTAGTTCCTGGCTTTGTCCTCCTCTG-3'; sense primer (K82R), 5'-AGCAAAGAGAAACACGGCAG
GAAGCCAGTCAAAGAGAACC-3’; antisense primer (K82R), 5'-GGTTCTCTTTGACTGGCTTCCTGCCGTGTTTC
TCTTTGCT-3'; sense primer (K121R), 5'-GGGTGCCGTCGTGATGGAGAGGCCCAACATACGGTGGAA-3’; and
antisense primer (K121R), 5'-TTCCACCGTATGTTGGGCCTCTCCATCACGACGGCACCC-3'. The double-point
mutants of VPS4A K23R/K82R, K23R/K121R, and K82R/K121R were constructed by overlap extension PCR
using pcDNA-VPS4A (K23R)-FLAG or pcDNA-VPS4A (K82R)-FLAG as the templates. The specific primers
used for that PCR were the same as mentioned above. The cDNA fragments of VPS4A, VPS4A K23R/
K121R, and VPS4B were amplified by PCR using pcDNA-VPS4A-FLAG, pcDNA-VPS4A (K23R/K121R)-FLAG,
and pcDNA-VPS4B-FLAG as the templates, respectively. The amplified PCR products were inserted into
the BamHI and EcoRl sites of pEF1A-Myc-His, (Invitrogen, Carlsbad, CA) using the In-Fusion HD cloning
kit (Clontech). The expression plasmids for 3xFLAG-tagged CHMP1A, CHMP1B, CHMP2A, CHMP2B,
CHMP3, CHMP4B, CHMP5, CHMP6, and CHMP7 have been described previously (52-55). N-terminal HA-
tagged ubiquitin (Ub) expression plasmids, pRK5-HA-Ub-WT, pRK5-HA-Ub-KO, pRK5-HA-Ub-K6, pRK5-HA-
Ub-K11, pRK5-HA-Ub-K27, pRK5-HA-Ub-K29, pRK5-HA-Ub-K33, pRK5-HA-Ub-K48, and pRK5-HA-Ub-K63,
were purchased from Addgene (Watertown, MA).

Antibodies. The mouse monoclonal antibodies (MAbs) used in this study were anti-NS3 MAb (cata-
log no. MAB8691; Millipore, Billerica, MA), anti-ltch MAb (catalog no. 611198; BD Biosciences, San Jose,
CA), anti-c-Myc MADb (catalog no. 9E10; Santa Cruz Biotechnology, Santa Cruz, CA), anti-VPS4B MADb (cata-
log no. sc-377162; Santa Cruz Biotechnology), anti-HCV core MAb (clone 2H9) (48), anti-p53 (Ab-6) (cata-
log no. OP43; Millipore), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) MADb (catalog
no. 14-25524; Fujifilm Wako Pure Chemical Industries). The rabbit monoclonal antibodies (RMAbs) used
in this study were anti-c-Jun RMAD (catalog no. 9165; Cell Signaling Technology, Beverly, MA) and anti-
phospho-c-Jun (Ser63) RMADb (catalog no. 9261; Cell Signaling Technology). The rabbit polyclonal anti-
bodies (PAbs) used in this study were anti-HA PAb (catalog no. H-6908; Sigma, St. Louis, MO), anti-FLAG
PAb (catalog no. 2368; Cell Signaling Technology), anti-phospho-Itch-(pT222) PAb (catalog no. AB10050;
Millipore), and anti-VPS4A PAb (catalog no. ABS1646; Millipore). Horseradish peroxidase (HRP)-
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conjugated anti-mouse IgG (Cell Signaling Technology) and HRP-conjugated anti-rabbit 1gG (Cell
Signaling Technology) were used as secondary antibodies.

Immunoblot analysis. Inmunoblot analysis was performed as described previously (15, 56). The cell
lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidene difluoride membrane (Millipore). The membranes were incubated with a
primary antibody, followed by incubation with an HRP-conjugated secondary antibody. The positive
bands were visualized using enhanced chemiluminescence Western blotting detection reagents (ECL;
GE Healthcare, Buckinghamshire, UK). The intensity of bands was quantified using NIH ImageJ software
(Java 1.8.0_112).

Cell-based ubiquitylation assay. Cell-based ubiquitylation assays were performed as described pre-
viously (57, 58). Cultured cells were lysed with a buffer containing 120 mM NaCl, 50 mM HEPES (pH 7.2),
1 mM EDTA (pH 8.0), 1% NP-40, 0.5% sodium deoxycholic acid, 10 mM N-ethylmaleimide (Sigma), and
protease inhibitor cocktail (Roche, Mannheim, Germany) for 30 min on ice. The lysates were centrifuged
at 20,400 x g for 20 min at 4°C. To dissociate proteins, 1% SDS was added to the lysates, which were
then heated at 100°C for 10 min and diluted 10-fold with the lysis buffer. FLAG-tagged VPS4A, VPS4A
mutants, and VPS4B were immunoprecipitated with anti-FLAG M2 affinity gel (Sigma) at 4°C overnight,
respectively. Immunoprecipitates were analyzed by immunoblotting using anti-HA PAb to detect ubiqui-
tylated FLAG-tagged VPS4A, VPS4A mutants, and VPS4B, respectively.

Immunoprecipitation. Cultured cells were lysed with a buffer containing 150 mM NaCl, 50 mM Tris-
HCI (pH 7.5), T mM EDTA (pH 8.0), 0.1% SDS, 1% sodium deoxycholic acid, 1% Triton X-100, and protease
inhibitor cocktail (Roche) for 30 min on ice. The lysates were centrifuged at 20,400 x g for 20 min at 4°C,
and the supernatant was immunoprecipitated with anti-Myc tag beads (MBL, Nagoya, Japan) at 4°C
overnight. After being washed with the lysis buffer five times, the immunoprecipitates were analyzed by
immunoblotting.

siRNA transfection. HCV-infected Huh-7.5 cells or mock-infected control cells were transfected with
40 nM ltch siRNA (catalog no. SI00141085; Qiagen, Valencia, CA), 80 nM VPS4A siRNA (catalog no. M-
013092-00-0005; Dharmacon, Lafayette, CO), or 40 nM VPS4B siRNA (catalog no. SI03144456; Qiagen),
using Lipofectamine RNAIMAX transfection reagent (Life Technologies, Carlsbad, CA) according to the
manufacturer’s instructions. Allstars negative-control siRNA (Qiagen) was used as a control. All siRNAs
were transfected into cells once.

Titration of extracellular and intracellular HCV infectivity. The extracellular virus was isolated
from cell culture supernatants, collected, and centrifuged at 3,000 x g for 10 min at 4°C to remove cell
debris. The intracellular virus was isolated by freeze-thaw of cell lysates (59). Briefly, HCV-infected cells
were washed with phosphate-buffered saline (PBS), harvested by trypsin treatment, and centrifuged at
1,000 x g for 5 min at 4°C. To release intracellular virus particles, the cells pellet was resuspended in
complete DMEM and subjected to five cycles of freeze and thaw using liquid nitrogen and a 37°C water
bath. Cell debris was removed by centrifugation at 20,400 x g for 20 min at 4°C.

Samples were then used to inoculate Huh-7.5 cells in triplicate. The inoculum was incubated with
cells for 3 h at 37°C and then supplemented with fresh complete DMEM. At 24 h postinoculation, the
cells were fixed in cold 100% methanol for 20 min at —20°C. The fixed cells were subjected to indirect
immunofluorescence analysis to detect HCV core using anti-HCV core MAb (clone 2H9). The secondary
antibody used was Alexa Fluor 488-conjugated goat anti-mouse IgG (catalog no. A11001; Molecular
Probes, Eugene, OR). The viral titer is expressed as focus-forming units per milliliter of the sample (FFU/
mL), determined by the average number of HCV core-positive foci detected.

Quantification of extracellular and intracellular HCV RNA. To quantitate extracellular HCV RNA,
culture supernatants were collected from HCV-infected cells, and viral RNA was isolated using a QlAamp
viral RNA minikit (Qiagen). The total cellular RNA was isolated using a ReliaPrep RNA cell miniprep sys-
tem (Promega) according to the manufacturer’s instructions. The cDNA was generated using a GoScript
reverse transcription system (Promega). Real-time quantitative PCR (RT-qPCR) was performed using TB
Green Premix Ex Taq Il (Tli RNaseH Plus) (TaKaRa Bio, Shiga, Japan) with SYBR green chemistry on the
StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA) as reported previously (56). The
primer sequences were as follows: HCV, 5'-AGACGTATTGAGGTCCATGC-3" and 5'-CCGCAGCGACGGTG
CTGATAG-3'. As an internal control, human GAPDH gene expression levels were measured using the pri-
mers 5'-GCCATCAATGACCCCTTCATT-3" and 5'-TCTCGCTCCTGGAAGATGG-3'.

Quantification of extracellular HCV core protein and ApoE protein. The HCV core protein and
ApoE protein in the culture supernatants were quantified by the enzyme immunoassay using the Ortho
HCV core antigen enzyme-linked immunosorbent assay (ELISA) (Ortho-Clinical Diagnostics, Raritan, NJ)
and human ApokE ELISA kit (Cell Biolabs, San Diego, CA), respectively.

CHX half-life experiment. To examine the half-life of VPS4A protein, HCV-infected cells and mock-
infected control cells were transfected with pcDNA-VPS4A-FLAG. At 72 h posttransfection, cells were
treated with 50 ug/mL cycloheximide (CHX). The cells at zero time points were harvested immediately
after treatment with CHX. Cells from subsequent time points were incubated in a medium containing
CHX at 37°C for 8, 16, and 24 h, as indicated.

ATPase activity assay. HCV-infected cells or mock-infected control cells were transfected with
PEF1A-VPS4A-Myc-His,, pEF1A-VPS4A (K23R/K121R)-Myc-His,, or pEF1A-VPS4B-Myc-His, and harvested
at 4 days postinfection. The harvested cells were lysed with a lysis buffer containing 150 mM NaCl,
50 mM Tris-HCI (pH 7.5), 1 mM EDTA (pH 8.0), 0.1% SDS, 1% sodium deoxycholic acid, 1% Triton X-100,
and protease inhibitor cocktail (Roche) for 30 min on ice. The lysate was centrifuged at 20,400 x g for
20 min at 4°C, and the supernatant was immunoprecipitated with anti-Myc tag beads (MBL) at 4°C over-
night. After the beads were washed, the Myc-tagged proteins were eluted with the Myc peptide. The
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eluate was precipitated with 3.2 M ammonium sulfate for 20 min on ice. After centrifugation at
10,000 x g for 10 min at 4°C, the precipitates were resuspended in ATPase assay buffer. ATPase activities
of Myc-tagged VPS4A, VPS4A K23R/K121R, and VPS4B proteins were measured by using the ATPase
assay kit (catalog no. ab234055; Abcam, Cambridge, UK), according to the manufacturer’s instructions.
Briefly, purified Myc-tagged VPS4A, VPS4A K23R/K121R, and VPS4B were incubated with ATPase sub-
strate at 25°C for 30 min. After adding ATPase assay developer, ATPase activities of all samples were esti-
mated by measuring optical density at 650 nm (ODy,) on a SpectraMax M5 microplate reader
(Molecular Devices, San Jose, CA). The value of mock-infected controls cells was used as background
and was arbitrarily defined as 0. ATPase activities of Myc-tagged VPS4A, VPS4A K23R/K121R, and VPS4B
were calculated as background subtracted.

Statistical analysis. Results were expressed as means =+ standard errors of the means (SEM).
Statistical significance was evaluated by analysis of variance (ANOVA) and was defined as a P value of
<0.05.
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