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transgenic mice than in non-transgenic mice, but was
not significantly different. These results suggested that
additive HCV-induced ROS production was unlikely to
be the cause of the significantly increased ROS produc-
tion after ovariectomy in the transgenic mice. The other
possibility is HCV-associated attenuation of antioxidant
potential against ovariectomy-induced oxidative stress.
In this respect, OVX transgenic mice had a lower ratio of
BAP to dROM than OVX non-transgenic mice and the
expression of SOD2 and GPx1 in the liver was not
increased. These results suggest that HCV protein attenu-
ated antioxidant potential against ovariectomy-induced
oxidative stress.

Proliferator-activated receptor-y co-activator-1o is
required for the induction of many ROS-detoxifying
enzymes upon oxidative stress.”® SIRT3 has been shown
to function as a downstream target gene of PGC-1o and
mediate the PGC-lo-dependent induction of ROS-
detoxifying enzymes.” Additionally, AMPK, which is a
crucial cellular energy sensor, regulates PGC-1a activity
through both modulation of PGC-lo transcription
and phosphorylation of the PGC-1a protein.?*?” Thus,
AMPK/PGC-10o signaling is one of the important path-
ways that protect cells from oxidative stress through the
induction of several key ROS-detoxifying enzymes.
Recent evidence indicating that HCV replication inhibits
AMPK activity® prompted us to investigate whether the
antioxidant potential against ovariectomy-induced oxi-
dative stress in FL-N/35 transgenic mice was attenuated
through inhibition of this signaling pathway. As
expected, upon ovariectomy, AMPK was activated in
non-transgenic mice, but not in transgenic mice. This, in
turn, led to the lower expression of PGC-lo in the
nuclear fraction of the liver in OVX transgenic mice than
in OVX non-transgenic mice, resulting in the absence of
significant induction of SIRT3 in the mitochondrial frac-
tion of the liver in the OVX transgenic mice. Thus, ROS
production in the liver in OVX transgenic mice was
increased by attenuation of the antioxidant potential
through inhibition of AMPK/PGC-1o0 signaling.
However, it remains unknown why the expression
of PGC-1a in the nuclear fraction was significantly
increased in OVX transgenic mice regardless of the lack
of activation of AMPK. Various kinases other than
AMPK and post-translational modifications other
than phosphorylation have been shown to regulate
PGC-1o expression.® Therefore further investigations
are required to clarify this issue.

Of particular concern is the relevance of the present
results to HCC development in patients with HCV-
associated chronic liver diseases. A recent study from

© 2013 The Japan Society of Hepatology
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Japan demonstrated a higher proportion of females,
especially among elderly patients with HCV-related
HCC, suggesting that the sex disparity in HCC develop-
ment becomes less distinct as the patient’s age at HCC
diagnosis increases.® In general, ROS production creates
a pro-carcinogenic environment under which chromo-
somal damage is likely to occur. The present findings
that OVX transgenic mice have increased hepatic ROS
production compared with that in OVX non-transgenic
mice may indicate one of the mechanisms by which
women with HCV infection are at high risk for HCC
development when some period has passed after meno-
pause, even though we need to clinically ascertain the
increased hepatic oxidative stress in HCV-infected
menopausal women with HCC.
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Mitochondrial reactive oxygen species as a mystery voice

in hepatitis C
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There are several lines of evidence suggesting that oxidative
stress is present in hepatitis C to a greater degree than in
other inflammatory liver diseases and is closely related to
disease progression. The main production site of reactive
oxygen species (ROS) is assumed to be mitochondria, which
concept is supported by evidence that hepatitis C virus (HCV)
core protein is directly associated with them. The detoxifica-
tion of ROS also is an important function of the cellular redox
homeostasis system. These results draw our attention to how
HCV-induced mitochondrial ROS production is beyond redox
regulation and affects the disease progression and develop-
ment of hepatocellular carcinoma (HCC) in chronic hepatitis C.
On the other hand, HCV-related chronic liver diseases are
characterized by metabolic alterations such as insulin resis-

tance, hepatic steatosis and/or iron accumulation in the liver.
These metabolic disorders also are relevant to the develop-
ment of HCC in HCV-related chronic liver diseases. Here, we
review the mechanisms by which HCV increases mitochon-
drial ROS production and offer new insights as to how
mitochondrial ROS are linked to metabolic disorders such as
insulin resistance, hepatic steatosis and hepatic iron accumu-
lation that are observed in HCV-related chronic liver diseases.

Key words: calcium signaling, mitochondrial electron
transport, mitophagy, hepcidin, insulin resistance, iron
metabolism

INTRODUCTION

PPROXIMATELY 170 MILLION people worldwide

are infected with hepatitis C virus (HCV).! HCV
infection often remains asymptomatic, but can lead to
chronic hepatitis, cirrhosis and hepatocellular carci-
noma (HCC).? Although the mechanisms of its patho-
genesis are incompletely understood, there are several
lines of evidence suggesting that oxidative stress is
present in hepatitis C to a greater degree than in other
inflammatory liver diseases and is closely related to
disease progression.’*® Previous in vitro and in vivo
studies have shown that HCV core protein induces the
production of reactive oxygen species (ROS)”" and that
mitochondrial electron transport inhibition by HCV
core protein is associated with ROS production.’®"
These results draw our attention to how HCV-induced
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mitochondrial injury contributes to disease progression
and hepatocarcinogenesis in hepatitis C.

On the other hand, HCV-related chronic liver diseases
are characterized by metabolic alterations such as
insulin resistance,'*' hepatic steatosis'® and/or iron
accumulation in the liver.>'” These metabolic disorders
also are relevant to the development of HCC in HCV-
related chronic liver diseases.’®?' The present review
highlights the mechanisms underlying the production
of mitochondrial ROS by HCV and the metabolic
disorders induced by mitochondrial dysfunction, and
discuss how mitochondrial ROS contribute to the
disease progression and hepatocarcinogenesis in
hepatitis C.

MITOCHONDRIAL ROS PRODUCTION

Mitochondrial electron transport and
ROS production
HE MITOCHONDRIAL ELECTRON  transport
system consists of several multi-polypeptide protein
complexes (I-V) embedded in the inner mitochondrial
membrane that receive electrons from reducing equi-
valents (i.e. nicotinamide adenine dinucleotide and

123
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FADH,) generated by dehydrogenases (e.g. pyruvate
dehydrogenase, o-ketoglutarate dehydrogenase, acyl-
coenzyme A dehydrogenase). These electrons flow
through complex I, the ubiquinone cycle (Q/QH,),
complex III, cytochrome ¢, complex IV, and to the final
acceptor O, to form H,O. Electron flow through com-
plexes 1, I1 and IV results in the pumping of protons to
the outer surface of the inner membrane, establishing a
membrane potential that is used by adenosine triphos-
phate synthetase to drive the re-phosphorylation of
adenine dinucleotide phosphate. Several of the redox
couples within the electron transport chain transfer
single rather than two electrons and are therefore sus-
ceptible to leaking electrons directly to surrounding O,
to form the free-radical superoxide (O,¢"). The detoxifi-
cation of ROS is an important function of the cellular
redox homeostasis system. Cells rapidly convert O,e~
into the two-electron non-radical hydrogen peroxide
(H,0,) by manganese superoxide dismutase (MnSOD).
H,O, in turn can be further reduced to H,O in the
mitochondrial matrix by glutathione (GSH) or the
thioredoxin/peroxiredoxin systems, or can freely diffuse
out of the mitochondria where it again is buffered by
GSH.*

Interaction of HCV core protein with
mitochondria and mitochondrial
ROS production

Hepatitis C virus core protein has been shown to
directly associate with mitochondria. While the initial

Hepatology Research 2014; 44: 123-132

reports showed that HCV core protein associated exclu-
sively with the mitochondrial outer membrane via a
C-terminal motif,’** a recent study using electronic
microscopy suggests that HCV core protein is also
associated with the mitochondrial inner membrane.?
Importantly, Schwer et al. have demonstrated that core
protein associates with the mitochondria-associated
membrane (MAM) fraction, a point of close contact
between the endoplasmic reticulum (ER) and mito-
chondrion.?® In addition, biochemical evidence suggests
that the interaction also takes place in the context of
productively replicative HCV in cell culture (HCVcc),®
even though subcellular analysis using confocal micros-
copy did not confirm a direct interaction of the HCV
core with mitochondria in HCVcc infected Huh7.5
cells.?® Direct interaction of HCV core protein with mito-
chondria potentially modifies mitochondrial ROS pro-
duction and scavenging, which subsequently induce
oxidative stress. The effects of HCV on ROS production
and scavenging are summarized in Table 1.7 When
mitochondrial electron transport activity is inhibited
by HCV core protein,’®*® electrons are likely to leak
from the electron transport chain transfer, accelerating
mitochondrial O,®~ production and/or H,O, emission.
Induction of mitochondrial and/or cellular antioxidant
enzymes concomitantly with ROS production may be
explained by antioxidant defense mechanisms rather
than direct induction of antioxidant enzymes by HCV,
even though HCV core and non-structural proteins have
been reported to lead to different effects on cellular

Table 1 Effects of HCV on ROS production or scavenging in vitro and in vivo

Effect on ROS production or scavenging In vitro and in vivo HCV models References
Inhibition of mitochondrial electron transport Structural gene transgenic mice, core gene 10, 28
transgenic mice, full genomic replicon cells
Oxidation of glutathione pool Structural gene transgenic mice, core- and 10, 29
non-structural protein-expressing cell lines
Induction of mitochondrial antioxidant Non-structural protein-expressing cell lines 29
enzymes
Inhibition of gastrointestinal- Subgenomic replicon cells 30
glutathione peroxidase
Induction of glutathione peroxidase Core-expressing cell line, subgenomic replicon cells 8, 30
Oxidation of the thioredoxin pool Core-expressing cell line 29
Increase in lipid peroxidation Core-expressing cell line, core gene transgenic mice 8,31
Induction of metallothionein Core-expressing cell line 8,32
Cytoplasmic ROS production by NADPH Core-expressing cell line, subgenomic replicon 33,34

oxidase

cells, full genomic replicon cells, HCV-infected

Huh?7 cells (JFH)

HCV, hepatitis C virus; NADPH, nicotinamide adenine dinucleotide phosphate; ROS, reactive oxygen species.
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antioxidant defenses.” Thus, one of the major sources
for intracellular ROS production by core protein is the
mitochondrion, even though the core is also involved
in ROS production at the plasma membrane by activat-
ing nicotinamide adenine dinucleotide phosphate
oxidase 4.°*

Modulated calcium signaling by HCV and
mitochondrial ROS production

The close physical association between the ER and
mitochondria mediated by MAM results in Ca*
microdomains at contact points that facilitate efficient
Ca* transmission from the ER to mitochondria.”
Although sufficient intra-organelle Ca* concentrations
are required to stimulate metabolism by activating
enzymes critical for maintenance of the tricarboxylic
acid (TCA) cycle,* prolonged increases of Ca can, in
turn, interfere with the activity of these enzymes. The
TCA cycle activity affects the electron transport chain
activity, which in turn affects the mitochondrial mem-
brane potential (A¥). Thus, increased Ca** influx to
mitochondria induces a substrate imbalance of the TCA
cycle that leads to the generation of mitochondrial ROS,
probably through the inhibition of electron transport
chain activity. There are several lines of evidence indi-
cating that HCV increases mitochondrial ROS produc-
tion by modulating calcium signaling.*** The HCV
NS5A protein is reported to cause a disturbance of
intracellular Ca*" signaling, which triggers mitochon-
drial ROS production.?” As shown in Figure 1, HCV core
protein also enhances mitochondrial Ca* uptake in
response to ER Ca release through activation of the
mitochondrial Ca*" uniporter, which leads to increased
mitochondrial ROS production.’®** Pharmacological
inhibition of ER-mitochondrial Ca** fluxes, but not
ROS scavengers, has been shown to normalize all aber-
rant effects induced by HCV: normalization of the elec-
tron transport chain complex I activity, restoration of
mitochondrial AY and normalization of ROS concen-
trations. More importantly, the time course and titration
of HCV polyprotein expression suggest that mitochon-
drial Ca?* uptake is the earliest of these above events
induced by HCV.* Thus, mitochondrial Ca** uptake
may be the initial event associated with mitochondrial
dysfunction induced by HCV and may, in turn, trigger
complex I inhibition, loss of mitochondrial A¥ and
ROS production. All these effects could be counteracted
by intracellular Ca* chelation, suggesting that control of
mitochondrial Ca** uptake may be useful as a new thera-
peutic intervention.

HCV and mitochondrial ROS 125

MITOCHONDRIAL QUALITY CONTROL

S MENTIONED ABOVE, the detoxification of ROS

is an important function of the cellular redox
homeostasis system. Under resting cellular conditions,
the intracellular redox environment is in a relatively
reduced state.” Therefore, the next question is how HCV
core-induced mitochondrial ROS production and the
subsequent oxidative stress persist in spite of the pres-
ence of ROS-detoxifying agents such as MnSOD and/or
GSH or the thioredoxin/peroxiredoxin systems. There
are several lines of evidence indicating that mito-
chondrial injury is present in patients with chronic
hepatitis C* and transgenic mice expressing the HCV
core protein.”” Although it remains unknown whether
damaged mitochondria behave as an active ROS source,
they are assumed to have less ROS-detoxifying
activity than intact mitochondria. In mammalian cells,
the autophagy-dependent degradation of mitochondria
(mitophagy) is thought to maintain mitochondrial
quality by eliminating damaged mitochondria.***?
Indeed, mitophagy plays an essential role in reducing
mitochondrial ROS production and mitochondrial
DNA mutations in yeast.* Mitochondrial membrane
depolarization precedes the induction of mitophagy,*
which is selectively controlled by a variety of proteins
in mammalian cells, including phosphatase and
tensin homolog (PTEN)-induced kinase 1 (PINK1) and
the E3 ubiquitin ligase Parkin.*** PINK1 facilitates
Parkin targeting to the depolarized mitochondria®® and,
although Parkin ubiquitinates a broad range of mito-
chondrial outer membrane proteins,® it remains
unclear how Parkin enables damaged mitochondria to
be recognized by the autophagosome. We recently
found that HCV core protein suppresses mitophagy by
inhibiting the translocation of Parkin to the mitochon-
dria via a direct interaction with it (Yuichi Hara, unpubl.
data, 2013). Considering that oxidative stress and/or
hepatocellular mitochondrial alterations are present in
chronic hepatitis C to a greater degree than in other
inflammatory liver diseases®* and that mitophagy is
important for maintaining mitochondrial quality by
eliminating damaged mitochondria, our finding that
HCV core protein suppresses mitophagy may in part
explain the pathophysiology of chronic hepatitis C.
However, in contrast to our results, Siddiqui et al. have
shown that HCV induces the mitochondrial transloca-
tion of Parkin and subsequent mitophagy.* In addition,
their results indicated that the HCV-mediated decline of
mitochondrial complex I enzyme activity was rescued by
chemical inhibition of mitophagy or by Parkin silenc-
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Figure 1 Schematic diagram depicting hepatitis C virus (HCV)-related calcium transfer from the endoplasmic reticulum (ER) to the
mitochondria in the mitochondria-associated membrane (MAM) fraction. HCV core protein enhances mitochondrial Ca2* uptake
in response to ER Ca® release through activation of the mitochondrial Ca** uniporter, which leads to increased mitochondrial ROS
production The voltage-dependent anion channel (VDAC) is the major component of the mitochondrial permeability transition
(MPT) pore. It is assumed that there is spatial proximity of the complexes responsible for ER Ca** release, mitochondrial Ca? uptake

and the MPT pore.

ing, and suggested that induction of mitophagy by HCV
may significantly contribute to the mitochondrial injury
associated with chronic hepatitis C. Thus, it still remains
a matter of debate as to whether HCV induces or sup-
presses mitophagy and how oxidative stress persists in
HCV infection.

METABOLIC ALTERATIONS BY
MITOCHONDRIAL ROS

Insulin resistance

FTYPE 2 DIABETES mellitus is one of the important
1 extrahepatic manifestations associated with chronic
HCYV infection.*”#® The final common pathway respon-

© 2013 The Japan Society of Hepatology

sible for the development of type 2 diabetes mellitus is
the failure of the pancreatic B-cells to compensate for
insulin resistance. Although the molecular mechanisms
by which HCV promotes insulin resistance have not
been fully elucidated, there are several lines of evi-
dence suggesting that HCV directly induces insulin
resistance.*-*' Insulin receptor substrate (IRS)1 and
IRS2 are normally expressed in hepatocytes and central
molecules of the hepatic insulin signal cascade. HCV
core protein is reported to upregulate suppressor
cytokine signal (SOCS)3 and cause ubiquitination of
IRS1 and IRS2, leading to their proteosomal degrada-
tion.® SOCS3 also suppresses phosphorylation of
tyrosine within IRS1.5>** Inhibition of tyrosine phos-
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phorylation within IRS1 due to a high level of tumor
necrosis (TNF)-o. which leads to suppression of down-
stream insulin signals has been shown in HCV core
transgenic mice."”

What roles do mitochondrial ROS play in HCV-
induced insulin resistance? TNF-o. phosphorylates Ser*®”
of IRS1 through serine (Ser) kinases such as c-Jun
N-terminal kinase (JNK), which disrupts the interaction
between the catalytic domains of the insulin receptors
and the phosphotyrosine-binding domain of IRS1,***
even though there is a contrary report that Ser’”
promotes insulin sensitivity in mice.*® The intra-
cellular redox condition is a master regulator of
phosphorylation/dephosphorylation events due to the
presence of redox-sensing cystein (Cys) residues within
nearly all classes of protein phosphatase enzymes.”” In
general, phosphatase activity is depressed in response
to an oxidative shift in the redox environment, thus
leading to a concomitant increase in kinase activity
either via direct oxidant-induced activation or secondary
to phosphatase inactivation.’” Inactivation of protein
tyrosine phosphatases is mediated via the oxidation of a
conserved redox sensitive Cys residue within their cata-
lytic sites, which must be in the reduced state as the thiol
(-SH) to form a cysteinyl-phosphate intermediate
during hydrolysis.®® Thus, research conducted over the
past several years has established a role for the activation
of stress sensitive Ser/threonine (Thr) kinases and their
subsequent phosphorylation of inhibitory Ser/Thr resi-
dues within the insulin receptor and IRS1/2 as a poten-
tial mechanism of insulin resistance.®® In agreement
with the evidence suggesting a central role for ROS in
the development of insulin resistance,® HCV core-
induced mitochondrial ROS production is presumed to
induce insulin resistance through activation of Ser/Thr
kinases such as JNK1 and subsequent inhibition of tyro-
sine phosphorylation within IRS1 (Fig. 2). Hepatic
insulin resistance induces suppressed insulin clearance
as well as increased insulin secretion from pancreatic
B-cells, which leads to hyperinsulinemia and represses
whole-body insulin sensitivity.*

Hepatic steatosis

Hepatic steatosis is also one of the pathophysiological
features of HCV-associated chronic liver disease.’'¢ It is
characterized by the cytoplasmic accumulation of lipid
droplets, mainly composed of triglyceride and choles-
terol ester. The composition of triglycerides in the
liver is uniquely and significantly enriched in carbon
monosaturated (C18:1) fatty acids in chronic hepatitis
C,%? which is distinct from what occurs in obese patients.
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The mechanisms underlying HCV-related steatosis are
diverse: decreased lipoprotein secretion from hepato-
cytes, increased synthesis of fatty acids, decreased fatty
acid oxidation and increased fatty acid uptake by hepa-
tocytes. The HCV core protein has been demonstrated to
inhibit microsomal transfer protein activity® and to
upregulate transcriptional activity of sterol regulatory
element-binding protein 1, a transcription factor
involved in lipid synthesis.* These observations under-
score the importance of the core as a direct and principal
regulator of HCV-associated steatosis. On the other
hand, decreased fatty acid oxidation and increased fatty
acid uptake are related to mitochondrial dysfunction
and hyperinsulinemia, respectively. Indeed, we previ-
ously demonstrated impaired mitochondrial fatty acid
oxidation concomitant with increased ROS production
in iron-overloaded transgenic mice expressing the HCV
polyprotein.*® Hyperinsulinemia derived from insulin
resistance inhibits lipolysis in the liver and increases
fatty acid uptake by hepatocytes. As described above,
mitochondrial ROS production is presumed to induce
insulin resistance. Thus, inhibited fatty acid oxidation
and increased fatty acid uptake are potentially related to
mitochondrial ROS production induced by the core
protein.

Hepatic iron accumulation

Elevated iron-related serum markers and increased
hepatic iron accumulation are relatively common and
correlate with the severity of hepatic inflammation and
fibrosis in patients with chronic hepatitis C. Excess diva-
lent iron can be highly toxic, mainly via the Fenton
reaction producing hydroxyl radicals.®® This is particu-
larly relevant for chronic hepatitis C, in which oxidative
stress has been proposed as a major mechanism of
liver injury. Oxidative stress and increased iron levels
strongly favor DNA damage, genetic instability and
tumorigenesis. Indeed, a significant correlation between
8-hydroxy-2’-deoxyguanosine (8-OHdG), a marker of
oxidatively generated DNA damage,®” and hepatic iron
excess has been shown in patients with chronic hepatitis
C.%® We showed that transgenic mice expressing the HCV
polyprotein fed an excess-iron diet developed HCC
through hepatic accumulation of 8-OHdG.%®

Here, we discuss the mechanisms by which hepatic
iron accumulates in chronic hepatitis C, focusing on
the relationship between HCV-induced ROS production
and iron metabolic disorder. Systemic iron homeostasis
is mainly regulated both by intestinal absorption and
macrophage recycling of iron from hemoglobin because
there is no efficient pathway for iron excretion.®

© 2013 The Japan Society of Hepatology
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Figure 2 Schematic diagram depicting the presumed mechanism underlying the inhibitory effect on tyrosine phosphorylation
within insulin receptor substrate 1 (IRS1). Hepatitis C virus (HCV) core-induced mitochondrial reactive oxygen species (ROS)
production is presumed to induce insulin resistance through activation of Ser/Thr kinases such as ¢-Jun N-terminal kinase-1 (JNK1)
and subsequent inhibition of tyrosine phosphorylation within IRS1. IR, insulin receptor; Ser, serine; Thr, threonine; Tyr, tyrosine;
ERK, extracellular signal-regulated kinase; IKKP, inhibitory-xf kinase B.

Hepcidin, which was. originally isolated from human
serum and urine as a peptide with antimicrobial activ-
ity,’° is a hormone exclusively synthesized in the liver
and a soluble regulator that acts to attenuate both intes-
tinal iron absorption and iron release from reticuloen-
dothelial macrophages.” Hepatic mRNA levels’? and the
25 amino acid bioactive hepcidin levels in serum” are
lower in chronic hepatitis C than in chronic hepatitis B
or controls, despite a significant correlation between
hepcidin and serum ferritin or the histological iron
score. Thus, the relatively decreased synthesis of
hepcidin in chronic hepatitis C contrasts with the abso-

© 2013 The Japan Society of Hepatology

lute deficit or lack of hepcidin synthesis observed in
hereditary hemochromatosis. The detailed mechanisms
underlying the transcriptional regulation of hepcidin are
discussed elsewhere. Interestingly, alcohol metabolism-
mediated ROS were shown to suppress hepcidin
transcription via CCAAT/enhancer-binding protein o
(C/EBPa).™ In parallel with these results, we found
that hepcidin promoter activity and the DNA binding
activity of C/EBPa. were downregulated concomitant
with increased expression of C/EBP homology protein
(CHOP), an inhibitor of C/EBP DNA binding activity,
and with increased levels of mitochondrial ROS in
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Decreased DNA biding
activity of C/EBPo.

Stabilization
of HIF

e

e

Decreased DNA biding
activity of STAT3

Figure 3 Schematic diagram depicting the mechanism by
which mitochondrial reactive oxygen species (ROS) suppress
hepcidin transcription in transgenic mice expressing hepatitis
C virus (HCV) polyprotein or full-length HCV replicon cells.
CHOP, CCAAT/enhancer-binding protein (C/EBP) homology
protein; HDAC, histone deacetylase; HIF, hypoxia inducible
factor; STAT3, signal transduction and activator of transcrip-
tion 3.

transgenic mice expressing the HCV polyprotein.”
There are several lines of evidence indicating that ROS
upregulate the expression of CHOP.” In agreement with
our observation, an in vitro study using hepatoma cells
showed that HCV-induced ROS inhibited the binding
activity of C/EBPo and signal transduction and activator
of transcription 3 to the hepcidin promoter in addition
to stabilization of hypoxia-inducible factor through
increased histone deacetylase activity.”” Thus, HCV
core-induced mitochondrial ROS accumulate hepatic
iron through the inhibition of hepcidin transcription

(Fig. 3).

CONCLUSION

N THE PRESENT review we discussed how HCV inter-

acts with mitochondria and how subsequently occur-
ring mitochondrial ROS production contributes to the
pathophysiology of HCV-related chronic liver diseases.
The mitochondrion is the key organelle that determines
the cellular response to various kinds of biological
stress. Therefore, it may not be surprising that HCV-
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induced alterations of mitochondrial functions have
a critical impact on disease progression towards
hepatocarcinogenesis by creating an oxidatively stressed
liver microenvironment through mitochondrial ROS
production. However, the molecular details underlying
HCV-induced mitochondrial dysfunctions remain con-
fusing and are still a matter of debate, which undoubt-
edly requires further investigation to shed light on the
questions in this field.
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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
Huh?7.5.1 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 HCVicp into Huh7.5.1 cells was not impaired. Infection
of Huh7.5.1 cells with culture-derived HCV (HCVcc) via a clathrin-independent pathway was also
observed. Knockdown of caveolin-1, ADP-ribosylation factor 6 (Arfg), 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 (NPCILI1)
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 et 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 HCVcc.

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
HCVitcp 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 HCVitcp 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. 2c). 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 HCVicp 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 contro! (Ctl) siRNA
was set at 100 %. Data represent the mean = SD. 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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Fig. 2. Role of endosomal low pH in HCV infection. Cells were treated with bafilomycin A1 for 1 h at the indicated
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 HCVicp infection. Luciferase activity was determined at 10 h post-treatment and expressed
relative to amounts observed in controls. Data represent the mean =+ SD. Statistical differences between controls and indicated
concentrations were evaluated using Student's f-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 Cavl 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 HCVtcp was significantly reduced by
knockdown of CHC and Dyn2 in Huh-7 cells, but not in
Huh7.5.1 cells. Knockdown of Cavl showed no inhibitory
effects on HCVicp 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

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 (PI4K) (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.

Expression of the dominant-negative form of
Dyn2 reduces HCYV infection in Huh-7 cells, but
not in Huh7.5.1 cells

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 (&) or immunostaining (b) at 48 h
post-transfection. Bar, 50 pm. (c) Cells were transfected with the indicated siRNAs, followed by infection with HCVicp at 48 h post-

transfection. Firefly luciferase activity in the cells was subsequently

determined at 3 days post-infection. The value for control (Ctf) 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 siRNA was set at 100 %. Data represent
the mean £ sD. (e) Cells were infected with HCVicp, 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 = sp.
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-W'T), 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 Huh?7.5.1 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

(a) Dyn2 NSBA
wr §
Huh-7
K44A
WT
Huh7.5.1
K44A
(c) Dyn2 Transferrin
WT
Huh-7
K44A
WT
Huh7.5.1
K44A

Merge (d)

Merge

(b) 80+

D
(@]
i

40

Infection of Dyn2-
expressing cells (%)

N
o
L

WT K44A  WT K44A

Huh-7 Huh7.5.1

100 4
80 4
60

40

N '—I]
0

WT  K44A  WT  K44A

Transferrin internalization of
Dyn2-expressing cells (%)

Huh-7 Huh?7.5.1

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 HCVicp, which possessed a subgenomic replicon without the luciferase gene. After 3 days, cells were
fixed and HA-Dyn2 or HCV NS5A stained with anti-HA or anti-NS5A antibodies, respectively. Cell nuclei were counterstained
with DAPI. Bar, 100 um. (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 =% sD. (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 DAPIl. Bar, 100 um. (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 =% sD. Statistical differences between Dyn-WT and Dyn-K44A were evaluated using Student’s #-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 p2l-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. 5c). 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.

(a) siRNA

@

CtBP1 |1

PAK1

(®)
Flot1
Arf6 GRAF1
Actin GAPDH

Actin ;y,fy,,‘,,‘i.”'f,i B oo

200

150 1

100 1

Luciferase activity (%)

N BB ,v
> N ©
o) < &
SiRNA

300 A

200 A

100 ~

Luciferase activity (%)

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 HCVtcp. 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 immunoblotting (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 (Ct) siRNA transfection. Data represent the mean % sp.

http://virsgmjournals.org

— 451 —

2663



M. Matsuda and others

(@)

HepCD81/miR122 Hep3B/miR122
6\\\'
o o‘bo o*& o®
CHC i CHC | S CHO [t oo S it
Dyn2 —— Dyn2 Dyn2 P iy
Claudin-1 [P e Claudin-1 | Se————a—- Claudin-1 [S—
Actin Actin Actin
(b) ORL8c HepCD81/miR122 Hep3B/miR122
120 7 120 4
100 A 100 4
2 801 Z 801 z
Z = =
g 6o 8 60 8
@ @ @
© i i
L 404 L 40 2
8 g g
| ] > |
20 3 - 20 1 *
0- > @) Q N - > v .
X J Q (@] % N RN @] 9 N
@) 0\2\ Q\\Q \)6\(\ QO 0\2\ Q\\(\ 0&(\ (@) 0\2\ Q\\(‘ ‘b\(\
o® o® il
siRNA siRNA siRNA

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 HCVicp 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
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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 Huh?7.5.1 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 3c 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 ORLS8c 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,
Huh?7.5.1, 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 ORL8c 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™Y), insulin (10 ug ml™), hydrocortisone (0.36 pg ml™Y,
transferrin (5 pug ml™1), linoleic acid (5 ug 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 B2 (N417S), p7 (N765D) and NS2
(Q1012R) were generated as described previously (Suzuki et al,
2012). For HepCD81/miR122 and ORL8c 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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