Suppressed Mitophagy by HCV Core Protein
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mitochondria, was significantly reduced in JFH1-Huh7 cells
compared with Huh7 cells (Figure GF). Therefore, HCV
infection clearly suppressed mitophagosome formation.

In agreement with suppressed mitophagosome formation,
the LC3-II/T ratio was significantly lower after CCCP
treatment in JFH1-Huh7 cells compared with Huh7 cells
(Figure 7A), although the LC3-II/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 JFHI-Huh7 cells (Figure 7B).
In vivo, FL-N/35-transgenic mice and HCV-infected
chimeric mice also showed significantly reduced expres-
sion levels of LC3 mRNA in the liver compared with the
control mice (Figure 7C), in agreement with reduced
expression of Parkin in the mitochondrial fraction. These
results may seem to be inconsistent with increased protein
level of LC3-II after CCCP treatment in vitro. However, the
lower LC3-1I/1 ratio after CCCP treatment in HCV-infected
cells than in noninfected cells may reflect reduced expres-
sion levels of LC3 mRNA in FL-N/35-transgenic mice and
HCV-infected chimeric mice. Further studies are required to
clarify the mechanisms.

Several previous studies have proposed that autophago-
some accumulation is enhanced on HCV infection and in
HCYV replicon cell lines.”* ™™ Our findings of a decreased
LC3-1I1 ratio in JFHI1-Huh7 cells, FL-N/35-transgenic
mice, and HCV-infected chimeric mice seemingly contra-
dict these previous reports. To clarify whether the decrease
in LC3-1II/I 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, JFHI-Huh7 cells showed
significantly increased LC3-II/I ratio compared with Huh7
cells after incubation with EBSS for 1 hour (Figure 8A),
suggesting that HCV infection promoted autophagy under
macroautophagy-inducible conditions. In agreement with
increased LC3-II/I 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 L.C3-1I/I ratio observed after CCCP treatment
in JFH1-Huh7 cells likely represents a consequence of
mitophagy inhibition, but not autophagy inhibition by
HCYV infection.

Suppression of Autophagic Degradation

The autophagic adaptor p62 can both aggregate ubiquiti-
nated proteins by polymerizing with other p62 molecules
and recruit ubiquitinated. cargo into mitophagosomes by
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Figure 8  Effect of HCV infection on LC3-II expression and autopha-
gosome formation after culture with Earle’s balanced salt solution (EBSS).
A: Immunoblots for LC3-IT using Huh7 and JFH1-Huh7 cells before (—) and
after (+) culture with EBSS (n = 6). The LC3-II and LC3-1 expression level
was normalized to B-actin. Electron microscopy of Huh7 (B) and JFH1-Huh7
(C and D) cells after EBSS treatment. The arrows indicate autophagosomes;
arrowheads, HCV core protein. E: The number of autophagosomes per
100 x 100 um? was calculated for five randomly selected views. *P < 0.05,
**P < 0.01.

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

Finally, we assessed the change in VDACT content after
CCCP treatment to obtain additional evidence as to whether
mitophagy itself was suppressed by HCV infection. After a
2-hour CCCP treatment, a decrease in cellular content of
VDAC1 was significantly smaller in JFH1-Huh7 cells
than in Huh7 cells (Figure 9C). We also found that
CCCP-induced increase in ROS production was greater in
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Figure 9. Effect of HCV infection on cellular p62 and VDACT expression after carbonyl cyanide m-chlorophenylhydrazone (CCCP) treatment and reactive
oxygen species (R0S) production. A: Irrimunoblots for p62 using whole cell lysates of Huh7 and JFH1-Huh7 cells before and after a 1- and a 2-hour CCCP
treatment (n ='5). B: Immunoblots for p62 using the liver from non-transgenic (non-TgM) and TgM (n = 5) mice and from chimeric mice without or with HCV
infection (n = 5). The p62 expression level was normalized to B-actin. C: Immunoblots for VDAC1 using whole cell lysates of Huh7 and JFH1-Huh7 cells before
and after a 1- and a 2-hour CCCP treatment (7= 5). The VDAC1 expression level was normalized to B-actin. D: Changes in cellular ROS production after a
1-hour CCCP treatment in Huh7 and JFH1-Huh7 'c'eU.s (n'=5)."*P < 0.05, **P < 0.01.

JFH1-Huh7 cells than in Huh7 cells (Figure 8D). These
results were consistent with a previous study that showed an
essential role of mitophagy in reducing mitochondrial ROS
producytion4LO and, therefore, may reflect the suppressed
mitophagy in the presence of HCV infection.

Discussion

Mitophagy may likely be induced in HCV-JFH1—infected
cells in the context of mitochondrial depolarization, and in
transgenic mice expressing the HCV polyprotein or in
HCV-infected chimeric mice, both of which showed the
decreased mitochondrial GSH content. Our results suggest
that the HCV core protein inhibits mitophagy during
HCV infection and that the molecular mechanisms by
which this suppression occurs include the interaction of the
HCV core protein with Parkin and the inhibition of Parkin
translocation to the mitochondria. This inhibition leads to
the failure of mitochondrial ubiquitination, mitophagosome
formation, and autophagic degradation (Figure 10). Because
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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 PINKI accumulates in the mitochondria and
phosphorylates Parkin after CCCP treatment and that the
suppression of the mitochondrial Parkin signal occurs by
blocking PINK1 via siRNA. Therefore, we could exclude
the possibility that PINK1 plays a role in suppressing the
recruitment of Parkin to the mitochondria. To our knowl-
edge, this is the first report to demonstrate a suppressive
effect of a viral protein on mitophagy via an interaction with
Parkin. Interestingly, silencing Parkin via siRNA inhibited
HCYV core expression, which was consistent with the results
of a recent study.”® These results suggest that HCV poten-
tially uses Parkin for its replication through the interaction
between the HCV core protein and Parkin. Parkin may be
post-transcriptionally involved in HCV replication; because
Parkin silencing did not affect HCV core mRNA levels.

Suppression of Autophagic
Degradation

Suppression of
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R —

Sequestered Mitochondrion by
Isolation Membrane

A séhematic diagram depicting the mechanisms underlyin'g mitophagysu;‘)press‘ioyn‘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
HCV infection, previous studies have reported the enhanced
accumulation of autophagosomes without any effect on
autophagic protein degradation,” the requirement of LC3
for efficient HCV 1rep1ication,3 4 and the occurrence of
HCV RNA replication on autophagosomal membranes.*®
Mitophagy 1is 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 LC3-11
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,28 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 mitophagy in
HCV-infected cells between our study and a previous one.”®
Although suppressed mitophagy was also found in FL-N/
35-transgenic mice and HCV-infected chimeric mice
without any treatment, these mice may not be simply
compared with HCV-JFHI—infected cells in terms of
extremely low levels of viral proteins in FL-N/35-transgenic
mice or spontaneous oxidized mitochondrial glutathione in
both mice. Another difference between two studies was
postinfection time from infection to assessment of mitoph-
agy in HCV-JFHI—infected cells (21 versus 3 days).
However, further studies are required to clarify whether
postinfection time of HCV-JFH1—infected cells affects the
interaction of HCV with Parkin. Oxidative stress and/or
hepatocellular mitochondrial alterations are present in
chronic hepatitis C to a greater degree than in other in-
flammatory liver diseases,"® and mitophagy is important for
maintaining mitochondrial quality by eliminating damaged
mitochondria. Therefore, our results that the HCV core
protein suppresses mitophagy appear reasonable in the
context of what is known about the pathophysiological
characteristics of chronic hepatitis C.

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

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