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follows: RNA was extracted from the Huh-7 culture super-
natant using a QIAamp Viral RNA Kit (Qiagen, Valencia,
CA, USA). The HCV RNA was quantified by real-time RT-
PCR, using TagMan EZ RT-PCR Core Reagents (Applied
Biosystems) according to the manufacturer’s protocol, using
the published primers and probe [44]. The filtered (0.45 pm)
culture supernatant of HCV-infected Huh-7 cells containing
2 x 10® HCV RNA copies/ml [equivalent to 9.7 x 10*
focus-forming units (ffu)/ml] was used for the experiments.
To analyze HCV-RNA in the supernatant, Huh-7 cells
2 x 10° cells in a 6-well plate) were infected with JFH-1
(multiplicity of infection [MOI] = 0.01) and after 4 h the
cells were washed twice with phosphate-buffered saline
(PBS). The supernatants were then collected and the cells
were reseeded at 2 x 10° cells per 6-well plate. Then the
HBV expression and mock plasmid were transfected by
FuGENEG6 (Roche Applied Science, IN, USA). The super-
natant of the culture medium was collected 72 h after
transfection. Quantification of HBV-DNA and HCV-RNA
was carried out using real-time PCR.

IFN-o was added 24 h after the transfection of the HBV
plasmids, and the supernatant of the culture medium was
then collected 48 h after the addition of the IFN-o.

Results
Clinical characteristics of patients A and B
Patient A (high HBV-DNA titer and high HCV-RNA titer)

Patient A was a 44 year-old man with a high aspartate
aminotransferase/alanine  aminotransferase (AST/ALT)
level. The prothrombin time-international normalized ratio
(PT-INR) was in the normal range. Patient A had high
HBV-DNA titers and high HCV-RNA titers (Table 1). His
liver histology was classified as A2/F3 (Fig. 1). The lapa-
roscopic analysis indicated moderate inflammation and
intermediate fibrosis. The liver surfaces of the right lobe
and left lobe were almost the same phenotype. Polymor-
phism of IL-28B (rs8099917) was T/G (hetero allele).

Patient B (low HBV-DNA titer and high HCV-RNA titer)

Patient B was a 63 year-old man with a low AST/ALT
level. PT-INR was in the normal range. Patient B had low
HBV-DNA titers and high HCV-RNA titers. The liver
histology was classified as A2/F1 (Fig. 1). The liver sur-
face showed moderate inflammation and was smooth. The
polymorphism of IL-28B (rs8099917) was T/T (major
homo allele).

Biopsy samples from patients with dual HBV and HCV
infection were collected at the main liver centers in Miyagi
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Table 1 Background of HBV/HCV dual-infected patients

Patient B
HCYV high titer/
HBYV low titer

Patient A
HCYV high titer/
HBYV high titer

Normal range

Gender Male Male
Age (years) 44 63
HCV-RNA 6.5 55 log copies/ml
HCV b Ib
genotype
HBV-DNA 55 35 log copies/ml
HBV C Bj
genotype
HBe-Ag 129.5 0.5 0-0.9 index
HBe-Ab 0.1 99.3 049 %
Total 0.7 1.2 0.2-1.2 mg/dl
bilirubin
Direct 0.1 0.1 0-0.3 mg/dl
bilirubin
y-GTP 208 31 8-57 IU/N
AST 138 33 12-30 1TUN
ALT 256 38 8-35 U/
Hb-Alc 53 54 4.3-5.8 %
Glu 103 83 68-106 mg/dl
BMI 25.34 18.75
T-cho 160 195 128-220 mg/dl
LDL-cho 69 93 70-139 mg/dl
HDL-cho 37 67 36-89 md/dl
WBC 7800 5100 3200-9600/p1
RBC 491 446 428-566 x 10%
pl
Hb 17.1 14.1 13.6-17.4 g/dl
PLT 169000 176000 155000-347000/
ul
PT-INR 0.87 0.96 0-1.15 INR
Liver A2/F3 A2/F1 METAVIR
histology score
IL-28B SNP  T/G T/T
(rs8099917)

HCYV hepatitis C virus, HBV hepatitis B virus, e-Ag envelope antigen,
e-Ab envelope antibody, y-GTP y-guanosine triphosphate, AST
aspartate aminotransferase, ALT alanine aminotransferase, Hb
hemoglobin, Glu glucose, BMI body mass index, T-cho total cho-
lesterol, LDL low-density lipoprotein, HDL high-density lipoprotein,
PLT platelets, PT-INR prothromin time-international normalized
ratio, IL interleukin, SNP single-nucleotide polymorphism

prefecture. Fifteen HBV/HCV dual-infected patients were
found in this study (Supplementary Table 1). Many of
these patients had HCV-dominant infection and undetect-
able levels of HBV replication (10/15 patients). Most of the
patients were HB envelope antigen (eAg)-negative and HBe
antibody (Ab)-positive (14/14 patients). All HBV/HCV
dual-infected patients who had received Peg-IFN-based
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Fig. 1 Laparoscopic liver biopsy. The laparoscopic images of the liver surfaces of patient A (a) and patient B (b) are shown. Histopathology of

patient A (c) and patient B (d) is also shown. Bars = 50 pm
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Fig. 2 Virological analysis of hepatitis B virus (HBV) and hepatitis
C virus (HCV) in HBV/HCV dual infection. The amino acid
sequences of the HCV-core region including core-70 and core-91,
which were previously reported as determinants of the sensitivity to
pegylated interferon/ribavirin (Peg-IFN/RBV) therapy, in patient A

treatment achieved a sustained viral response (SVR) (5/5
patients). These data indicated that HCV-dominant dual-
infected patients had good responses to treatment for HCV
infection.

and patient B are shown (a). The amino acid sequences of the
interferon sensitivity determining region (ISDR), which were previ-
ously reported as determinants of the sensitivity to IFN, in patients A
and B are shown (b)

Virological analysis of HBV/HCV in patients A and B

The HCV genotype in both patient A and patient B was 1b.
The sequences of amino acids in the ISDR region and HCV
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core-70 and core-91 amino acids were analyzed by direct
sequencing. Both patients had wild-type core-70 and core-
91 amino acids (Fig. 2a). None of the mutations of the
ISDR region was detected in patient A, but two of the
mutations of the ISDR region were detected in patient B
(Fig. 2b). The genotypes of HBV in patients A and B were
analyzed by direct sequencing and phylogenetic tree
analysis. The genotype of HBV in patient A was genotype
C, which has been reported as difficult-to-treat HBV. The
genotype of HBV in patient B was genotype Bj, which has
been reported as easy-to-treat HBV in comparison to
genotype C [45-47].

Sequential analysis of biochemical and virological data
during Peg-IFN/RBV therapy

Patient A

In patient A, HCV-RNA gradually declined during Peg-
IFN/RBV therapy. On the other hand, the HBV-DNA
gradually increased during Peg-IFN/RBV therapy
(Fig. 3a). The amount of HBeAg started to increase
9 months after the start of Peg-IFN/RBV therapy. HCV-
RNA started to increase 12 months after the start of Peg-
IFN/RBV therapy, although Peg-IFN/RBV was still being
administered up to 18 months after the start of Peg-IFIN/
RBV therapy (Fig. 3a).

Patient B

In patient B, HCV-RNA and HBV-DNA rapidly declined
after the start of Peg-IFN/RBV therapy (Fig. 3b). HCV-
RNA could not be detected in peripheral blood 2 months
after the start of Peg-IFN/RBV therapy. Peg-IFN/RBV was
administered up to 12 months after the start of the Peg-
IFN/RBYV therapy. The amounts of HBeAb and HBeAg did
not change during the Peg-IFN/RBV therapy (Fig. 3b).

Sequential immunological analysis during Peg-IFN/
RBV therapy

We analyzed various subsets of immune cells that could
affect the immunopathogenesis of HBV/HCV dual infection.
NK cells (CD3"CD16 CD56"&" and CD3 CDI16"
CD56™™) and NK-T cells (CD3"CD56'CD16%, CD3*
CD567CD16~ and CD3"CD56 CD16%) were analyzed
(Supplementary Fig. 1A). The CD3™ gated lymphocytes
were separated into 4 groups (a, b, ¢, and d). For these subsets,
(a) indicated the presence of CD3 CD16 CD56"&" NK cells
that could produce various cytokines vigorously and had low
cytotoxic activity. Subset (b) showed CD3~CD16*CD56"™
NK cells that had weak cytokine production ability and high
cytotoxic activity.
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The CD3" gated lymphocytes were separated into 3
groups (a, b, and c). The activated CD3", CD3"CD4", and
CD3"CD8" T cells were analyzed (Supplementary
Fig. 1B). HLA-DR" activated CD3", CD3"CD4*, and
CD3"CD8" T cells could be clearly distinguished by
FACS analysis. Additionally, representative dot plots of
Tregs and B cells were created (shown in Supplementary
Fig. 1C). The frequencies of CD3 CD16"CD56%™ NK
cells, CD3*CD16 CD56" NK-T cells, activated
CD3tCD4" T cells, and activated CD3TCD8" T cells
fluctuated similarly during Peg-IFN/RBV therapy in patient
A (Supplementary Fig. 1D). Activated T cells were
increased at one month of Peg-IFN/RBV therapy, and the
above subsets of lymphocytes gradually decreased up to 3
months of Peg-IFN/RBV therapy. After that, these cells
gradually increased again up to 9 months of Peg-IFN/RBV
therapy. In patient A, after 9 months of Peg-IFN/RBV
therapy, these cells had decreased again (Supplementary
Fig. ID). The frequency of Tregs and activated B cells
(data not shown) did not change during Peg-IFN/RBV
therapy in patient A (Supplementary Fig. 1D). On the other
hand, in patient B, the frequencies of CD3 CDI16"
CD56"™ NK cells, CD3"CD16 CD56" NK-T cells, acti-
vated CD3TCD4" T cells, and activated CD3TCD8" T
cells were increased and sustained during Peg-IFN/RBV
therapy (Supplementary Fig. 1E). Five HCV monoinfected
patients were analyzed by the same protocol (Supplemen-
tary Fig 1F). The mean frequency of various kinds of
immune subsets was analyzed (Supplementary Fig 1F).
The tendency of immunological reactions during Peg-IFN/
RBV therapy in these five patients was similar to that in
patient B.

Analysis of HBV- and HCV-specific immune responses

The analysis of HBV- and HCV-specific-immune responses
was carried out by ELISPOT assay. Representative spots of
IFN-y are shown in Fig. 4a. In patient A, HCV- and HBV-
specific IFN-y secretion activities were remarkably low in
comparison to the IL-10 secretion activity. Moreover, in
patient A, the induction of [FN-y-secreting cells could not be
detected after Peg-IFN/RBYV therapy, especially in regard to
HBV-core specific IFN-y secretion in PBMCs (Fig. 4b). On
the other hand, in patient B, the HBV-core specific IFN-y-
secreting cells were high in comparison to those in patient A
(Fig. 4c). Moreover, the induction of IFN-y-secreting cells
could be detected during Peg-IFN/RBV therapy in patient B
(Fig. 4c). The mean numbers of IFN-y- and IL-10-secreting
spots in HBV-dominant dual-infected patients, patients with
monoinfection with HBV genotype Bj (HBeAb™), Bj
(HBeAg™),C (HBeAb™), C (HBeAg™), or HCV genotype 1b
are shown in Fig. 4d. In patient A, HB core antigen
(HBcAg)-specific IFN-y secretion was weaker than that in
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Fig. 3 Sequential biochemical
data analysis during Peg-IFN/
RBV therapy. The titers of
HBV-DNA and HCV-RNA; the
amounts of envelope antigen
(eAg) and envelope antibody
(eAb), and alanine
aminotransferase (ALT) and
aspartate aminotransferase
(AST); and the numbers of
WBCs, neutrophils (Neut),
lymphocytes (Lym), and
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HBV-genotype C-monoinfected patients who were HBeAg-
positive. However, HBcAg-specific IL-10 secretion in
patient A was stronger than that in HBV-genotype C
monoinfected patients who were HBeAg-positive. These
data indicated that the presence of HCV might also suppress
the HBV-specific immune response in regard to certain host

012 345678 910111213 141516 17 18 19 20 21 22 23 24
(Month)

factors (e.g., in the presence of IL-28B polymorphism, and
depending on the body mass index [BMI] and y-guanosine
triphosphate [y-GTP] level), because the presence of HCV
did not suppress the HBV-specific immune response either in
patient B or in the patients with dual HCV-dominant infec-
tion. Otherwise, we could deny the possibility indicating that
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Fig. 3 continued
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the certain background of host factors could allow the exis-
tence of dual virus actively. These data indicated that HBV-
specific IL-10-secreting cells and/or certain kinds of host
factors had an important role in HBV- and HCV-specific
immune suppression in patient A, but not in patient B.

In vitro analysis of HBV/HCV dual infection

We carried out in vitro analysis of HBV/HCV infection using
Huh-7 cells that were susceptible to the HCV-JFH-1 strain
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and HBV expression plasmids. The amount of the JFH-1
strain did not change with the various kinds of HBV
expression plasmids (Fig. 5a). Moreover, the amounts of the
various HBV strains did not change in the presence of JFH-1
infection. These data indicated that no direct effect of HBV
and HCV could be detected in Huh 7 cells. We carried out
experiments to analyze the effect of IFN-« treatment on HCV
Huh-7 cells with various kinds of HBV expression (Fig. 5b).
In our systems, it appeared that HBV expression could not
significantly affect the suppressive effect of IFN-o.
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Fig. 4 The sequential analysis of HBV/HCV-specific immune reac-
tions during Peg-IFN/RBV therapy. Representative spots of the
ELISPOT assay are shown (a). The sequential data of IFN-y- and
interleukin-10 (IL-10)- secreting spots in patient A are shown (b). The
sequential data of IFN-y- and IL-10-secreting spots in patient B are
shown (¢). Comparison of IFN-y- and IL-10- secreting spots in patient
A before starting therapy, patient B before starting therapy, dual
HCV-dominant patients, HCV-monoinfected patients, HBV-Bj
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bars indicate HCV-core specific reaction. The red bars indicate HCV-
NS3 specific reaction. The green bars indicate HBV-core specific

reaction. The aqua blue bars indicate the negative control (Cont.).

Error bars indicate standard deviations (color figure online)
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Fig. 4 continued

Discussion

The immunopathogenesis of dual hepatitis B and C infec-
tion is not clear, given the complexity of viral and host
factors [19, 21, 48-50]. However, detailed understanding
of specific patients with dual hepatitis B and C infection
could contribute to improving the treatment and follow up
of these patients. Therefore, we focused on two represen-
tative patients with HBV/HCV dual infection who received
Peg-IFN/RBV therapy.

Concerning the virological results, patient A had geno-
type 1b, HCV-Core 70 wild-type and low mutation of
ISDR HCV and genotype C HBV. It has been reported that
genotype 1b HCV is common in Japan and is usually dif-
ficult to treat in comparison to genotypes 2a and 2b [51].
Among genotype 1b HCV strains, HCV-Core 70 wild-type
HCV is easily decreased by Peg-IFN/RBV therapy [51]. On
the other hand, it has been reported that in genotype 1b
HCV low mutation of ISDR is difficult to treat [52]. Patient
B had almost the same background of HCV—genotype 1b,
HCV-Core 70 wild-type, and low mutation of ISDR-as
patient A. However, the background of host factors that
could affect the responsiveness of IFN-based therapy was
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different between patients A and B. For example, patient A
had a hetero allele of the IL-28B polymorphism, advanced
fibrosis, and fatty changes of the liver. On the other hand,
patient B had the major allele of the IL-28B polymorphism
and mild fibrosis. Moreover, the background of HBV in
patient B was completely different from that in patient A. It
has been reported that HBV genotype Bj is usually more
susceptible to IFN-based therapy than genotype C [45, 53].
Therefore, not only the HBV factors but also the combi-
nation of host factors and HBV factors might affect the
responsiveness to IFN-based therapy. In patient A, the
responsiveness of HCV during Peg-IFN/RBV therapy was
relatively poor. However, the viral titers of HCV were
lower than 1.2 log copies/ml at 7 months after the start of
therapy. During the reduction of the HCV viral titers, the
titers of HBV and HBc-Ag specific IL-10-secreting cells
were gradually increased. Although patient A had received
Peg-IFN/RBV therapy for up to 18 months, HCV-RNA
increased again 12 months after the start of the therapy.
The sustained Thl immune suppression might have con-
tributed to the relapse of HCV. Not only weak up-regula-
tion of HCV-specific Th1l immune reaction but also strong
up-regulation of HBV-specific IL-10-secreting activity was
detected during Peg-IFN/RBV therapy in patient A [26,
35]. Moreover, increased HBeAg could be detected
9 months after the start of the therapy. Fluctuations of
activated CD4 cells, CD8 cells, NK cells, and NK-T cells
could be seen in patient A. On the other hand, in patient B,
the responsiveness of HBV and HCV during Peg-IFN/RBV
therapy was good. Moreover, the immune response of
patient B was almost comparable to the responses in
the patients with HCV monoinfection and those with
HBV-genotype Bj monoinfection. Previously, it has been
reported that Peg-IFN/RBV therapy could achieve almost
the same SVR rates in patients with HCV/HBV dual
infection and those with HCV monoinfection [54-56]. We
assume that the results in these studies were obtained from
patients similar to our patient B, because the number of
patients with HCV-dominant infection is much higher than
the number of those with HBV/HCV dual active infection
such as our patient A. Patients with HBV/HCV dual active
infection such as patient A are relatively rare in Japan.
However, it is necessary to understand the immunopatho-
genesis of these patients, because Peg-IFN/RBV therapy
might not be sufficient to eradicate or control HBV/HCV in
these difficult-to-treat patients. One of the candidate ther-
apies for such patients might be Entecavir (ETV)/Peg-IFN/
RBV sequential therapy. The effect of HBV specific
regulatory T cells might contribute to the immunosup-
pression of not only HBV but also HCV [35]. In some
previous studies, including ours, it has been reported that
HBYV replication might contribute to immune suppression
[19, 29].
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In the present study, we employed an in vitro coinfec-
tion system to analyze the direct interaction between HBV
and HCV. In our system, we used several different HBV
clones, because it is necessary to consider the effects of
different genotypes. Although we could not detect the
direct interaction of HBV/HCYV in our system, we could not
exclude the possibility of indirect interaction between
cytokines and chemokines produced from virus-infected
hepatocytes. We are now analyzing the chemokines pro-
duced from hepatoma cells with different HBV genotype
clones (ongoing study).

In conclusion, we analyzed data from representative
patients with HBV/HCV dual infection sequentially and
precisely. Because many different kinds of backgrounds
might affect immunoreactions, we focused on representa-
tive patients and analyzed the immunological responses
extensively. There might be a group of patients with very

difficult-to-treat dual infections. We need to understand the
immunopathogenesis of such patients to develop the
appropriate therapy.
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Deubiquitination is a biochemical process that mediates the removal of ubiquitin moieties from ubiqui-
tin-conjugated substrates. AMSH (associated molecule with the SH3 domain of STAM) is a deubiquitina-
tion enzyme that participates in the endosomal sorting of several cell-surface molecules. AMSH
impairment results in missorted ubiquitinated cargoes in vitro and severe neurodegeneration in vivo,

Keywords: but it is not known how AMSH deficiency causes neuronal damage in the brain. Here, we demonstrate
AMSH " . that AMSH /' mice developed ubiquitinated protein accumulations as early as embryonic day 10
Egrézitiefeneranon (E10), and that severe deposits were present in the brain at postnatal day 8 (P8) and P18. Interestingly,

TDP-43 was found to accumulate and colocalize with glial marker-positive cells in the brain. Glutamate
receptor and p62 accumulations were also found; these molecules colocalized with ubiquitinated aggre-
gates in the brain. These data suggest that AMSH plays an important role in degrading ubiquitinated pro-
teins and glutamate receptors in vivo. AMSH /- mice provide an animal model for neurodegenerative

Hippocampus

diseases, which are commonly characterized by the generation of proteinaceous aggregates.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The highly dynamic endosomal sorting process determines a
membrane-bound protein’s fate by either recycling it back to the
cell surface or delivering it into endosomal network pathways.
Membrane proteins destined for lysosomes are tagged with ubiq-
uitin. Endosomal sorting complexes required for transport (ESCRT)
recognizes and dictates cargo selection. ESCRT produces intralumi-
nal vesicles (ILVs) that originate by inward budding from the lim-
iting membrane of the sorting endosome [1]. This process creates a
multivesicular body (MVB), which leads to lysosome-dependent
cargo degradation through the subsequent MVB-lysosome fusion
event.

Balanced ubiquitination and deubiquitination of cargos is a
prerequisite for protein homeostasis. Ubiquitin modifications are

Abbreviations: AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis;
AMSH, associated molecule with the SH3 domain of STAM; AMPAR, o-amino-3-
hydroxy-5-methyl-isoxazolepropionic acid receptor; CHMP, chromatin modifying
protein; ESCRT, endosomal sorting complexes required for transport; FTD, fronto-
temporal dementia; MVB, multivesicular body; NMDAR, N-methyl-p-aspartate
receptor; PD, Parkinson's disease; DUB, deubiquitinating enzyme.

* Corresponding author at: Division of Immunology, Miyagi Cancer Center
Research Institute, 47-1 Nodayama, Medeshima-Shiode, Natori, Miyagi 981-1293,
Japan. Fax: +81 22 381 1168.

E-mail address: tamaikeiichi@mac.com (K. Tamai).
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doi:10.1016/j.bbrc.2011.04.065

reversed through the isopeptidase activities of deubiquitinating
enzymes (DUBs), with most of the DUBs studied deconjugating
only a small number of targets [2]. In fact, deubiquitination, a term
used here to refer to both ubiquitin and ubiquitin-like deconjuga-
tion, is emerging as a regulatory process in signaling pathways,
chromatin structure, endocytosis, and apoptosis [2], and is impor-
tant for physiological activities such as development, immunity,
and neuronal function [3].

We identified AMSH (associated molecule with the SH3 domain
of STAM) [4] while screening for an ESCRT-bound molecule. AMSH
is an endosomal DUB in the JAMM metalloprotease family, and
plays a role in MVB/late endosomes. Recombinant AMSH has been
shown to deubiquitinate epidermal growth factor receptor (EGFR)
and to cleave lysine 63 (K63)-linked, but not lysine 48 (K48)-
linked, polyubiquitin chains into ubiquitin monomers [5]. In a pre-
vious study, we found that AMSH binds the ESCRT-III subunit
CHMP3 and plays a role in MVB/late endosomes [6]. AMSH also
binds the ESCRT-III subunits CHMP1A, CHMP1B, and CHMP2A
[7]). This intimate relationship between AMSH and ESCRT
prompted us to investigate AMSH’s in vivo roles. We have reported
that AMSH knockout mice (AMSH /~) exhibit postnatal growth
retardation and die between postnatal day 19 (P19) and P23.
AMSH /- mice exhibit severe neuronal damage, specifically neuron
loss and increasing numbers of apoptotic cells, that is almost en-
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tirely confined to the CA1 subfield of the hippocampus [8]. Despite
the severity of these AMSH-deficient neuronal phenotypes, the
pathophysiology is not fully understood.

Most age-related neurodegenerative diseases are character-
ized by accumulations of aberrant protein aggregates in affected
regions of the brain. In particular, ubiquitin-positive proteina-
ceous deposits are a hallmark of neurodegeneration; such
deposits include Lewy bodies in Parkinson’s disease (PD), neu-
rofibrillary tangles in Alzheimer disease (AD), Bunina bodies
in amyotrophic lateral sclerosis (ALS), and Pick bodies in fronto-
temporal dementia (FTD) with parkinsonism [9]. Since principal
function of ubiquitination is to maintain protein homeostasis
inside a cell, these neuronal pathologies may indicate a failure
to clear unwanted proteins [9]. A recent report suggests that
ESCRT-III dysfunction is associated with neurodegeneration
resembling age-dependent neurodegenerative diseases such as
FTD [10]. A certain percentage of FID is known as chromosome
3-linked FTD (FTD3), which is attributed to a genetic disorder
or mutation of the ESCRT-III molecule CHMP2B [11]. In a previ-
ous study using neuron-specific knockout mice, we found that
the ESCRT-0 protein Hrs plays a pivotal role in neural cell sur-
vival by clearing ubiquitinated proteins in neurons [12]. A
growing body of evidence suggests that insufficient ESCRT func-
tion leads to the accumulation of ubiquitinated proteins and to
human neurodegenerative disease [13]. Nevertheless, little is
known about how an ESCRT-associating DUB is involved in
ubiquitinated protein degradation in the central nervous sys-
tem. Here, we demonstrate that ubiquitinated protein accumu-
lations are present in brain lesions found in AMSH /- mice,
and that AMSH is crucial for the proper degradation of both
ubiquitinated proteins and glutamate receptors in the central
nervous system.

2. Materials and methods
2.1. Cell fractionation

Cerebral tissues were washed with phosphate-buffered saline
(PBS), suspended with homogenization buffer (10 mM HEPES,
3 mM imidazole, and 250 mM sucrose), and dissociated by passage
through a 22-G needle. The cells were centrifuged at 3000g for
10 min at 4°C, and the supernatants were ultracentrifuged at
100,000g for 30 min at 4 °C. The supernatants were regarded as
the cytoplasmic fraction, and the pellets as the membrane fraction.
The pellets were resuspended with IP buffer (10 mM Hepes, pH 7.2,
0.5% Triton-X, 150 mM NacCl) and centrifuged at 10,000g for 30 min
at 4 °C. The supernatants were filtered through a polyvinylidene
difluoride (PVDF) membrane (0.45 pm, PALL Life Sciences, NY)
and regarded as a membrane fraction. These fractions were quan-
tified using the Bio-Rad Protein assay (Bio-Rad, CA) according to
the manufacturer’s protocol.

2.2. Western blotting

Immunoblotting was conducted as previously described [4].
In brief, mouse brain lysates were fractionated as described
above, then separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred onto
PVDF membranes (Millipore, MA). After being blocked with 5%
nonfat milk in Tris-buffered saline (TBS) containing 0.1% Tween
20, the membranes were probed with the primary antibodies
indicated below, washed again, and probed with horseradish
peroxidase (HRP)-conjugated secondary antibodies (Cell Signal-
ing, MA).

2.3. Immunofluorescence reactions and immunohistochemistry

For immunofluorescence studies, mice were perfused with 4%
paraformaldehyde, and 50-pm sections were prepared using a
microslicer (VT1000S, Leica, Nussloch, Germany). The antibodies
and dilutions used were as follows: Anti-ubiquitin mouse mono-
clonal Ab (mAb) 1B3 (MBL, Nagoya, Japan), 1:100; anti-ubiquitin
mouse mAb FK2 (BIOMOL, NY), 1:100; anti-TDP-43 mouse mAb
(TARDBP) (Proteintech Group, IL), 1:100; anti-p62 (C-terminal spe-
cific) guinea pig polyclonal antibody (pAb) (American Research
Products, MA), 1:100; anti-GFAP mouse mAb (Chemicon, CA),
1:200; anti-tyrosine hydroxylase rabbit pAb (AB152, Chemicon),
1:1000; anti-microtubule-associated protein 2 goat pAb (MAP2,
[14]), 1 pg/mL; anti-calbindin rabbit pAb [15], 1 pg/mL. Appropri-
ately, coupled secondary antibodies (Alexa Fluor, Molecular
Probes, CA) were used for double-labeling. For immunohistochem-
istry, we used the Histofine mouse stain kit or Histofine simple
stain mouse MAX-PO(R) (Nichirei, Japan), according to the manu-
facturer’s protocols.

3. Results

Because AMSH is a deubiquitinating enzyme with endosome
functions, we analyzed ubiquitinated protein accumulation in the
soluble (cytoplasmic) and insoluble (membrane) fractions of the
AMSH /= brain. Western blot analysis using the anti-ubiquitin
antibody P4D1 revealed no difference in ubiquitinated protein lev-
els in the soluble fractions from control or AMSH /- brains (Fig. 1,
left panels). In the insoluble fraction, however, the ubiquitinated
protein levels were higher in the AMSH /- brain than in the control
(Fig. 1, right panels). The ubiquitinated protein levels in the insol-
uble fraction increased slightly from embryonic day 10 (E10) to
postnatal day 8 (P8) in the control brain, and the levels were higher
in the AMSH /= than the control brain during E10 to P18, near the
end of the AMSH /- mouse lifespan. By P8 the ubiquitinated pro-
tein levels in the AMSH /~ brain had increased markedly. These
data suggest that AMSH deficiency leads to the progressive accu-
mulation of ubiquitinated proteins in the membrane fraction of
the brain.

Histopathological examination of the hippocampus, the brain
region most affected in AMSH '~ mice, showed evident neurode-
generation in the CA1 subfield in P6 mice [8]. Confirming the pres-
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Fig. 1. Ubiquitinated proteins increase with aging in the AMSH knockout mouse
brain. Western blots were performed on soluble and insoluble brain fractions of
control (C) and AMSH knockout (K) mice at the ages indicated (see Section 2) using
the anti-ubiquitin antibody P4D1. Gels were loaded with equal amounts of protein.
IB, immunoblotting.
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Fig. 2. Ubiquitinated proteins accumulate in the AMSH /= mouse neurons. Immunofluorescence in postnatal day 8 (P8) AMSH"~ and AMSH / tissues stained with
antibodies against ubiquitinated proteins in red (clone FK2) is shown in the hippocampal CA1 (A and B), CA3 (C and D), cerebral cortex (E and F), and caudate putamen (G and
H). Arrows indicate ubiquitin-positive aggregates. Bar, 10 pm. Lu, stratum lucidum; Py, pyramidal cell layer; Ra, stratum radiatum,; 11/Ill, laminae /11l

ence of neural damage, staining with the glial marker GFAP (glial
fibrillary acidic protein) was greater in the hippocampal CA1 sub-
field of the AMSH /= P1 brain than in the control, and was pro-
foundly increased in P8 mice (data not shown). To determine
whether ubiquitin is involved in the neuronal degeneration ob-
served in AMSH /= mice, we immunostained brain tissues with
FK2, an antibody against ubiquitinated protein. In P8 AMSH /-
brains, FK2-stained granules were clearly apparent in the CA1 sub-
field, frontal cortex (Cx), and caudate putamen (CPu), but not in the
CA3 subfield (Fig. 2A to H in red). The immunostainings of micro-
tubule-associated protein 2 and ubiquitined aggregate were co-
localized in CA1 and Cx (Fig. 2A-F). The staining patterns both
dopaminergic (tyrosine hydroxylase-positive) fibers in CPu were
similar between control and AMSH /" mice (Fig. 2G and H). The
ubiquitinated aggregates in CPu were partially colocalized with
dopaminergic fibers, which suggested that ubiquitinated proteins
did not accumulated in dopaminergic neurons but in the striatal
neurons receiving dopaminergic input. These results suggested
that both the ubiquitinated protein accumulation and neuron loss
specifically occurred in the AMSH /- CA1 subfield.

We next examined whether the AMSH deficiency impacts
autophagy. Because AMSH is generally known to interact with ESC-
RT protein components [16], and ESCRT is closely involved with the
autophagic pathway [12,17], insufficient autophagy and autophagic
protein clearance might account for the aggregation of ubiquitinat-
ed proteins in the AMSH /- mouse brain. We therefore looked at

two marker proteins for autophagy: LC3, a specific autophagosome
marker, and p62, a ubiquitin-binding protein that is implicated in
autophagic protein degradation and that accumulates intracellu-
larly with insufficient autophagy [18]. Although LC3-positive vesi-
cles could not be detected at P20 in either the control or AMSH
brain (data not shown), p62 aggregations were clearly observed
in pyramidal cell perikarya in the CA1 subfield, Cx, and CPu in the
AMSH "/~ brain (Fig. 3A and B in red' and data not shown). Notably,
p62 and ubiquitinated proteins colocalized strongly.

We next examined the expression of the transactivation re-
sponse element (TAR)-DNA-binding protein 43 (TDP-43), since a
previous report suggested that defective ESCRT function leads to
aggregations of cytoplasmic proteins, including TDP-43 [19]. Inter-
estingly, TDP-43 was found in several regions of the AMSH /~ P8
brain, including the CA1 subfield, Cx, and CPu (Fig. 3E and F in
green and data not shown), and its levels increased markedly from
P8 to P20 (Fig. 3G and H). TDP-43 accumulations did not colocalize
with ubiquitinated proteins (Fig. 3F), but rather with GFAP
(Fig. 3D). These data indicate that TDP-43 accumulates in astro-
cytes but not neural cells in AMSH /- mice.

AMSH is known to deubiquitinate receptors, such as the EGF
receptor [5] and protease-activated receptor 2 [20], but how AMSH
contributes to receptor deubiquitination in vivo is unknown. We

! For interpretation of color in Figs. 2 and 3, the reader is referred to the web
version of this article.
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Fig. 3. Ubiquitinated proteins, p62, and TDP-43 accumulate in the AMSH /~ mouse brain. (A and B) Immunofluorescence in P20 AMSH'/~ and AMSH /" tissues stained with
antibodies against ubiquitinated proteins (1B3) and p62 is shown in the hippocampal CAl. (C and D) TDP-43 and GFAP colocalize in the AMSH '~ mouse brain.
Immunofluorescence staining with antibodies against GFAP and TDP-43 in AMSH~ and AMSH /~ mice at P20 in the hippocampal CA1 subfield. Bar, 10 pm. (E and F)
Immunofluorescence staining in the cerebral cortex of P20 AMSH'/~ and AMSH /- mice, using antibodies against ubiquitinated proteins (1B3) and TDP-43. Arrows indicate
TDP-43-positive cells. Arrowheads indicate ubiquitin-positive cells. Bar, 10 pm. (G and H) Immunohistochemistry of hippocampal CA1 subfields from AMSH '~ mice at P8 (E)
and P20 (F), stained with an anti-TDP-43 antibody. Bar, 50 pum.
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AMSH*
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Fig. 4. Patterns of glutamate receptor subunits and ubiquitinated proteins. Immunofluorescence reactions in P8 AMSH*/~ (A, C, E, G) and AMSH /- (B, D, F, H) mice are shown.
CA1 subfields were counterstained with DAPI (blue) and stained with antibodies (red) against GluR1 (A and B), NR1 (C and D), VR1 (E and F), and PSD95 (G and H).

Ubiquitinated proteins were also stained in green.

suspected that glutamate receptors, which play prominent roles in
several neurodegenerative diseases [21], might be regulated by
AMSH. We used immunohistochemistry to examine the expression
and localization of GluR1, which is a subunit of the a-amino-3-hy-
droxy-5-methyl-isoxazolepropionic acid receptor (AMPAR), as well
as NR1 and VR1, which are subunits of the N-methyl-p-aspartate
receptor (NMDAR), in the CA1 subfield. Aggregates in the AMSH*/
~ brain were not stained by antibodies against GluR1, NR1, or
VR1 (Fig. 4A, C, E, and G); however, glutamate receptor-positive
aggregates were clearly visible (Fig. 4B, D, F, and H). PSD95, which
is known to bind Hrs and control glutaminergic synapse function,
was weakly detected and was found colocalized with ubiquitinated
proteins. Interestingly, we found the colocalization of glutamate
receptor- and ubiquitin-positive aggregates (Fig. 4B, D, F, and H, in-
sets). These results indicate that AMSH is critical for glutamate
receptor regulation.

4. Discussion

The present study demonstrated that ubiquitinated proteins
were accumulated in the membranous fractions of the AMSH-

deficient mouse brain, indicating that membrane traffic is altered.
These accumulations were found as early as E10. In a previous
study, we found neuron loss in the AMSH-deficient CA1 subfield
on and after P8, but not at E19 or P1 [8]. Ubiquitinated protein
aggregates in neurons are known to induce neurodegeneration in
conditions such as AD, FTD, and ALS [9]. Therefore, it is reasonable
that we detected aggregates of ubiquitinated proteins prior to neu-
rodegeneration in the AMSH-deficient brain. Ubiquitinated pro-
teinaceous aggregates in the brains of AMSH-knockout mice
colocalized with p62, which also accumulates in the affected neu-
rons. The protein p62 binds ubiquitin and the autophagosome mar-
ker protein LC3, and regulates aggregate formation [22]. In
addition, p62 is a selective target of autophagy, and is eventually
degraded in lysosomes as a result of the autophagosome-lysosome
fusion event [22]. Based on these findings, it is possible that AMSH
is required for the basal or naturally occurring autophagic clear-
ance of aggregate-prone proteins by facilitating the autophago-
some-lysosome fusion.

We also observed TDP-43 aggregates in GFAP-positive glial
cells in the AMSH-deficient brain, and these aggregates were not
stained by anti-ubiquitin antibodies. In contrast, TDP-43 has been

Commun. (2011), doi:10.1016/j.bbrc.2011.04.065

Please cite this article in press as: S. Suzuki et al., AMSH is required to degrade ubiquitinated proteins in the central nervous system, Biochem. Biophys. Res.




6 S. Suzuki et al. / Biochemical and Biophysical Research Communications xxx (2011) XXX—Xxx

reported to accumulate in cytoplasmic lesions in neural cells and
to colocalize with ubiquitin-positive cellular inclusions in human
neurodegenerative diseases such as ALS and FID [23]. However, a
recent study showed that neuronal and glial inclusions were pos-
itively stained with ubiquitin and TDP-43 antibodies in some FTD
brain specimens [24]. As TDP-43 is known to be polyubiquitinated
in the presence of proteasome inhibitors [25], we expected AMSH
to be critical for degrading TDP-43 in glial cells. However, we
failed to detect TDP-43 ubiquitination in glial cells. Furthermore,
we also examined alpha-synuclein, one of the proteins affected
in PD, and phosphorylated Tau, which accumulates in AD, and
found no differences between the AMSH*~ and AMSH '~ brains
(data not shown). These results suggest that there may be an un-
known substrate that needs to be cleared by AMSH-dependent
deubiquitination and sorting, or that AMSH may be required for
non-specific clearance of unwanted proteins. Further study is re-
quired to find AMSH substrates related to neurodegenerative
disease.

In contrast to our present findings of neurodegeneration in the
CAT1 subfield in AMSH knockout mice, we previously reported find-
ing CA3 sector neurodegeneration in STAM1-knockout as well as
neuron-specific Hrs-knockout mice [12,26]. STAM1 and Hrs form
an ESCRT-0 complex, which sorts ubiquitinated proteins upstream
of ESCRT-III [27]. The mechanism determining the specificity of
neurodegeneration in CA1 versus CA3 is an intriguing issue. Since
AMSH and Hrs are distributed ubiquitously in the hippocampus,
including the CA1 and CA3 subfields [8,12], their expression pat-
terns do not account for the difference. The glutamate receptor
subunit aggregates that we found in the CA1 subfield of the
AMSH '~ brain in this study have also been found in the CA3 sub-
field in the Hrs-knockout brain. While we cannot completely ex-
clude the possibility that neurodegeneration itself causes the
accumulations of ubiquitinated aggregates, we suspect that in-
stead, neurodegeneration is a result of impaired glutamate
receptor regulation; we found that ubiquitinated protein accumu-
lations were already present at E10 and E15 in the AMSH / brain,
before CA1 pyramidal neuron loss occurs [8]. We also suspect that
the survival of hippocampal neurons in the CA1 and CA3 subfields
requires novel, distinct proteins that are subject to ubiquitination.
Further study is required to determine how endosomal trafficking
is regulated in the different subfields in the hippocampus.

Among the ESCRT molecules, CHMP2B mutations cause chro-
mosome 3-linked, familial FTD (FTD-3) in humans. CHMP2B is a
component of ESCRT-III, and like AMSH, is recruited to the endo-
somes and MVB for cargo sorting. Because AMSH binds indirectly
with CHMP2B via another ESCRT-III molecule, CHMP3 [28], AMSH
depletion and CHMP2B mutations seem to share similar patholog-
ical features. Indeed, neurodegeneration in FTD-3 patients is dis-
tributed not only in the frontal, parietal and temporal cortex, but
also in the hippocampus. Histopathological changes found in pa-
tients with late stages of ubiquitin-positive FTD include changes
in the CA1 sector of the hippocampus [29]. In addition, p62 and
ubiquitinated protein accumulations are related to human neuro-
degenerative diseases [18]. It is not known whether AMSH selec-
tively recognizes harmful gene products associated with
neurodegenerative disorders. However, AMSH mutant mice pro-
vide an excellent animal model system for studying the molecular
mechanisms of neurodegenerative diseases.
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The molecular mechanisms of assembly and budding of hepatitis C virus (HCV) remain poorly understood.
The budding of several enveloped viruses requires an endosomal sorting complex required for transport
(ESCRT), which is part of the cellular machinery used to form multivesicular bodies (MVBs). Here, we dem-
onstrated that Hrs, an ESCRT-0 component, is critical for the budding of HCV through the exosomal secretion
pathway. Hrs depletion caused reduced exosome production, which paralleled with the decrease of HCV rep-

lication in the host cell, and that in the culture supernatant. Sucrose-density gradient separation of the cul-

ture supernatant of HCV-infected cells revealed the co-existence of HCV core proteins and the exosome

Keywords:
Hrs marker. Furthermore, both the core protein and an envelope protein of HCV were detected in the intralum-
ESCRT inal vesicles of MVBs. These results suggested that HCV secretion from host cells requires Hrs-dependent exo-
HCV somal pathway in which the viral assembly is also involved.

© 2011 Elsevier Inc. All rights reserved.
Introduction 2008). These receptors and co-receptors are also required for HCV

Hepatitis C virus (HCV) is a major cause of chronic liver disease,
with about 170 million people infected worldwide. It is important to
identify the molecular basis of HCV infection, propagation, and path-
ogenesis in humans. HCV is a positive-strand RNA virus belonging to
the Flaviviridae family and the sole member of the genus Hepacivirus.
The HCV RNA genome serves as a template for viral replication and as
a messenger RNA for viral production. It is translated into a single im-
mature polyprotein of approximately ~3000 amino acids that is fur-
ther cleaved into at least 10 mature proteins by proteases (Asselah
et al,, 2009).

The HCV life cycle starts with virion attachment, especially
through its envelope glycoproteins E1 and E2, to specific receptors
on the host cells, which include CD81, claudin-1, and the class B
member I scavenger receptor (Evans et al, 2007; Murray et al,

Abbreviations: ER, endoplasmic reticulum; ESCRT, endosomal sorting complex re-
quired for transport; HCV, hepatitis C virus; HHV-6, human herpes virus-6; HIV,
human immunodeficiency virus; ILV, intraluminal vesicle L-domain, late-domain;
MVB, multivesicular body; shRNA, short hairpin RNA.
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E-mail address: tanaka@med.tohoku.ac.jp (N. Tanaka).

0042-6822/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
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entry, which involves an additional clathrin-mediated post-
internalization step and delivery into early endosomes (Burlone and
Budkowska, 2009). Recently, the complete replication of HCV in a
cell culture system was achieved (Wakita et al., 2005). Nevertheless,
little is known about how the assembled HCV virion is released
from the cytoplasm.

Extensive research on human immunodeficiency virus (HIV) has
shown that the ESCRT (endosomal sorting complex required for
transport) machinery plays a crucial role in virion assembly and bud-
ding from cellular membranes: The late-domain (L-domain) motif of
HIV-Gag binds TSG101 (an ESCRT-1 component) and Alix (a protein
that bridges ESCRT-I and ESCRT-III). Virion assembly, budding, and
release are subsequently achieved with help from the sequential
downstream ESCRT machinery (Chen and Lamb, 2008). Other envel-
oped viruses, such as hepatitis B virus and human T-cell leukemia
virus type I, also hijack the cellular membrane trafficking and sorting
networks to accumulate and assemble their viral components, after
which the nascent virions pinch themselves off for release (Chen
and Lamb, 2008).

Similar to an enveloped virus particle that buds from the host-cell
surface, small vesicles, called exosomes, are physiologically secreted
from a variety of cells (Denzer et al., 2000; van Niel et al., 2006). Exo-
somes are nanovesicles (60-90 nm in diameter) surrounded by a
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lipid bilayer. They are generated as intraluminal vesicles (ILVs) within The sorting of ubiquitinated proteins on MVBs is mediated by the
a sorting endosome called a multivesicular body (MVB), by the in- ESCRT pathway. The first complex that binds the cargo on endosomes
ward budding of the MVB's limiting membrane. Exosome release is ESCRT-0 which includes Hrs (Asao et al., 1997; Komada and
into the extracellular milieu is achieved by direct fusion of the MVB Kitamura, 1995) and STAMs, and with the help of ESCRTs-l, -1i, and
with the plasma membrane (Pan et al., 1985). -1II, the cargo accumulates on the endosomal membrane. At the end
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for an exosome protein (CD63) and HCV core protein. Huh7 cells were uninfected or infected with JFH-1 (MOI=0.01), and the medium was changed after 3 days. The cells were
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HCV and Lactate dehydrogenase was quantitated in culture supernatants. (C) HCV-RNA in the culture supernatant at day 5 post-infection after infection with purified exosomes
from infected and uninfected Huh7 cells, measured using real-time PCR. Purified exosomes were obtained from 10 ml of supernatant of Huh7 cells at day 5 post-infection. N.D.,
not detectable. (D) Upper panel: Confocal microscopic image of Huh7 cells infected with JFH-1. The exosome and MVB marker, N-Rh-PE (red) and the HCV core protein (green)
were partially colocalized. Lower panel: anti-core protein (green) and Mitotracker (red) were used. Bar, 20 um. (E and F) Immunoelectron microscopy of an MVB in wild-type
Huh7 cells. Sections of Huh7 cells were incubated with antibodies against HCV core protein (5-nm-colloidal-immunogold-labeled anti-mouse goat IgG in E) and HCV envelope pro-
tein E2 (5-nm in F). Insets show a higher magnification. Bars: 200 nm, bars in insets: 50 nm. (G) Double-staining of immunoelectron microscopy using antibodies against HCV core
protein (10 nm) and anti-CD63 (5 nm). Insets show a higher magnification. Bars: 200 nm, bars in insets: 50 nm.
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of sorting, an AAA-type ATPase, VPS4, disrupts the ESCRT complexes,
and the membrane with its accumulated cargo is invaginated into the
maturing endosome to produce an MVB. A deficiency of Hrs results in
abnormally enlarged endosomes and a marked reduction in cargo
sorting to MVBs. The enlarged endosomes accumulate ligand-
activated membrane-bound growth factor receptors (Tanaka et al,
2008). In this context, we recently demonstrated that Hrs is also re-
quired in dendritic cells for exosome secretion and antigen presenta-
tion via exosomes (Tamai et al., 2010).

Relationships are also reported between membrane trafficking
and the HCV life cycle. ESCRT-III contributes to HCV release in Huh7
cells (Ariumi et al., 2011; Corless et al., 2010), as does transfection
of these cells with RNAi against Atg7, an essential autophagy gene
(Tanida et al., 2009). Another study suggested that human plasma
contains exosomes and that in HCV patients, viral RNA is associated
with these circulating vesicle (Masciopinto et al., 2004). Since Hrs,
an ESCRT-0 component, is involved in the autophagic pathway
(Tamai et al., 2007) and required for exosome secretion, we hypoth-
esized that Hrs plays a role in the HCV life cycle. Here we demonstrat-
ed that the Hrs-dependent exosomal pathway plays an important role
in HCV release.

Results
HCV core protein localizes to exosome-rich fractions

A relationship between virus production and the exosome path-
way has been suggested for HIV and human herpes virus 6 (HHV6)
(Lenassi et al.; Mori et al.,, 2008). We suspected that HCV also utilizes
the exosome pathway for its release from host cells. To examine this
possibility, we subjected the culture supernatants of HCV JFH-1-
infected Huh7 cells to sucrose density gradient centrifugation and an-
alyzed the fractions for exosomes and HCV. Interestingly, the identical
fractions were positive both for the exosome marker CD63 and for the

A B

HCV core protein (Fig. 1A). Notably, more CD63-positive exosomes
were found in the HCV-infected Huh7 cells than in uninfected cells.
To exclude a possibility that the cytopathic effect (CPE) induced by
the infection of JFH-1 affects the amount of CD63 in the supernatant,
we monitored the CPE by the lactate dehydrogenase (LDH) assay. In
Huh?7 cells, we observed slight increase of LDH at post-infection day
5 (Fig. 1B). As a positive control, we also investigated the CPE in
Huh7.5.1, which is more susceptible to JFH-1 infection. LDH level
was approximately two-times higher in this Huh7.5.1 cells than the
non-infected, which is compatible with a previous report (Shiina
and Rehermann, 2008). Purified exosomes from the culture superna-
tant of JFH-1-infected Huh7 cells possessed HCV-infectivity to Huh7
cells (Fig. 1C). These results indicated that the exosome secretion
was mainly activated during HCV infection.

We next addressed whether HCV localizes to the intraluminal
vesicles within the MVBs of JFH-1-infected Huh7 cells. Using confo-
cal microscopy, we found that N-Rh-PE-positive dots (an exosome
and MVB marker) were likely to colocalize with HCV-core-positive
dots (Fig. 1D, upper panels). As a negative control, immunofluores-
cence staining was performed with anti-HCV-core and mitochondri-
al marker (Mitotracker (Molecular Probes)), which reportedly do
not colocalize with each other (Lai et al, 2010). We did observe
that HCV-core protein was not colocalized to mitochondria
(Fig. 1D, lower panels). By immunoelectron microscopy, we
detected positive immunogold staining for the HCV core antigen
on the intraluminal vesicles (Fig. 1E). Similarly, positive immuno-
gold staining for the HCV envelope protein E2 was observed on
intraluminal vesicles within MVBs (Fig. 1F). To make the relation-
ships between HCV particles and exosomes clearer, we performed
the double-staining of immunoelectron microscopy using anti-
CD63 and anti-core protein. We observed the colocalization of
CD63 and HCV-core in the intraluminal vesicles in the MVB
(Fig. 1G). These data together suggested that HCV virions and exo-
somes are present in the same or very similar compartments.
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Fig. 2. Establishment of Huh7 lines with knocked-down Hrs, AMSH or Rab27a, and overexpressed VPS4B. (A) Western blot analysis of total-cell lysates from control and Hrs (A) and
AMSH (C) knock-down Huh?7 cells. (B) Flow-cytometry analysis of Huh7 cells overexpressing GFP-fused VPS4B (wild-type and dominant-negative (E228Q) forms). (D) Quantitative
real-time PCR analysis of Rab27a in Huh7 cells. Rab27a mRNA expression was normalized to GAPDH.



