Suppressed Mitophagy by HCV Core Protein

room temperature. After treatment with 1% osmium and 2%
uranyl acetate, the cells were dehydrated in a graded series
of ethanol and embedded in Epon-Araldite (OKEN, Tokyo,
Japan). Serial ultrathin sections (each 70 nm thick) were
examined using an electron microscope (model JEM1400;
JEOL, Tokyo, Japan). These immune—electron microscopic
methods were generally performed according to our previ-
ous study.””

Immunofluorescence Microscopy

The cells were fixed, permeabilized, and immunostained with
rabbit anti-human Parkin (Abcam), goat anti-human Parkin
(Santa Cruz Biotechnology, Inc.), goat anti-human Tom?20
(Santa Cruz Biotechnology, Inc.), rabbit anti-rat LC3 (Wako
Pure Chemical Industries, Ltd), or mouse monoclonal anti-
synthetic HCV core peptide (Institute of Immunology) anti-
bodies, followed by Cy3-conjugated donkey anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, Inc.), fluorescein
isothiocyanate—conjugated donkey anti-goat IgG (Jackson
ImmunoResearch Laboratories, Inc.), or Alexa Fluor
647—conjugated donkey anti-mouse IgG (Jackson ImmunoR-
esearch Laboratories, Inc.). Cell images were captured using a
confocal microscope (model LSM700; Zeiss, Jena, Germany)
equipped with 488-, 555-, and 639-nm diodes. The images were
acquired in a sequential mode using a 63 Plan Apochromat
numerical aperture/1.4 oil objective and the appropriate filter
combinations. All images were saved as tagged image file
format files. The contrast was adjusted using Photoshop version
CS5 (Adobe, San Jose, CA), and the images were imported into
Tlustrator version CS5 (Adobe). Colocalization was assessed
with line scans using Imagel software version 1.46 (NIH,
Bethesda, MD).

Coimmunoprecipitation

Coimmunoprecipitation was performed using a Dynabeads Co-
Immunoprecipitation Kit (Invitrogen), according to the manu-
facturer’s instructions. Magnetic beads (Dynabeads M-270
Epoxy) were conjugated to anti-VDACI (Santa Cruz Biotech-
nology, Inc.), anti-Parkin (Cell Signaling Technology), anti-
ubiquitin (Santa Cruz Biotechnology, Inc.), or anti-p62 (MBL)
antibodies by rotating overnight at 37°C. The antibody-
Dynabeads complex was then treated with coupling buffer.
Beads coupled to anti-VDAC, anti-Parkin, anti-ubiquitin, or
anti-p62 were incubated with cell lysates for 30 minutes at 4°C
and then washed with coupling buffer. Collected protein com-
plexes were subjected to immunoblot analysis using anti-
VDAC, anti-ubiquitin (Santa Cruz Biotechnology, Inc.), and
anti-Parkin (Cell Signaling Technology) antibodies to detect
coimmunoprecipitated VDACI, ubiquitin, and Parkin. Immu-
noblots using anti-Parkin, anti-HCV core (Institute of Immu-
nology), anti-HCV NS3 (Abcam), anti-HCV NS4A (Abcam),
or anti-HCV NS5A (Abcam) antibodies were performed to
detect the coimmunoprecipitation of Parkin with core, NS3,
NS4A, or NS5A protein.
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RNA Interference

The siRNA knockdown oligonucleotides were obtained from
Invitrogen. JFH1-Huh7 cells and/or Huh7 cells were grown to
50% to 60% confluency and transfected with 100 pmol siRNA
oligonucleotides [5-GGACGCUGUUCCUCGUUAUGAA-
GAA-3' (forward) and 5-UUCUUCAUAACGAGGAACA-
GCGUCC-3 (reverse)] for PINK1 or siRNA oligonucleotides
[5'-UCCAGCUCAAGGAGGUGGUUGCUAA-3" (forward)
and 5-UUAGCAACCACCUCCUUGAGCUGGA-3' (re-
verse)] for Parkin using Lipofectamine 2000 (Invitrogen).
The cells were analyzed 72 hours after transfection.

Yeast Two-Hybrid Assay

A Matchmaker Gal4 two-hybrid system 3 (Clontech Labo-
ratories, Inc., Mountain View, CA) was used according to
the manufacturer’s instructions. Saccharomyces cerevisiae
Y187, containing an N- or C-terminal fragment cDNA of
Parkin as a prey cloned into the Gal4-activation domain
vector (pACT2), was allowed to mate with S. cerevisiae
AH109, which had been transformed with a Gal4 DNA-
binding domain vector (pGBKT7) containing the HCV
core as bait. In addition, S. cerevisiae Y187, with the HCV
core as a prey cloned into the Gal4-activation domain vector
(pACT2), was allowed to mate with S. cerevisiae AH109,
which had been transformed with a Gal4 DNA-binding
domain vector (pGBKT7) containing N- or C-terminal
fragment cDNA of Parkin as bait. To construct the prey and
the bait, two regions of the Parkin gene that encoded the N-
terminal 215—amino acid residues (1 to 215) and the C-
terminal 250—amino acid residues (216 to 465) were
amplified using PCR with genomic cDNA, and the HCV
core gene was amplified with the HCV-O (genotype 1b)
genomic cDNA.” The PCR primers were as follows with
the incorporated BamHI and EcoRI sites underlined: Parkin
1 to 215, 5-GGATCCGCATGATAGTGTTTGTCAGGTT-3’
(forward) and 5'-GAATTCCTAGTGTGCTCCACATTTAA-
AGA-3' (reverse); Parkin 216 to 465, 5-GGATCCGCCC-
CACCTCTGACAAGGAAAC-3' (forward) and 5'-GAAT-
TCCTACACGTCGAACCAGTGGT-3' (reverse); and HCV
core, 5-GAATTCGCCATGAGCACAAATCCTAAACCT-
C-3’ (forward) and 5'-GGATCCTTAAGCGGAAGCTGG-
GATGGTCAAA-3' (reverse).

Real-Time RT-PCR

Total RNA was extracted from frozen liver tissues and cells
using the RNeasy mini kit (Qiagen). Total RNA (2 pg) was
reverse transcribed to cDNA using the High-Capacity RNA
to cDNA kit (Applied Biosystems, Foster City, CA), ac-
cording to the manufacturer’s instructions. TagMan Gene
Expression Assays for LC3B, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), Parkin, and HCV core were
purchased from Applied Biosystems, and mRNA levels
were quantified in triplicate using an Applied Biosystems
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7500 Real-Time PCR system, according to the supplier’s
recommendations. The expression value for LC3B, Parkin,
and HCV core mRNA was normalized to that of GAPDH.

Statistical Analysis

Quantitative values are expressed as the means £ SD. Data
were compared between the two groups using the Student’s
t-test. P < 0.05 was considered significant.

Results

Mitochondrial Oxidative Status in Vitro and in Vivo

After treatment with CCCP, a widely adopted reagent for
inducing mitophagy, the mitochondrial membrane potential
(AW) was significantly reduced irrespective of HCV infec-
tion (Figure 1A). The ratio of reduced/total glutathione
content was decreased in the mitochondrial fraction after
CCCP treatment in JFH1-Huh7 cells (Figure 1B). Thus, the
mitochondrial oxidative status after CCCP treatment was
present in HCV-infected cells (JFH1-Huh7). The ratio of
reduced/total glutathione content was also decreased in the
mitochondrial fraction but not in the whole liver in trans-
genic mice and HCV-infected chimeric mice compared with
the control mice (Figure 1, C and D). These results suggest
that there is a baseline oxidation level within the mito-
chondrial glutathione pool in these transgenic mice and
HCV-infected chimeric mice. Furthermore, the mitochon-
dria in these transgenic mice and HCV-infected chimeric
mice can undergo mitophagy.

Impaired Recruitment of Parkin to the Mitochondria

Parkin phosphorylation and translocation to the mitochondria
after CCCP treatment are indispensable for mitochondrial
ubiquitination and subsequent autophagosome formation
during the course of mitophagy. 1315 CCCP exposure induced
Parkin accumulation in the mitochondria of Huh7 cells;
however, this Parkin recruitment seemed to be inhibited in
JFHI1-Huh7 cells (Figure 2A). CCCP treatment induces
mitochondrial fission, followed by mitophagy.'> CCCP-
treated Huh7 cells displayed fragmented mitochondria
colocalized with Parkin, except for a few mitochondrial
tubular network cells. Western blot analysis also showed that
CCCP-induced recruitment of Parkin to the mitochondria
was suppressed without any change in Parkin expression or
phosphorylation levels in whole cell lysates of JFH1-Huh7
cells (Figure 2B). Neither CCCP treatment nor HCV infec-
tion significantly increased the mRNA levels of Parkin in
Huh7 cells, even though there was a tendency of increase in
Parkin mRNA after HCV infection (Figure 2C). These results
indicate that HCV infection could inhibit Parkin recruitment
to CCCP-induced depolarized mitochondria.

The unique and high concentration of CCCP (10 pmol/L)
used in the present study may have affected cellular functions
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Figure 1  Mitochondrial membrane potential (AW) and glutathione

content. A: Changes in AW levels after a 1-hour carbonyl cyanide
m-chlorophenylhydrazone (CCCP) treatment for Huh7 and JFH1-Huh7 cells
(n = 5). The y axis represents the ratio of red (JC-10 aggregate form)/
green (JC-10 monometric form) fluorescence intensity. B: Reduced and
total glutathione content in mitochondrial fractions (n = 5). Reduced
glutathione content was normalized to total glutathione content. Reduced
and total glutathione content of freshly isolated whole liver homogenates
or mitochondrial fractions of transgenic livers (n = 7, C) or HCV-infected
chimeric mice livers (n = 5, D) compared with the content in the corre-
sponding control liver samples. Reduced glutathione content was normal-
ized to total glutathione content. *P < 0.05, **P < 0.01.

other than the proton gradient,”’ which suggests that Parkin
translocation from the cytoplasm to the mitochondria may
not be induced specifically through mitochondrial depolari-
zation. Therefore, we examined mitochondrial accumulation
of Parkin using lower CCCP concentrations (0.1, 1, 5, or 10
pmol/L). In coimmunoprecipitation experiments, CCCP
exposure induced ubiquitinated Parkin accumulation in the
mitochondria in a dose-dependent manner in Huh7 cells, as
described previously,'” but did not induce these changes in
JFH1-Huh7 cells (Figure 2D). These results suggest that
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Figure 2  Effectof HCV on the translocation of Parkin to the mitochondria. A: Immunofluorescence staining for Parkin (red) and the mitochondrial marker Tom20
(green) in Huh7 and JFH1-Huh7 cells before (—) and after (+) carbonyl cyanide m-chlorophenylhydrazone (CCCP) treatment for 1 hour. Boxed areas are enlarged
below. Endogenous Parkin that colocalizes with the mitochondria (yellow spots). Line scans indicate the colocalization of Parkin with the mitochondria and correlate
to the white lines in the images. Boxed areas are enlarged below. B: Immunoblots for Parkin and phosphorylated Parkin (p-Parkin) using the mitochondrial fractions
and whole cell lysates before and after CCCP treatment (n = 5). Parkin expression level was normalized to mitochondrial heat shock protein 70 (Mt-HSP70). The
degree of phosphorylation was expressed as the ratio of phosphorylated Parkin after CCCP treatment to that prior treatment. C: Parkin mRNA levelin Huh7 cells and
JFH1-Huh7 cells before and after CCCP treatment (n = 5). The expression level for Parkin was normalized to GAPDH. D: Coimmunoprecipitation reveals more
ubiquitinated Parkin in CCCP dose-dependent mannerin Huh7 cells but not in JFH1-Huh7 cells. E: Immunoblots for Parkin using mitochondrial fractions of the livers
or liver homogenates from non-TgM and TgM and from chimeric mice with or without HCV infection (n = 5 for each type of mouse). *P < 0.05.

CCCP specifically induces mitophagy in Huh7 cells and that expression levels in whole liver homogenates (Figure 2E).
the HCV infection has an inhibitory effect on mitophagy in Serum human albumin levels, which serve as useful markers
JFH1-Huh7 cells. for the extent of replacement with human hepatocytes, were

FL-N/35-transgenic mice and HCV-infected chimeric 16.0 £ 7.2 mg/mL in chimeric mice with HCV infection
mice also showed reduced Parkin expression in the mito- and 11.9 £ 1.7 mg/mL in chimeric mice without HCV
chondrial fraction of the liver with no change in Parkin infection (Figure 3A). These findings suggest that there was
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Figure 3  Human albumin and HCV RNA levels in the serum of chimeric

mice with or without HCV infection. A: Human albumin (hAb) levels in the
serum of 3-month-old chimeric mice with or without HCV infection. B:
Serial change in HCV RNA levels in the serum after HCV infection in chimeric
mice (n = 5).

a replacement index of >90% according to a graph of the
correlation between these two parameters identified in a
previous study.”” Moreover, serum HCV RNA levels
increased after infection with HCV (Figure 3B). HCV
infection also suppressed the translocation of Parkin to the
mitochondria in human hepatocytes.

Interaction between Parkin and the HCV Core Protein

A loss of AW stabilizes the mitochondrial accumulation of
PINK1, and PINK1 recruits Parkin from the cytoplasm to
depolarized mitochondria via its kinase activity.'' "> We
confirmed that Parkin was phosphorylated to the same de-
gree after CCCP treatment regardless of HCV infection.
Therefore, we next examined the mitochondrial accumula-
tion of PINK1. Our results indicate that PINK1 accumulated
in the mitochondrial fraction after CCCP treatment, and
PINK1 expression levels in whole cell lysates were com-
parable irrespective of HCV infection (Figure 4A). In

addition, blocking PINK1 protein expression with siRNA
(Figure 4B) strikingly suppressed Parkin phosphorylation
(Figure 4C) and the mitochondrial Parkin signal after CCCP
treatment in Huh7 cells (Figure 4D), indicating that PINK1
recruits Parkin from the cytoplasm to depolarized mito-
chondria via its kinase activity. Suppressed translocation of
Parkin to the mitochondria by HCV infection was also
confirmed after treatment with valinomycin, a Kt ionophore
that rapidly dissipates A®W>* (Figure 4E).

We next examined the association between HCV protein
and Parkin and hypothesized that HCV proteins may sup-
press Parkin translocation to the mitochondria. Coimmu-
noprecipitation experiments revealed that Parkin associated
with the HCV core protein but not other HCV proteins, such
as NS3, NS4A, and NS5A, regardless of CCCP treatment
(Figure 5A). These results suggest that the HCV core pro-
tein specifically suppressed Parkin translocation to impaired
mitochondria by interacting with Parkin.

Finally, we investigated which specific Parkin domain is
critical for the interaction with the HCV core protein. The
proposed Parkin architecture consists of an N-terminal
ubiquitin-like domain, a really interesting new gene (RING)
0 domain (RINGO), and a C-terminal in-between RING
domain™ (Figure 5B). Of these domains, the RINGO
domain and a complete carboxy-terminal RING configura-
tion are critical for the translocation of Parkin to damaged
mitochondria and for consequent mitophagy.'” By using the
HCYV core protein as bait and either an N-terminal fragment
of Parkin, including RINGO (designated Parkin 1 to 215), or
a C-terminal fragment of Parkin, not including RINGO
(designated Parkin 216 to 465) as prey, a Yeast Two-Hybrid
assay identified a specific interaction between Parkin 1 to
215 and the HCV core protein, which was visualized as a
strong blue color (activation of the MELI gene encoding
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Figure 4

Mitochondrial accumulation of PINK1 after carbonyl cyanide m-chlorophenylhydrazone (CCCP) treatment and effect of PINK1 silencing on

phosphorylation and mitochondrial translocation of Parkin. A: Immunoblots for PINK1 using mitochondrial fractions or whole cell lysates of Huh7 and JFH1-
Huh7 cells before and after CCCP treatment (n = 5). Immunoblots for PINK1 using mitochondrial fractions (B), for phosphorylated Parkin (P-Parkin) using
whole cell lysates (C), and for Parkin using mitochondrial fractions (D) of Huh7 and/or JFH1-Huh7 cells before and after CCCP treatment with or without an
siRNA-mediated blockade of PINK1 expression. E: Immunoblots for Parkin using the mitochondrial fractions of Huh7 and JFH1-Huh7 cells before and after a
3-hour valinomycin treatment. **P < 0.01. Mt-HSP70, mitochondrial heat shock protein 70; NT siRNA, nontargeting siRNA.
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Figure 5 Interaction between Parkin and HCV core protein, effect of Parkin silencing on HCV replication, and reduction of mitochondrial outer membrane
ubiquitination. A: Coimmunoprecipitation reveals a specific interaction of Parkin with the HCV core protein. B: The proposed Parkin architecture and a schematic
diagram of Parkin domains. Cand D: A Yeast Two-Hybrid assay identifies a specific interaction between Parkin 1 to 215 and the HCV core protein. The bait and prey for
each section (1to 8)in C are as follows: 1, none and none; 2, p53 and large T antigen (positive control); 3, HCV core and Parkin 1 to 215; 4, HCV core and Parkin 216 to
465; 5, HCV core and none; 6, none and Parkin 1 to 215; 7, none and Parkin 216 to 465; 8, no yeast. The bait and prey for each section in C were reversed in D. E: The
HCV core protein and HCV core mRNA levels in JFH1-Huh7 cells with or without an siRNA-mediated blockade of Parkin expression (n = 5). F: Coimmunoprecipitation
reveals more VDAC1 ubiquitination in Huh7 cells after carbonyl cyanide m-chlorophenylhydrazone (CCCP) treatment. Various sizes of VDAC1 immunoprecipitates are
also detected by immunoblotting using an anti-VDAC1 antibody in Huh7 cells after CCCP treatment. G: Coimmunoprecipitation reveals more p62 ubiquitination in
Huh7 cells after CCCP treatment. **P < 0.01. IBR, in-between RING; NT, nontargeting siRNA; Parkin, Parkin-targeting siRNA; Ubl, ubiquitin-Like.

a-galactosidase) (Figure 5C). In contrast, Parkin 216 to 465 indicating that this interaction between the two proteins was
did not interact with the HCV core protein. The same results nonpolar. A previous mutational analysis of Parkin revealed
were found when the core protein was used as prey and that soluble Parkin mutants K211N, T240R, and G430D do
different domains of Parkin were used as bait (Figure 5D), not translocate to the mitochondria.'? Although we have not
The American Journal of Pathology m ajp.amjpathol.org 3033
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Electron microscopy of Huh7 cells and JFH1-Huh7 cells after carbonyl cyanide m-chlorophenylhydrazone (CCCP) treatment. A—E: Electron mi-

crographs. Boxed areas are enlarged on left (Huh7 cell; A), above and on the right (Huh7 cell; B), and on the right (JFH1-Huh7 cell; D). The arrows indicate
Parkin labeled with gold on the mitochondrial outer membrane (A and B), LC3 protein labeled with diaminobenzidine (DAB) on elongating isolation membrane
that sequesters a single mitochondrion (Huh7 cells; C), Parkin core (D), and Parkin labeled with gold (JFH1-Huh7 cell; E). The arrowheads indicate Parkin
labeled with gold (B) and HCV core (D). F: The number of mitophagosomes per 100 x 100 um? was calculated for four randomly selected views. **P < 0.01.

determined whether the HCV core protein binds to the re-
gion that includes lysine (K) 211 in the RINGO domain, the
specific interaction of Parkin 1 to 215 with the HCV core
protein raises the possibility that the core protein inhibits
Parkin translocation to the mitochondria by affecting
lysine 211.

After we confirmed the specific interaction between the
HCV core protein and Parkin, we investigated whether
Parkin affects HCV replication to investigate the functional
role of the interaction between both proteins in the HCV
infectious process. Parkin silencing significantly inhibited
HCV replication, as indicated by a decrease in HCV core
protein expression, but did not affect HCV core mRNA
levels (Figure 5E). These results suggest that the association
of the HCV core protein with Parkin plays a functional role
in HCV propagation, although further studies are required to
clarify the mechanisms.

Suppressed Ubiquitination of the Mitochondrial Outer
Membrane Protein VDAC1

The next step in mitophagy after Parkin translocation to the
mitochondria is the ubiquitination of mitochondrial outer
membrane proteins.'*'® Coimmunoprecipitation experi-
ments revealed that various sizes of ubiquitinated VDACI1
species in the mitochondrial outer membrane'® were present
after CCCP treatment in Huh7 cells but not in JFH1-Huh?7

3034

cells (Figure 5F). Western blot analysis of VDACI1 immu-
noprecipitates revealed various sizes of VDACI species
after CCCP treatment in Huh7 cells but not in JFH1-Huh?7
cells (Figure 5F). The autophagic adaptor p62 aggregates
ubiquitinated proteins by polymerizing with other p62
molecules.’? Similarly, coimmunoprecipitation experiments
revealed that CCCP treatment induced various sizes of
ubiquitinated p62 species in Huh7 cells but not in JFHI-
Huh7 cells (Figure 5G). These results suggest that HCV
infection inhibited the Parkin-induced ubiquitination of the
depolarized mitochondria.

Suppressed Mitophagosome Formation

During mitophagy, the isolation membrane sequesters a
single mitochondrion or a cluster of mitochondria to form an
autophagosome (mitophagosome). A single mitochondrion
with Parkin on its outer membrane was sequestered by the
isolation membrane after CCCP treatment in Huh7 cells
(Figure 6A). Parkin in close proximity to the mitochondria
and association of Parkin with mitochondrial outer mem-
brane were observed more frequently in Huh7 cells than in
JFH1-Huh7 cells (Figure 6, B, D, and E). In addition, LC3
was present on elongating isolation membrane that seques-
ters a single mitochondrion after CCCP treatment in Huh7
cells (Figure 6C). The number of mitophagosomes, calcu-
lated as the number of autophagosomes that contain
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Figure 7  Effect of HCV infection on LC3-II
expression and colocalization of Parkin with LC3
after carbonyl cyanide m-chlorophenylhydrazone
(CCCP) treatment. A: Immunoblots for LC3-I and
LC3-II using whole cell lysates of Huh7 and JFH1-
Huh7 cells before and after CCCP treatment
(n = 5). B: Immunofluorescence staining for Parkin
(green) and LC3 (red) in Huh7 and JFH1-Huh7 cells
before and after a 1-hour CCCP treatment. Boxed
areas are enlarged below. Endogenous Parkin that
colocalizes with LC3 (yellow spots). Line scans
indicate the colocalization of Parkin with LC3 and
correlate to the white lines in the images. C: The
expression of LC3 mRNA in the liver from non-
transgenic (non-TgM) and TgM mice (n = 5) and
from chimeric mice without or with HCV infection
(n = 5). The expression level of LC3 mRNA was
normalized to GAPDH. *P < 0.05.
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mitochondria, was significantly reduced in JFH1-Huh7 cells
compared with Huh7 cells (Figure 6F). Therefore, HCV
infection clearly suppressed mitophagosome formation.

In agreement with suppressed mitophagosome formation,
the LC3-II/I ratio was significantly lower after CCCP
treatment in JFH1-Huh7 cells compared with Huh7 cells
(Figure 7A), although the LC3-II/T ratio itself increased after
CCCP treatment regardless of HCV infection. LC3 has been
shown to be present in both complete autophagosomes and
elongating isolation membranes that contain mitochondria
ubiquitinated by Parkin. The present results indicate that
Parkin colocalized with LC3 after CCCP treatment in Huh7
cells, whereas colocalization of Parkin and LC3 was
significantly reduced in JFH1-Huh7 cells (Figure 7B).
In vivo, FL-N/35-transgenic mice and HCV-infected
chimeric mice also showed significantly reduced expres-
sion levels of LC3 mRNA in the liver compared with the
control mice (Figure 7C), in agreement with reduced
expression of Parkin in the mitochondrial fraction. These
results may seem to be inconsistent with increased protein
level of LC3-II after CCCP treatment in vitro. However, the
lower LC3-II/1 ratio after CCCP treatment in HCV-infected
cells than in noninfected cells may reflect reduced expres-
sion levels of LC3 mRNA in FL-N/35-transgenic mice and
HCV-infected chimeric mice. Further studies are required to
clarify the mechanisms.

Several previous studies have proposed that autophago-
some accumulation is enhanced on HCV infection and in
HCV replicon cell lines.** * Our findings of a decreased
LC3-II/T ratio in JFH1-Huh7 cells, FL-N/35-transgenic
mice, and HCV-infected chimeric mice seemingly contra-
dict these previous reports. To clarify whether the decrease
in LC3-II/T ratio observed in the present study indicated that
macroautophagy (generally referred to as autophagy) or
mitophagy was inhibited, we investigated LC3-II/I ratio’in
JFH1-Huh7 and Huh7 cells using Earle’s balanced salt so-
lution (EBSS) as a macroautophagy inducer (via amino acid
starvation).”” Interestingly, JFHI1-Huh7 cells showed
significantly increased LC3-II/I ratio compared with Huh7
cells after incubation with EBSS for 1 hour (Figure 8A),
suggesting that HCV infection promoted autophagy under
macroautophagy-inducible conditions. In agreement with
increased LC3-II/1 ratio, electron microscopy revealed that
the number of autophagosomes was significantly greater
after EBSS treatment in JFH1-Huh7 cells than in Huh7
cells (Figure 8B). Taken together with these results, the
decrease in LC3-II/I ratio observed after CCCP treatment
in JFH1-Huh7 cells likely represents a consequence of
mitophagy inhibition, but not autophagy inhibition by
HCYV infection.

Suppression of Autophagic Degradation

The autophagic adaptor p62 can both aggregate ubiquiti-
nated proteins by polymerizing with other p62 molecules
and recruit ubiquitinated cargo into mitophagosomes by
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Figure 8 Effect of HCV infection on LC3-II expression and autopha-
gosome formation after culture with Earle’s balanced salt solution (EBSS).
A: Immunoblots for LC3-II using Huh7 and JFH1-Huh7 cells before (—) and
after (4) culture with EBSS (n = 6). The LC3-II and LC3-I expression level
was normalized to B-actin. Electron microscopy of Huh7 (B) and JFH1-Huh7
(C and D) cells after EBSS treatment. The arrows indicate autophagosomes;
arrowheads, HCV core protein. E: The number of autophagosomes per
100 x 100 um? was calculated for five randomly selected views. *P < 0.05,
*¥*P o 0,01

binding to LC3-IL."* Therefore, p62 accumulation can be
attributed to a deficit in autophagic degradation activity.
After a 1- or 2-hour CCCP treatment, there was a smaller
decrease in p62 in JFH1-Huh7 cells compared with Huh7
cells (Figure 9A). In vivo, FL-N/35-transgenic mice and
HCV-infected chimeric mice also showed p62 accumulation
in the liver compared with the control mice (Figure 9B).
These results suggest that the degradation of damaged
mitochondria was suppressed in the presence of HCV
infection.

Finally, we assessed the change in VDACI content after
CCCP treatment to obtain additional evidence as to whether
mitophagy itself was suppressed by HCV infection. After a
2-hour CCCP treatment, a decrease in cellular content of
VDAC1 was significantly smaller in JFH1-Huh7 cells
than in Huh7 cells (Figure 9C). We also found that
CCCP-induced increase in ROS production was greater in
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Figure 9

Effect of HCV infection on cellular p62 and VDAC1 expression after carbonyl cyanide m-chlorophenylhydrazone (CCCP) treatment and reactive

oxygen species (ROS) production. A: Immunoblots for p62 using whole cell lysates of Huh7 and JFH1-Huh7 cells before and after a 1- and a 2-hour CCCP
treatment (n = 5). B: Inmunoblots for p62 using the liver from non-transgenic (non-TgM) and TgM (n = 5) mice and from chimeric mice without or with HCV
infection (n = 5). The p62 expression level was normalized to B-actin. C: Inmunoblots for VDAC1 using whole cell lysates of Huh7 and JFH1-Huh7 cells before
and after a 1- and a 2-hour CCCP treatment (n = 5). The VDAC1 expression level was normalized to B-actin. D: Changes in cellular ROS production after a
1-hour CCCP treatment in Huh7 and JFH1-Huh7 cells (n = 5). *P < 0.05, **P < 0.01.

JFH1-Huh7 cells than in Huh7 cells (Figure 8D). These
results were consistent with a previous study that showed an
essential role of mitophagy in reducing mitochondrial ROS
production®’ and, therefore, may reflect the suppressed
mitophagy in the presence of HCV infection.

Discussion

Mitophagy may likely be induced in HCV-JFH1—infected
cells in the context of mitochondrial depolarization, and in
transgenic mice expressing the HCV polyprotein or in
HCV-infected chimeric mice, both of which showed the
decreased mitochondrial GSH content. Our results suggest
that the HCV core protein inhibits mitophagy during
HCV infection and that the molecular mechanisms by
which this suppression occurs include the interaction of the
HCV core protein with Parkin and the inhibition of Parkin
translocation to the mitochondria. This inhibition leads to
the failure of mitochondrial ubiquitination, mitophagosome
formation, and autophagic degradation (Figure 10). Because

Suppression of Recruitment of
Parkin to Mitochondria

E
ETC (W HCV
(X Core

Impaired Mitochondria

Figure 10

Suppression of Mitochondrial
Ubiquitination

Parkin 1 to 215 contains one of the critical amino acids
required for mitochondrial localization, the specific inter-
action of Parkin 1 to 215 with the HCV core protein
strongly suggests that the core protein represses mitophagy
by inhibiting Parkin translocation to the mitochondria. We
know that PINK1 accumulates in the mitochondria and
phosphorylates Parkin after CCCP treatment and that the
suppression of the mitochondrial Parkin signal occurs by
blocking PINKI1 via siRNA. Therefore, we could exclude
the possibility that PINK1 plays a role in suppressing the
recruitment of Parkin to the mitochondria. To our knowl-
edge, this is the first report to demonstrate a suppressive
effect of a viral protein on mitophagy via an interaction with
Parkin. Interestingly, silencing Parkin via siRNA inhibited
HCYV core expression, which was consistent with the results
of a recent study.”® These results suggest that HCV poten-
tially uses Parkin for its replication through the interaction
between the HCV core protein and Parkin. Parkin may be
post-transcriptionally involved in HCV replication, because
Parkin silencing did not affect HCV core mRNA Ievels.

Suppression of
Mitophagosomal Formation

Suppression of Autophagic
Degradation

Sequestered Mitochondrion by
Isolation Membrane

A schematic diagram depicting the mechanisms underlying mitophagy suppression by the HCV core protein. The HCV core protein interacts with

the Parkin N-terminal fragment containing the RINGO domain (designated Parkin 1 to 215) and inhibits Parkin translocation to the mitochondria, which leads
to the failure of mitochondrial ubiquitination, autophagosome formation, and autophagic degradation. Ub, ubiquitin.
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Further studies are required to clarify the mechanisms un-
derlying this speculation.

Two types of autophagy have been identified: nonselec-
tive and selective. For nonselective autophagy related to
HCYV infection, previous studies have reported the enhanced
accumulation of autophagosomes without any effect on
autophagic protein degradation,” the requirement of LC3
for efficient HCV replication,” and the occurrence of
HCV RNA replication on autophagosomal membranes.*°
Mitophagy is selective and is induced by mitochondrial
membrane depolarization, followed by Parkin recruitment to
the mitochondria.””'> Herein, mitophagosome accumula-
tion was suppressed because of mitophagy inhibition,
whereas HCV infection enhanced the expression of LC3-II
and autophagosome accumulation under nonselective
autophagy-inducible conditions. Therefore, the present re-
sults are consistent with the previously characterized HCV-
induced nonselective autophagic response.”**>** However,
a recent report has shown that HCV induces the mito-
chondrial translocation of Parkin and subsequent mitoph-
agy,”® which contrasts with the present results, except for
the inhibitory effect of Parkin silencing on HCV replication.
One of the significant differences in the method between the
two studies was the presence or absence of CCCP treatment.
Whether HCV-induced mitophagy was preceded by mito-
chondrial depolarization was unknown because AW was not
measured in the previous report of HCV-induced mitoph-
agy.”® However, we need to be careful that the mitochon-
drial depolarization by CCCP treatment is not a
pathophysiological condition observed in HCV infection
and that CCCP causes the depolarization of the entire
mitochondrial network.*' It is currently unknown whether
CCCEP treatment caused paradoxical results on mitophagy in
HCV-infected cells between our study and a previous one.”®
Although suppressed mitophagy was also found in FL-N/
35-transgenic mice and HCV-infected chimeric mice
without any treatment, these mice may not be simply
compared with HCV-JFHI—infected cells in terms of
extremely low levels of viral proteins in FL-N/35-transgenic
mice or spontaneous oxidized mitochondrial glutathione in
both mice. Another difference between two studies was
postinfection time from infection to assessment of mitoph-
agy in HCV-JFHI1—infected cells (21 versus 3 days).
However, further studies are required to clarify whether
postinfection time of HCV-JFH1—infected cells affects the
interaction of HCV with Parkin. Oxidative stress and/or
hepatocellular mitochondrial alterations are present in
chronic hepatitis C to a greater degree than in other in-
flammatory liver diseases,'*® and mitophagy is important for
maintaining mitochondrial quality by eliminating damaged
mitochondria. Therefore, our results that the HCV core
protein suppresses mitophagy appear reasonable in the
context of what is known about the pathophysiological
characteristics of chronic hepatitis C.

HCV-induced mitochondrial injury, ROS production, and
subsequent oxidative stress contribute to HCC development
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in FL-N/35-transgenic mice that receive modest iron sup-
plementation.® The relatively long period (12 months)
required for HCC development suggests that mitochondrial
injury, as a source of oxidative stress, must continue for a
prolonged period. Mitochondrial DNA mutations are also
relevant to HCC development in patients with chronic HCV
infections.”* Indeed, mitophagy plays an essential role in
reducing mitochondrial ROS production and mitochondrial
DNA mutations in yeast’” and eliminating oxidative
damaged mitochondria.*® In addition to the directly induced
generation of ROS by HCV proteins, the suppression of
mitophagy by the HCV core protein has the potential to
generate an additional long-lasting ROS burden and may
offset or overwhelm the physiological antioxidative activity
in mitochondria. Therefore, the suppressive effect of the
HCV core protein on mitophagy may be an important
mechanism of HCV-induced hepatocarcinogenesis.

In conclusion, results indicate that HCV core protein
suppresses mitophagy by inhibiting Parkin translocation to
the mitochondria via a direct interaction with Parkin in the
context of mitochondrial depolarization. These findings
have implications for the amplification and sustainability of
mitochondria-induced oxidative stress observed in patients
with HCV-related chronic liver disease and an increased risk
of hepatocarcinogenesis.
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