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for both J-aggregates (red) and monometric forms (green) of
JC-10 were measured at Ex/Em = 490/525 nm and 540/590
nm with a Varioskan Flush Multimode Reader (Thermo
Fisher Scientific, Waltham, MA).

Isolation of Mitochondria

The cells were lysed by mechanical homogenization using a
small pestle, and mitochondrial extraction was performed using
a Qproteome Mitochondria Isolation kit (Qiagen), according to
the manufacturer’s instructions. Liver mitochondria were iso-
lated as described previously with some modifications.”’ In
brief, the livers were minced on ice and homogenized by five
strokes with a Dounce homogenizer and a tight-fitting pestle in
isolation buffer [70 mmol/L sucrose, 1 mmol/LL KH,PO,, 5
mmol/LL HEPES, 220 mmol/L. mannitol, 5 mmol/L sodium
succinate, and 0.1% bovine serum albumin (BSA), pH 7.4].
The homogenate was centrifuged at 800 x g for 5 minutes at
4°C. The supematant fraction was retained, whereas the pellet
was washed with isolation buffer and centrifuged again. The
combined supernatant fractions were centrifuged at 1000 x g
for 15 minutes at 4°C to obtain a crude mitochondrial pellet.

Measurement of ROS

The cellular ROS level was measured by oxidation of the cell-
permeable, oxidation-sensitive fluorogenic precursor, 2',7'-
dihydrodichlorofluorescein diacetate (Molecular Probes Inc.,
Eugene, OR). Fluorescence was measured using a Varioskan
Flush Multimode Reader at 495/535 nm (excitation/emission).

Determination of Glutathione Content

Mitochondrial pellets were measured for total glutathione
[reduced glutathione (GSH) 4 oxidized glutathione
(GSSG)] and GSH content using the GSSG/GSH Quantifi-
cation kit (Dojindo Molecular Technologies, Inc., Kuma-
moto, Japan). The concentration of GSH was calculated
using the following formula:

GSH concentration = Total glutathione concentration

— [GSSG concentration] x 2 (1)

The liver tissue samples (approximately 50 mg) were minced
in ice-cold metaphosphoric acid solution, homogenized, and
centrifuged at 3000 x g for 10 minutes at 4°C. Lysates from the
liver tissue samples and mitochondrial samples (2 mg) were
evaluated for the concentration of GSH using the thioester
method and a GSH-400 kit (Oxis International Inc., Portland,
OR) and for total glutathione content using the glutathione
reductase—dinitrothiocyanobenzene recycling assay and the
GSH-412 kit (Oxis International Inc.), as described previously N

Immunoblotting

Samples were lysed in radioimmunoprecipitation assay
buffer [20 mmol/L Tris-HCI (pH 7.5), 150 mmol/L. NaCl,
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50 mmol/L. NaF, 1 mmol/L. NazVOy,, 0.1% SDS, and 0.5%
Triton X-100], as described previously,”® supplemented
with 1% protease inhibitor mixture (Sigma-Aldrich) and 100
mmol/L.  phenylmethylsulfony! fluoride. Cell lysates or
mitochondrial pellets were subjected to immunoblot anal-
ysis using an iBlot Gel Transfer Device (Invitrogen, Carls-
bad, CA). The membranes were incubated with the
following primary antibodies: rabbit anti-human LC3
(Novus Biologicals, Littleton, CO), rabbit anti-human p62/
SQSTM1 (MBL, Nagoya, Japan), rabbit anti-human Parkin
(Cell Signaling Technology, Danvers, MA), mouse anti-
human Parkin (Santa Cruz Biotechnology, Inc.), rabbit
anti-human p-Parkin (Ser 378; Santa Cruz Biotechnology,
Inc.), rabbit anti-human PINK1 (Cell Signaling Technology),
mouse anti-human mitochondrial heat shock protein-70
(BioReagents, Golden, CO), mouse anti-human ubiquitin
(Santa Cruz Biotechnology, Inc.), goat anti-human voltage-
dependent anion-selective channel protein 1 (VDACI; Santa
Cruz Biotechnology, Inc.), monoclonal antisynthetic HCV
core peptide (CP11; Institute of Immunology, Ltd), mouse
anti-HCV non-structural (NS) 3 protein (Abcam, Cambridge,
MA), mouse anti-HCV NS4A (Abcam), mouse anti-HCV
NS5A protein (Abcam), and rabbit anti-human B-actin (Cell
Signaling Technology).

Electron Microscopy

To address the detail localization of core and Parkin, the
cells treated with CCCP for 1 hour were fixed with 4%
paraformaldehyde and 1% glutaraldehyde in 0.1 mol/L
Millonig’s phosphate buffer (pH 7.4) for 30 minutes. The
cells were incubated with a mixture of the following primary
antibodies in phosphate-buffered saline (PBS) containing
1% BSA and 0.05% sodium azide overnight at 20°C: mouse
monoclonal antisynthetic HCV core peptide (Institute of
Immunology), rabbit anti-human Parkin (Abcam), and rab-
bit anti-rat LC3 (Wako Pure Chemical Industries, Ltd,
Osaka, Japan). After washing with PBS, the cells were
incubated with biotinylated donkey anti-rabbit IgG (Jackson
ImmunoResearch Laboratories, Inc., Baltimore Pike, PA) in
1% BSA for 2 hours at 20°C. After washing with PBS, the
cells were incubated with Alexa Fluor-488 Fluo-
roNanogold-streptavidin (Jackson ImmunoResearch Labo-
ratories, Inc.), indocarbocyanine-labeled donkey anti-mouse
IgG (Jackson ImmunoResearch Laboratories, Inc.), and
indocarbocyanine-labeled donkey anti-rabbit IgG (Jackson
ImmunoResearch Laboratories, Inc.) in 1% BSA for 2 hours
at 20°C. After washing with PBS, the cells were incubated
with mouse peroxidase—anti-peroxidase complex (Jackson
ImmunoResearch Laboratories, Inc.) in PBS for 3 hours at
20°C. The peroxidase reduction was developed with 0.05%
diaminobenzidine tetrahydrochloride in 50 mmol/L. Tris
buffer containing 0.01% hydrogen peroxide for 20 minutes
at room temperature. The diameter of the gold immuno-
particles was increased using a silver enhancement kit (HQ
silver; Nanoprobes, Inc., Yaphank, NY) for 4 minutes at
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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 63x 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
Ilustrator 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 ovemight 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-
VDAGC, anti-ubiquitin (Santa Cruz Biotechnology, Inc.), and
anti-Parkin (Cell Signaling Technology) antibodies to detect
coimmunoprecipitated VDAC], 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.

The American Journal of Pathology m ajp.amjpathol.org

106

RNA Interference

The siRNA knockdown oligonucleotides were obtained from
Invitrogen. JEH1-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 Gald-activation domain
vector (pACT2), was allowed to mate with S. cerevisiae
AHI109, 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 Gald-activation domain vector
(pACT2), was allowed to mate with S. cerevisiae AH109,
which had been transformed with a Gald 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 !A). 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 i, 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.'*'* CCCP exposure induced
Parkin accumulation in the mitochondria of Huh7 cells;
however, this Parkin recruitment seemed to be inhibited in
JFH1-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  Effect of 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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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 PINKI1 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
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addition, blocking PINKI1 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 K+ ionophore
that rapidly dissipates AW** (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 NSSA, 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 MEL! gene encoding
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3-hour valinomycin treatment. **P < 0.01. Mt-HSP70, mitochondrial heat shock protein 70; NT siRNA, nontargeting siRNA.
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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
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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 pm? 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
HCYV replication, as indicated by a decrease in HCV core
protein expression, but did not affect HCV core mRNA
levels (Figure SE). 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 Quter
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-Huh7
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cells (Figure S5F). Western blot analysis of VDAC1 immu-
noprecipitates revealed various sizes of VDACI species
after CCCP treatment in Huh?7 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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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-I/I ratio was significantly lower after CCCP
treatment in JFH1-Huh7 cells compared with Huh7 cells
(Figure 7A), although the LC3-I/I 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 JFHI1-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 LC3-1I after CCCP treatment in vitro. However, the
lower LC3-II/I 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-I/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/1 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/T 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/T 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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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 (+) 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 pm? was calculated for five randomly selected views. *P < 0.05,
**P < 0.01.

binding to LC3-1L."* 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
VDACI1 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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JFH1-Huh7 cells than in Huh7 cells (Figure SD). 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
HCYV 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 (Fizure 10). Because

Suppression of Recruitment of
Parkin to Mitochondria

Suppression of Mitochondrial
Ubiquitination

Parkin
1-215

Impaired Mitochondria

Figure 10

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 PINKI1 accumulates in the mitochondria and
phosphorylates Parkin after CCCP treatment and that the
suppression of the mitochondrial Parkin signal occurs by
blocking PINKI 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
HCV 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 levels.

Suppression of Autophagic
Degradation

Suppression of
Mitophagosomal Formation

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 LC3-1I
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
CCCP treatment caused paradoxical results on mltophagy m
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-JFH1-—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-JFHl—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

3038

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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Previous studies have shown that hepatitis C virus (HCV) enters human hepatic cells through
interaction with a series of cellular receptors, followed by clathrin-mediated, pH-dependent
endocytosis. Here, we investigated the mechanisms of HCV entry into multiple HCV-permissive
human hepatocyte-derived cells using trans-complemented HCV particles (HCVtcp). Knockdown
of CD81 and claudin-1, or treatment with bafilomycin A1, reduced infection in Huh-7 and
Huh7.5.1 cells, suggesting that HCV entered both cell types via receptor-mediated, pH-
dependent endocytosis. Interestingly, knockdown of the clathrin heavy chain or dynamin-2 (Dyn2),
as well as expression of the dominant-negative form of Dyn2, reduced infection of Huh-7 cells
with HCVtcp, whereas infectious entry of HCVtcp into Huh7.5.1 cells was not impaired. Infection
of Huh?7.5.1 cells with culture-derived HCV (HCVcc) via a clathrin-independent pathway was also
observed. Knockdown of caveolin-1, ADP-ribosylation factor 6 (Arf6), flotillin, p21-activated
kinase 1 (PAK1) and the PAK1 effector C-terminal binding protein 1 of E1A had no inhibitory
effects on HCVtcp infection into Huh7.5.1 cells, thus suggesting that the infectious entry pathway

of HCV into Huh7.5.1 cells was not caveolae-mediated, or Arf6- and flotillin-mediated
endocytosis and macropinocytosis, but rather may have occurred via an undefined endocytic
pathway. Further analysis revealed that HCV entry was clathrin- and dynamin-dependent in
ORL8c and HepCD81/miR122 cells, but productive entry of HCV was clathrin- and dynamin-
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independent in Hep3B/miR122 cells. Collectively, these data indicated that HCV entered
different target cells through different entry routes.

INTRODUCTION

Over 170 million people worldwide are chronically infected
with hepatitis C virus (HCV), and are at risk of developing
chronic hepatitis, cirrhosis and hepatocellular carcinoma
(Hoofnagle, 2002). HCV is an enveloped virus belonging to
the family Flaviviridae. Its genome is an uncapped 9.6 kb
positive-stranded RNA consisting of the 5'-UTR, an ORF
encoding viral proteins and the 3'-UTR (Suzuki et al,
2007). A precursor polyprotein is further processed into
structural proteins (core, E1, and E2), followed by p7 and
non-structural (NS) proteins (NS2, NS3, NS4A, NS4B,
NS5A and NS5B), by cellular and viral proteases.

Two supplementary figures are available with the online version of this
paper.

Host—virus interactions are required during the initial
steps of viral infection. Viruses enter the cells by various
pathways, such as receptor-mediated endocytosis followed
by pH-dependent or -independent fusion from endocytic
compartments, or pH-independent fusion at the plasma
membrane coupled with receptor-mediated signalling and
coordinated disassembly of the actin cortex (Grove &
Marsh, 2011). It was reported previously that CD81
(Bartosch et al., 2003; McKeating et al., 2004; Pileri et al.,
1998), scavenger receptor class B type I (SR-BI) (Bartosch
et al., 2003; Scarselli et al., 2002), claudin-1 (Evans et al,,
2007; Liu et al., 2009) and occludin (Benedicto et al., 2009;
Liu et al., 2009; Ploss et al., 2009) are critical molecules for
HCV entry into cells. Recently, epidermal growth factor
receptor and ephrin receptor type A2 were also identified
as host cofactors for HCV entry, possibly by modulating
interactions between CD81 and claudin-1 (Lupberger et al.,
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2011). In addition, Niemann—Pick Cl-like 1 (NPCIL1)
cholesterol absorption receptor has been shown to play a
role in HCV entry, probably at the fusion step (Sainz et al,
2012).

Following receptor binding, HCV has been reported to
enter cultured cells via clathrin-mediated endocytosis, the
most common and best-characterized mode of endocyto-
sis, following membrane fusion in early endosomes
(Blanchard et al., 2006; Codran et al., 2006; Coller et al,,
2009; Meertens ef al., 2006; Trotard et al, 2009) using
retrovirus-based HCV pseudoparticles (HCVpp) and cell
culture-produced HCV (HCVcc). Early steps in HCV
infection, including the role of HCV glycoprotein hetero-
dimers, receptor binding, internalization and pH-depend-
ent endosomal fusion, have been at least in part mimicked
by HCVpp. However, as HCVpp are generated in non-
hepatic cells such as human embryo kidney 293T cells, it is
likely that the cell-derived component(s) of HCVpp differ
from those of HCVecc.

In the present study, we readdressed the HCV endocyto-
sis pathway using trans-complemented HCV particles
(HCVtcp) (Suzuki et al, 2012), of which the packaged
genome is a subgenomic replicon. HCVtcp, generated in
Huh-7 or its derivative cell lines with two plasmids, are
infectious, but support only single-round infection, thereby
allowing us to examine infectious viral entry without the
influence of reinfection. In addition, HCVtcp is useful for
quantifying productive infection by measuring luciferase
activity. Furthermore, it has been shown that the HCVtcp
system is more relevant as a model of HCV infection than
HCVpp (Suzuki et al, 2012). Our results demonstrated
conclusively that, in addition to the clathrin-mediated
endocytosis pathway, HCV was capable of utilizing the
clathrin- and dynamin-independent pathways for infec-
tious entry of HCV into human liver-derived cells.

RESULTS

HCV entry depends on receptor-mediated, pH-
dependent endocytosis

HCV has been shown to enter permissive cells through
clathrin-mediated endocytosis and low pH-dependent
fusion with endosomes mostly using HCVpp (Codran
et al., 2006; Meertens et al, 2006; Trotard et al, 2009),
although some researchers have used HCVcc with limited
cell lines (Blanchard et al, 2006; Coller et al, 2009).
However, several distinct characteristics between HCVpp
and HCVcc have recently been revealed with regard to
morphogenesis and entry steps (Helle et al,, 2010; Sainz et al.,
2012; Suzuki et al., 2012; Vieyres et al, 2010). Therefore, in
this study, we used HCVtcp, which exhibit similar charac-
teristics to HCVcc when compared with HCVpp and
support single-round infection (Suzuki et al, 2012).

Initially, to determine whether receptor candidates such as
CD81, claudin-1, occludin and SR-BI are essential for HCV

entry into Huh-7 and Huh7.5.1 cells, we examined the
knockdown effect of these molecules on HCVtcp infection.
Knockdown of these receptors was confirmed by immuno-
blotting (Fig. 1a) and FACS analysis (Fig. 1b). It should be
noted that the luciferase activity in Huh7.5.1 was
approximately four times higher than that in Huh-7 cells
when the same amount of inoculum was used for infection
(Fig. S1, available in the online Supplementary Material),
and knockdown did not affect cell viability (data not
shown). Knockdown of CD81 and claudin-1 significantly
reduced the infection of Huh-7 and Huh7.5.1 cells with
HCVtep derived from genotype 2a (Fig. 1c). Knockdown of
occludin led to a moderate reduction in infection; however,
only a marginal effect was observed in SR-BI knockdown in
both Huh-7 and Huh7.5.1 cells (Fig. 1c), possibly due to
the reduced requirement for SR-BI during virus entry by
adaptive mutation in E2 (Grove et al,, 2008).

Next, to examine whether HCV entry was pH-dependent,
Huh-7 and Huh7.5.1 cells were pretreated with bafilomycin
Al, an inhibitor of vacuolar H*-ATPases that impairs
vesicle acidification, and then infected with HCVtcp. At
72 h post-infection, luciferase activity and cell viability
were determined. Bafilomycin Al inhibited HCVtcp infec-
tion in a dose-dependent manner without affecting cell
viability in both Huh-7 and Huh7.5.1 cells (Fig. 2a, b). We
also confirmed that treatment with bafilomycin Al after
HCVtcp infection had a minor effect on luciferase activity
(Fig. 2¢). These results indicated that the infectious route
of HCVtcp into Huh-7 and Huh7.5.1 cells is receptor-
mediated and involves pH-dependent endocytosis.

Knockdown of clathrin heavy chain (CHC) or
dynamin-2 (Dyn2) reduces HCVtcp infection in
Huh-7 cells, but not in Huh7.5.1 cells

Among the known pathways of pH-dependent viral
endocytosis, clathrin-mediated dynamin-dependent endo-
cytosis is a major endocytosis pathway. Chlorpromazine,
an inhibitor of clathrin-dependent endocytosis, has been
commonly used to study clathrin-mediated endocytosis;
however, it exerts multiple side-effects on cell function as it
targets numerous receptors and intracellular enzymes, and
alters plasma membrane characteristics (Sieczkarski &
Whittaker, 2002a). Therefore, we examined the HCV
endocytosis pathway by knockdown of specific molecules
required for the endocytosis pathway. CHC, a major
structural protein in clathrin-coated vesicles, and Dyn2, a
GTPase essential for clathrin-coated-pit scission from the
plasma membrane, play important roles in the clathrin-
mediated pathway. Another well-studied model of viral
entry is caveolin-mediated endocytosis. The role of dynamin
in both clathrin-mediated endocytosis and caveolae-
dependent endocytosis has been established (Marsh &
Helenius, 2006; Miaczynska & Stenmark, 2008). To examine
the endocytosis pathways of HCV, small interfering RNAs
(siRNAs) for CHC, Dyn2 and caveolin-1 (Cavl), or
scrambled control siRNA, were transfected into Huh-7 or
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Fig. 1. Knockdown effect of receptor candidate molecules on HCV infection. (a) Huh-7 or Huh7.5.1 cells were transfected with
the indicated small interfering RNAs (siRNA), harvested at 48 h post-transfection and the specific knockdown of each protein
was verified by immunoblotting. (b) Huh-7 or Huh7.5.1 cells were transfected with CD81 or control siRNAs, harvested at 48 h
post-transfection and the cell surface expression of CD81 was verified by FACS analysis. (c) Cells transfected with siRNA were
infected with the same amount of HCVtcp at 48 h post-transfection. Firefly luciferase activity in the cells was determined at
72 h post-infection and is expressed relative to the activity with control siRNA transfection. The value for control (Ctl) siRNA
was set at 100 %. Data represent the mean = sp. Statistical differences between controls and each siRNA were evaluated using
Student’s t-test. *P<<0.05, **P<0.001 versus control.
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concentrations and infected with HCVicp. (a, b) Luciferase activity (a) and cell viability (b) were determined at 72 h post-
infection, and expressed relative to amounts observed in controls. (c) Cells were treated with bafilomycin A1 for 1 h at the
indicated concentrations 48 h after HCVtcp infection. Luciferase activity was determined at 10 h post-treatment and expressed
relative to amounts observed in controls. Data represent the mean =+ sp. Statistical differences between controls and indicated
concentrations were evaluated using Student’s t-test. *P<<0.05, **P<0.001 versus control.
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Huh7.5.1 cells, followed by infection with HCVtcp.
Expression of CHC, Dyn2 and Cav] was downregulated by
transfection of specific siRNAs (Fig. 3a, b), whereas
expression of SR-BI, occludin, claudin-1 and CD81 was
not reduced (Figs 3a and S2). As indicated in Fig. 3(c),
luciferase activity from HCVtep was significantly reduced by
knockdown of CHC and Dyn2 in Huh-7 cells, but not in

inoculated before siRNA transfection. Luciferase activity was
not affected by knockdown of CHC or Dyn2 in either cell
line, whereas marked inhibition was observed for phospha-
tidylinositol 4-kinase (PI14K) (Fig. 3e). These data suggested
that HCV entry was clathrin-mediated and dynamin-
dependent in Huh-7 cells, but productive entry of HCV
was clathrin- and dynamin-independent in Huh7.5.1 cells.

Huh7.5.1 cells. Knockdown of Cavl showed no inhibitory
effects on HCVtcp entry into either cell line. Dynamin-
independent entry in Huh7.5.1 cells was also observed using
HCVtcp derived from genotype 1b (data not shown).
Knockdown of CHC or Dyn2 also reduced entry of HCVcc
in Huh-7 cells, but had no inhibitory effects in Huh7.5.1 (Fig.
3d). To rule out the possibility of effects on CHC and Dyn2
knockdown on viral RNA replication, HCVtcp were also

not in Huh7.5.1 cells

Expression of the dominant-negative form of
Dyn2 reduces HCV infection in Huh-7 cells, but

We also examined the role of dynamin in infectious entry of
HCV into Huh-7 and Huh7.5.1 cells by overexpression of
the dominant-negative form of Dyn2 (Dyn-K44A), which
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Fig. 3. Effects of CHC, Dyn2 and Cav1 knockdown on HCV infection. (a, b) Huh-7 cells or Huh7.5.1 cells were transfected with the
indicated siRNAs and the specific knockdown (KD) of each protein was verified by immunoblotting (a) or immunostaining (b) at 48 h
post-transfection. Bar, 50 pum. (c) Cells were transfected with the indicated siRNAs, followed by infection with HCVtcp at 48 h post-
transfection. Firefly luciferase activity in the cells was subsequently determined at 3 days post-infection. The value for control (Ctl) sIRNA
was set at 100 %. Data represent the mean + sb. (d) Cells were transfected with siRNA, followed by infection with HCVcc at 48 h post-
transfection. Intracellular core levels were quantified at 24 h post-infection. The value for control sSiRNA was set at 100 %. Data represent
the mean % sp. (e) Cells were infected with HCVtcp, followed by transfection with the indicated siRNAs. Luciferase activity in the cells
was subsequently determined at 2 days post-transfection. The value for control siRNA was set at 100 %. Data represent the mean + sb.
Statistical differences between controls and each siRNA were evaluated using Student'’s +test. *P<<0.05, **P<0.001 versus control.
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has been shown to effectively block clathrin-dependent and
caveolar endocytosis (Damke et al, 1995). Expression of
haemagglutinin (HA)-tagged Dyn-K44A reduced the num-
ber of HCV-infected Huh-7 cells, but not Huh7.5.1 cells, as
compared with WT HA-tagged Dyn2 (Dyn-WT), as shown
in Fig. 4(a, b). Interestingly, internalization of transferrin,
which is known to be mediated by clathrin-dependent
endocytosis, was reduced in both Huh-7 and Huh7.5.1 cells
expressing Dyn-K44A, whereas cells expressing Dyn-WT
showed efficient endocytosis of transferrin (Fig. 4c, d).
Collectively, these results suggested that dynamin partici-
pated in the internalization of HCV in Huh-7 cells, but was

not absolutely required in Huh7.5.1 cells, although trans-
ferrin was taken up via dynamin-dependent endocytosis in
both Huh-7 and Huh7.5.1 cells.

Flotillin-1 or the GTPase regulator associated
with focal adhesion kinase 1 (GRAF1) play no
major role during HCV infection of Huh7.5.1 cells

In order to dissect the major endocytosis pathways of HCVtcp
in Huh7.5.1 cells, we investigated the role of alternative routes
of HCV entry by siRNA knockdown. We silenced essential
factors for the clathrin- or dynamin-independent pathways
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Fig. 4. Dynamin participates in the internalization of HCV in Huh-7 cells, but not in Huh7.5.1 cells. (a) Cells were transfected
with HA-tagged WT Dyn2 (Dyn-WT) or dominant-negative Dyn2 (Dyn-K44A) expression plasmids. At 2 days post-transfection,
cells were infected with HCVtcp, which possessed a subgenomic replicon without the luciferase gene. After 3 days, cells were
fixed and HA-Dyn2 or HCV NSBA stained with anti-HA or anti-NS5A antibodies, respectively. Cell nuclei were counterstained
with DAPI. Bar, 100 pm. (b) Data were quantified as the population of HCVicp-infected cells among HA-positive cells. At least
20 HA-positive cells were evaluated in triplicate experiments. Data represent the mean + sb. (c) Cells were transfected with HA-
tagged Dyn-WT or Dyn-K44A expression plasmids. At 2 days post-transfection, cells were incubated with Alexa Fluor-488
labelled transferrin at 37 °C in a 5% CO, incubator. After 30 min of incubation, cells were washed, fixed and stained with anti-
HA antibodies. Cell nuclei were counterstained with DAPI. Bar, 100 pym. (d) Data were quantified as the population of
transferrin-internalized cells among HA-positive cells. At least 20 HA-positive cells were evaluated in triplicate experiments.
Data represent the mean = sp. Statistical differences between Dyn-WT and Dyn-K44A were evaluated using Student's t-test.

*P<0.05, **P<0.001 versus Dyn-WT.
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including flotillin-dependent endocytosis, ADP-ribosylation
factor 6 (Arf6)-dependent endocytosis, clathrin-independent
carrier/glycosylphosphatidylinositol-enriched early endoso-
mal compartment (CLIC/GEEC) endocytic pathway and
macropinocytosis in Huh7.5.1 cells. Flotillin-1 and Arf6 are
indispensable components of the flotillin and Arf6 pathways,
respectively. Knockdown of flotillin-1 or Arf6 had no
inhibitory effects on HCVtcp infection in Huh7.5.1 cells
(Fig. 5a). The CLIC/GEEC endocytic pathway has recently
become better defined and is regulated by the GTPase
regulator associated with focal adhesion kinase-1 (GRAF1).
However, GRAF1 was not detected in Huh-7 or Huh7.5.1
cells (Fig. 5b); thus, it is unlikely that the CLIC/GEEC
pathway was involved in HCV entry in Huh7.5.1 cells. In
addition, knockdown of p21-activated kinase 1 (PAK1) and
the PAK1 effector C-terminal binding protein 1 of E1A
(CtBP1), which play important regulatory roles in the process
of macropinocytosis, did not inhibit HCVtcp infection in
Huh7.5.1 cells (Fig. 5¢). Taken together, these results
suggested that the entry of HCVtcp into Huh7.5.1 cells was
not mediated mainly by flotillin-dependent endocytosis,

Arf6-dependent endocytosis, the CLIC/GEEC endocytic
pathway and macropinocytosis.

Clathrin-dependent and -independent pathways
for HCV entry in other hepatic cells

We further examined the endocytosis pathways for HCV in
non-Huh-7-related human liver-derived cell lines. Three
HCVcc permissive hepatocellular carcinoma cell lines,
Li23-derived ORL8c (Kato et al, 2009), HepCD81/
miR122 cells (HepG2/CD81 cells overexpressing miR122)
and Hep3B/miR122 (Kambara et al., 2012), were trans-
fected with siRNA for CHC, Dyn2 or claudin-1, followed
by infection with HCVtcp. Immunoblotting was performed
in order to confirm knockdown of target proteins (Fig. 6a).
Although knockdown of CHC or Dyn2 expression
inhibited HCVtcp infection of ORL8c and HepCD81/
miR122 cells, HCVtcp infection of Hep3B/miR122 cells
was not affected (Fig. 6b), thus suggesting that productive
entry of HCV is clathrin- and dynamin-independent in
Hep3B/miR122 cells.
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Fig. 5. Role of an alternative endocytosis pathway of HCV in Huh7.5.1 cells. (a) Huh7.5.1 cells were transfected with flotillin-1
(Flot1) or Arf6 siRNAs and specific knockdown of each protein was verified by immunoblotting (upper). Non-specific bands are
marked with an asterisk. Cells transfected with siRNA were infected with HCVtop. Luciferase activity (lower) was determined at
72 h post-infection and expressed relative to the amount observed in control (Ctl) siRNA transfection, Data represent the
mean =+ sD. (b) Expression of GRAF1 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in Huh7.5.1, Huh-7 and 293T
cells was analysed by immunoblotting. Non-specific bands are marked with an asterisk. (c) Huh7.5.1 cells were transfected with
CtBP1 or PAK1 siRNA and specific knockdown of each protein was verified by immunobilotting (upper). Cells transfected with
siRNA were infected with the HCVicp. Luciferase activity (lower) was determined at 72 h post-infection and expressed relative
to the amount observed in control (Ctl) siRNA transfection. Data represent the mean = SD.
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Fig. 6. Clathrin-dependent and -independent pathway of HCV entry in other HCV-permissive cells. The indicated cells were
transfected with the indicated siRNAs and then infected with HCVtcp at 48 h post-transfection. (a) Specific knockdown of each
protein was verified by immunoblotting. (b) Luciferase activity was determined at 72 h post-infection and expressed relative to
the amount observed in the control (Ctl) siRNA transfection. Data represent the mean = sp. Statistical differences between
controls and each siRNA were evaluated using Student’s t-test. *P<0.05, **P<0.001 versus control.

In summary, we identified an alternative clathrin- and
dynamin-independent entry pathway for HCV in at least
two independent cell lines, Huh7.5.1 and Hep3B/miR122
cells, in addition to the previously reported clathrin- and
dynamin-dependent pathway. These findings provided
clues for understanding the molecular mechanisms of the
endocytosis pathway for HCV infection.

DISCUSSION

Many viruses have been shown to utilize a number of
different endocytic pathways to productively infect their
hosts. Clathrin-dependent endocytosis would appear to be
the most commonly used, but it is increasingly clear that a
number of clathrin-independent endocytosis pathways are
also used by several different viruses (Mercer et al.,, 2010).
In the case of HCV, it has been reported that viral entry is
mediated by clathrin-dependent endocytosis (Blanchard

et al, 2006; Codran et al, 2006; Coller et al., 2009;
Meertens et al., 2006; Trotard et al., 2009). In these papers,
HCVpp was used at least in part for analysis of HCV entry
pathway. However, recent reports have revealed several
different characteristics between HCVpp and HCVcc.

Viral entry has been addressed primarily by pharmacologic
inhibitor studies, immunofluorescence and electron micro-
scopy, by transfection with dominant-negative constructs,
and more recently by siRNA knockdown. Analysis of
endocytosis pathways using pharmacological inhibitors has
raised concerns about specificity. For example, chlorpro-
mazine, an inhibitor of clathrin-mediated endocytosis, has
been shown to exert multiple side-effects on cell function
as it targets numerous receptors and intracellular enzymes,
and alters plasma membrane characteristics (Sieczkarski &
Whittaker, 2002a). Methods for elucidating the viral
endocytosis pathway by co-localization of virus particles
with host factor also have limitations. Electron and

2664

123

Journal of General Virology 95



Alternative endocylosis pathway of HCV

fluorescence microscopy, which require a high particle
number, do not allow the differentiation of infectious and
non-infectious particles. Infectious particles of HCV in the
supernatant of infected cells appeared to represent only a
small portion of secreted virus particles (Akazawa et al,
2008) and it is unclear whether the viral particles observed
by microscopy could lead to productive infection.
Therefore, we utilized HCVtcp, which is useful for
determining productive entry of the virus without reinfec-
tion, and a combination of siRNA knockdown and
dominant-negative mutants for analysis of the productive
route of infection. Although HCVcc is also utilized in
analysis of productive entry, it cannot completely exclude
the effects of reinfection by virus produced by infected
cells. Reduction of HCVcc infection by knockdown of
CHC and Dyn2 was moderate when compared with that of
HCVtcp (Fig. 3¢, d), thus suggesting slight effects due to
reinfection in HCVcc.

The data presented here demonstrate for the first time to our
knowledge that HCV is able to enter cells via dynamin-
independent endocytosis in addition to the previously
described classical clathrin- and dynamin-dependent path-
way. First, knockdown of CHC and Dyn2 had no inhibitory
effects on HCVtcp and HCVcc entry into Huh7.5.1 cells.
Second, overexpression of dominant-negative Dyn2 had no
inhibitory effects on HCVtcp in Huh7.5.1 cells. Finally, in
addition to Huh7.5.1 cells, Hep3B/miR122 cells were also
shown to be infected with HCV via clathrin- and dynamin-
independent pathways. We further investigated the role of
alternative minor routes of HCV entry into Huh7.5.1 cells;
however, the productive endocytosis pathway could not be
defined. It should be noted that inhibition of alternative
endocytosis routes by siRNA led to an increase of luciferase
activity (Figs 3¢ and 5a, c). This could be explained by the
inhibition of a particular endocytosis pathway resulting in a
compensatory increase in alternative endocytosis pathways
(Damke et al., 1995).

Although we confirmed an alternative endocytosis pathway
for the productive entry of HCV, it is not clear why and
how the two independent endocytosis pathways operate in
different cell lines. SV40 can enter cells via caveolae-
dependent (Norkin et al., 2002; Pelkmans et al.,, 2001) and
-independent (Damm et al, 2005) pathways. Influenza
virus enters cells via clathrin-mediated endocytosis (Matlin
et al, 1981) in addition to non-clathrin-mediated, non-
caveola-mediated internalization pathways (Sieczkarski &
Whittaker, 2002b). Entry of dengue virus type 2 is clathrin-
dependent in HeLa and C6/36 cells (Acosta et al., 2008;
Mosso et al., 2008; van der Schaar et al, 2008), and is
clathrin-independent in Vero cells (Acosta et al, 2009).
Different receptor usage may determine the consequential
route of entry. However, we did not observe any differences
between Huh-7 and Huh7.5.1 cells in terms of knockdown
effects of receptor candidate molecules on HCV infection,
as shown in Fig. 1(c), although we cannot exclude the
possibility that other undefined receptors are associated
with viral entry. Huh7.5.1 cells were established by

elimination of the HCV genome from replicon cells
derived from Huh-7 cells (Blight et al., 2002; Zhong et al.,
2005) and they exhibit more potent replication of HCV
than the original Huh-7 cells. Further study showed that
the increased permissiveness of cured cells results from a
mutation in the retinoic acid-inducible gene I (Sumpter
et al., 2005), which impairs IFN signalling. In addition, it
has been shown that cured cell lines express higher levels of
miR122 than parental cells participating in the efficient
propagation of HCVcc (Kambara et al, 2012). As it is
unclear whether these changes are the reason for a distinct
endocytosis pathway, it will be of interest to explore these
associations in further studies.

In conclusion, we confirmed an alternative clathrin-
independent endocytosis pathway in HCV-permissive
human hepatic-derived cells, in addition to the previously
reported clathrin-dependent endocytosis pathway. This
paper highlights the fact that clathrin- and dynamin-
mediated endocytosis is the main route of HCV entry for
Huh-7, HepCD81/miR122 and ORL8c cells, whilst clathrin
and dynamin do not play a major role during the
productive route of HCV infection in Huh7.5.1 and
Hep3B/miR122 cells. Taken together, these studies suggest
that different cell entry pathways for HCV infection may be
utilized in different cell types, although further studies are
necessary in order to understand this phenomenon.

METHODS

Cells. The human hepatocellular carcinoma cell lines Huh-7,
Huh7.5.1, Hep3B/miR122 and HepG2/CD81, which overexpressed
miR122 (Kambara et al, 2012), were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Wako Pure Chemical Industries)
containing non-essential amino acids, penicillin (100 U ml™h),
streptomycin (100 pg ml™") and 10 % FBS. Li23-derived ORLSc cells
(Kato et al., 2009) were maintained in F12 medium and DMEM (1:1,
v/v) supplemented with 1% FBS, epidermal growth factor (50 ng
ml™), insulin (10 ug ml™h), hydrocortisone (0.36 pg ml™h),
transferrin (5 pg ml™"), linoleic acid (5 pg ml™"), selenium (20 ng
ml™"), prolactin (10 ng ml™"), gentamicin (10 pg ml™"), kanamycin
monosulfate (0.2 mg ml™! and fungizone (0.5 pg ml ™). All cell lines
were cultured at 37 °C in a 5% CO, incubator.

Preparation of viruses. HCVtcp and HCVcc derived from JFH-1
with adaptive mutations in E2 (N417S), p7 (N765D) and NS2
(Q1L012R) were generated as described previously (Suzuki et al,
2012). For HepCD81/miR122 and ORLSc cells, HCVtcp containing
the Gaussia luciferase (GLuc) reporter gene were used. To do this,
plasmid pHH/SGR-JFH1/GLuc/NS3m carrying the bicistronic sub-
genomic HCV replicon containing the GLuc reporter gene and the
NS3 adaptive mutation was constructed by replacement of the firefly
luciferase (FLuc) gene of pHH/SGR-Luc containing the NS3 mutation
(N1586D) (Suzuki et al., 2012) with the GLuc gene of pCMV-GLuc
(NEB).

Plasmids. HA-tagged Dyn2, a dominant-negative Dyn2 (K44A) in
which Lys44 was replaced with Ala, was cloned into pcDNA3.1 as
described previously (Kataoka et al, 2012).

Gene silencing by siRNA. siRNAs were purchased from Sigma-
Aldrich and were introduced into the cells at a final concentration of
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