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Table 2 Dietary characteristics in CHC and HCV-PNALT
groups

Variable CHC HCV-PNALT
Total energy intake (kcal/IBW) 33415 324%1.4
Protein intake (g/IBW) 1.2+£0.1 1.2+0.1
Protein/total energy intake 16.0+0.4 15.84£0.3
(%)
Fat intake (g/IBW) 0.78£0.04 0.79 £0.04
Fat/total energy intake (%) 22.6+0.7 23.9+0.8
Carbohydrate intake (g/IBW) 476024  4.57+0.22
Carbohydrate/total energy 61.3£0.9 60.3+1.0
intake (%)
Iron intake (mg/day) 9.1+£0.4 87404
Iron intake (mg/IBW) 0.16 £0.01 0.16 £0.01
Salt intake (g/IBW) 0.19+£0.01 0.19 £0.01
Dairy product (g/IBW) 2.72+£0.39 1.89£0.39
Cooking oils (g/IBW) 0224002 0264003
Fish (g/IBW) 0.91+0.06 1.34+0.27
Meat (g/IBW) 13140.16  1.2140.15
Green and yellow 1.09£0.10 1.24+0.14

vegetable (g/IBW)

Seaweeds (g/IBW) 0.028 £0.005 0.026+0.004

Tubers and roots (g/IBW) 0.91£0.09 0.99+0.14
Fruit (g/IBW) 1.604027  1.20+0.19
Cereal crops (g/IBW) 5.74+032  550£0.29
Beans (g/IBW) 1814020  1.48+0.18
Seeds (g/IBW) 0.082+0.012 0.083+0.015
Green tea and coffee 6.69+1.09 6.08+1.06
(g/1BW)
Confectionery (g/IBW) 3.68+0.23 3.98%+031
Fish to meat ratio 0.88 +£0.09 2.26+0.74

Data are expressed as mean * standard error.

CHC, chronic hepatitis C; HCV-PNALT, hepatitis C virus carriers
with persistently normal alanine transaminase levels; IBW, ideal
bodyweight.

or 2 (Table 5). On the other hand, there was no signifi-
cant difference in the proportion of HCV-PNALT
between groups 1 and 2. Furthermore, we evaluated
predictive accuracy of the decision-tree model as a sta-
tistical validation and the AUROC was 0.6947 (95% CI
0.5656-0.8238, P =0.0067).

DISCUSSION

N THIS STUDY, we assessed the dietary habits of
HCV-PNALT and CHC, and disclosed that fish to
meat ratio, dairy product and cooking oils are indepen-
dent dietary variables associated with HCV-PNALT.
Moreover, the decision-tree algorithm showed that
68.8% of the subjects were HCV-PNALT, when subjects
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showed a fish to meat ratio of 1.24 or more. On the
other hand, 11.5% of the subjects were HCV-PNALT
when subjects showed a fish to meat ratio of less than
1.24 and cooking oils/IBW of less than 0.23 g/kg. Thus,
we first demonstrated the dietary profile associated with
HCV-PNALT by using a decision-tree algorithm.

Although three dietary variables were significantly
associated with HCV-PNALT in multivariate analysis,
none of dietary variables were statistically significant in
univariate analysis. The different results between these
statistical analyses may be due to not only the small
number of subjects but also ignoring confounding fac-
tors.”® Univariate analysis assesses the impact of a single
variable based upon the premise that other factors have
no influence on the outcome. However, diet consists of
various foods and the interrelationship of foods is
important to the development of some diseases.”!
Thus, multivariate analysis rather than univariate analy-
sis seems to be suitable for our study.

Multivariate stepwise analysis showed that fish to
meat ratio, dairy product and cooking oils were inde-
pendently associated with HCV-PNALT. In addition, the
decision-tree algorithm was created in order to identify
priorities of these factors, and fish to meat ratio was
selected as an initial split with a cut-off value of 1.24,
suggesting that the ideal dietary pattern is to have fish
dishes rather than meat dishes. Although the reason
for the association of higher fish to meat ratio with
HCV-PNALT remains unclear, their fat composition is
different. Fish mainly contains ©-3 polyunsaturated
fatty acids (PUFA), which inhibit inflammatory sig-
naling through inactivation of nuclear factor (NF)-xB
and upregulation of peroxisome proliferator-activated
receptor-o..°* On the other hand, meat mainly contains
saturated fatty acids (SFA), which induce production of
pro-inflammatory cytokine interleukin-8 through acti-
vation of NF-xB.* ®-3 PUFA and SFA are also known to
reciprocally modulate dendritic cell functions mediated
through Toll-like receptor 4.** Because suppression of
dendritic cell function is a cause of HCV-PNALT,* dif-
ferent characteristics of fatty acids between fish and
meat may be a possible reason for the association.

Cooking oils/IBW was selected as the second split with
a cut-off value of 0.23 g/kg in subjects with fish to meat
ratio of less than 1.24. A main source of cooking oil is
soybean oil, which mainly consists of w-6 PUFA. Exces-
sive intake of ®-6 PUFA causes a hyperinflamed state.*®
However, an adequate intake of -6 PUFA is known to
have a beneficial effect on systemic inflammation in
humans.??® -6 PUFA are converted to leukotriene B4
and prostaglandin E2 and these arachidonate metabo-
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Table 3 Univariate analysis for being HCV-PNALT

Hepatology Research 2012; 42: 982-989

Variable Unit Odds ratio 95% confidence interval P-value
Male 1 1.65 0.57-4.80 0.3599
Age 5 0.89 0.71-1.11 0.3063
Height 5 1.12 0.84-1.48 0.4461
Bodyweight 5 1.24 0.95-1.60 0.1100
BMI 1 1.20 0.97-1.47 0.0857
Percent body fat (%) 2.5 0.95 0.78-1.15 0.5811
Total energy intake (kcal/IBW) 5 1.07 0.80-1.43 0.6485
Protein intake (g/IBW) 0.5 1.12 0.52-2.40 0.7694
Protein/total energy intake (%) 0.1 1.00 0.41-2.43 0.9987
Fat intake (g/IBW) 0.5 0.89 0.33-2.38 0.8169
Fat/total energy intake (%) 10 0.51 0.17-1.58 0.2436
Carbohydrate intake (g/IBW) 1 1.11 0.77-1.61 0.5780
Carbohydrate/total energy intake (%) 25 2.54 0.25-25.30 0.4274
Iron intake (mg/day) 1 1.08 0.86-1.34 0.5082
Iron intake (mg/IBW) 0.1 1.31 0.42-4.15 0.6425
Salt intake (g/IBW) 0.1 1.15 0.43-3.04 0.7834
Dairy product (g/IBW) 1 1.18 0.94-1.49 0.1563
Cooking oils (g/IBW) 0.1 0.78 0.55-1.12 0.1766
Fish (g/IBW) 1 0.49 0.19-1.24 0.1303
Meat (g/IBW) 1 1.15 0.64-2.06 0.6385
Green and yellow vegetable (g/IBW) 1 0.70 0.33-1.46 0.3383
Seaweeds (g/IBW) 0.1 1.34 0.23-7.82 0.7480
Tubers and roots (g/IBW) 1 0.81 0.38-1.76 0.6025
Fruit (g/IBW) 1 1.24 0.84-1.83 0.2812
Cereal crops (g/IBW) 1 1.08 0.82-1.41 0.5944
Beans (g/IBW) 1 1.30 0.83-2.05 0.2500
Seeds (g/IBW) 0.1 0.98 0.53-1.81 0.9381
Green tea and coffee (g/IBW) 1 1.02 0.94-1.10 0.7010
Confectionery (g/IBW) 1 0.88 0.64-1.21 0.4311
Fish to meat ratio 1 0.63 0.36-1.10 0.1016

BMI, body mass index; CHC, chronic hepatitis C; HCV-PNALT, hepatitis C virus carriers with persistently normal alanine transaminase

levels; IBW, ideal bodyweight.

lites upregulate immunosuppressive T-regulatory cells
(Treg), which causes systemic immunosuppression.**!
HCV-PNALT is known to show enhanced ability of Treg
compared to CHC.*? The recommended intake amount

Table 4 Multivariate analysis for being HCV-PNALT

Variable Unit Odds 95% P-value
ratio  confidence
interval
Fish to meat ratio 1 0.32 0.13-0.82 0.0170
Dairy product (g/IBW) 1 148 1.06-2.05 0.0196

Cooking oils (g/IBW) 0.1  0.59 0.37-0.93 0.0247

HCV-PNALT, hepatitis C virus carriers with persistently normal
alanine transaminase levels; IBW, ideal bodyweight.

© 2012 The Japan Society of Hepatology

of cooking oil for Japanese is 9.4 g/day.* Taken together,
the cut-off value of 0.23 g/kg in cooking oil suggested
that adequate use of cooking oils is a recommended habit
for HCV carriers.

Iron metabolism is closely associated with hepatic
inflammation in HCV carriers***® and iron intake is
reported to be significantly lower in HCV-PNALT than
that in CHC.*® However, in this study, no significant
difference was seen in iron intake between the CHC and
HCV-PNALT groups. Multivariate analysis also showed
that iron intake was not associated with HCV-PNALT.
Although the reason for the discrepancy in iron intake
remains unclear, difference of iron form may be a pos-
sible explanation. Iron is present in two fundamental
forms, heme and non-heme iron. Heme iron is known
to be highly absorbed from the intestine compared to
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Figure 1 Decision-tree algorithm of the dietary variables
associated with the hepatitis C virus carriers with persistently
normal alanine transaminase levels (HCV-PNALT). The sub-
jects were classified according to the indicated cut-off values of
the variables. The pie graphs indicate the percentage of HCV-
PNALT (white)/chronic hepatitis C (black) in each group. IBW,
ideal bodyweight.

non-heme iron.*” In this study, serum ferritin levels were
significantly higher in the CHC group. Taken together,
increased heme iron intake may be negatively associated
with the HCV-PNALT.

A limitation of this study is that live biopsy was not
performed in HCV-PNALT. Serum ALT level is not a
reliable marker of histological changes in the liver*® and
30% of subjects with HCV-PNALT developed symptom-
atic CHC within 5 years from the initial diagnosis of
HCV-PNALT.*¢ However, in this study, the median
observation term of HCV-PNALT was 9.3 years. In addi-
tion, there was no morphological change assessed by an
abdominal ultrasonography in the liver of HCV-PNALT

Table 5 Comparisons of odds ratio between the profiles
associated with HCV-PNALT

Comparison Odds ratio  95% P-value
confidence
interval
Group 3 vs group 1 16.87 3.40-83.67 0.0005
Group 3 vs group 2 7.67 1.84-31.97 0.0052
Group 1 vs group 2 2.20 0.60-8.13 0.2371

HCV-PNALT, hepatitis C virus carriers with persistently normal
alanine transaminase levels.

Dietary profile of HCV carriers with PNAL 987

subjects, suggesting that enrolled HCV-PNALT subjects
may show normal to mild liver histology as previously
described.” Another limitation is that we did not
investigate a polymorphism in adiponutrin/patatin-like
phospholipase-3 gene (PNPLA3) in this study. Recently,
genome-wide association studies identified a polymor-
phism in PNPLA3, 15738409 C-G, as the strongest
genetic determinant of serum ALT levels.’*®' PNPLA3
polymorphism is known to be associated with disease
progression of non-alcoholic fatty liver disease™ ™ as
well as CHC.%* Thus, further study will be focused
on an association between HCV-PNALT and polymor-
phism in PNPLA3.

In conclusion, a decision-tree algorithm revealed that
dietary profile is associated with HCV-PNALT. Higher
fish to meat ratio and proper intake of cooking oils may
be important dietary factors for being HCV-PNALT.
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Abstract

Apolipoprotein B (ApoB) and ApoE have been shown to participate in the particle formation :and the tissue tropism of:
hepatitis C virus (HCV), but their precise roles remain uncertain. Here we show:that. amphipathic o-helices in the
apolipoproteins participate in the HCV particle formation by using zinc flnger nucleases-mediated apolipoprotein B (ApoB)
and/or ApoE gene knockout ‘Huh7 cells. Although ‘Huh7 cells deficient in either ApoB or ‘ApoE gene exhibited slight
reduction of particles formation, ‘knockout of both ApoB and ApoE genes in Huh7 (DKO) cells severely impaired the
formation-of infectious HCV particles, suggesting that ApoB and ApoE have redundant roles in the formation of infectious
HCV particles. cDNA microarray analyses revealed that ApoB and ApoE are dominantly expressed in Huh7 cells, in-contrast
to the high level expression of all of the exchangeable apolipoproteins, including ApoA1, ApoA2, ApoC1, ApoC2 and ApoC3
in human liver tissues. The exogenous expression of not only ApoE, but also other exchangeable apolipoproteins rescued
the infectious particle formation of HCV in DKO cells. In addition, -expression of these apohpoprotems facilitated the
formation of infectious particles of genotype 1b and 3a chimeric viruses. Furthermore, expression of amphipathic o-helices
in the exchangeable apolipoproteins facilitated -the partlcle formation in DKO cells through an interaction with viral
particles. These results suggest that amphipathic a-helices in the exchangeable apohpoprotelns play crucial roles in the
infectious particle formation of HCV and provide clues to the understandmg of life cycle of HCV and the development of
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RNA replication have been identified, respectively [5,6]. In
addition, development of a robust ¢ vitro propagation system of
HCV based on the genotype 2a JFHI1 strain (HCVcc) has
gradually clarified the mechanism of assembly of HCV particles
(7,8]. It has been shown that the interaction of NS2 protein with

Introduction

More than 160 million individuals worldwide are infected with
hepatitis C virus (HCV), and cirrhosis and hepatocellular
carcinoma induced by HGV infection are life-threatening diseases

[1]. Current standard therapy combining peg-interferon (IFN),
ribavirin (RBV) and a protease inhibitor has achieved a sustained
virological response (SVR) in over 80% of individuals infected with
HCV genotype 1 [2]. In addition, many antiviral agents targeting
non-structural proteins and host factors involved in HCV
replication have been applied in clinical trials [3,4].

In vitro systems have been developed for the study of HCV
infection and have revealed many details of the life cycle of HCV.
By using pseudotype particles bearing HCV envelope proteins and
RNA replicon systems, many host factors required for entry and

PLOS Pathogens | www.plospathogens.org

structural and non-structural proteins facilitates assembly of the
viral capsid and formation of infectious particles at the connection
site between the ER membrane and the surface of lipid droplets
(LD) [9]. On the other hand, very low density lipoprotein (VLDL)
associated proteins, including apolipoprotein B (ApoB), ApoE, and
microsomal triglyceride transfer protein (MTTP), have been
shown to play crucial roles in the formation of infectious HCV
particles [10-12]. Generally, ApoA, ApoB, ApoC and ApoE bind
the surface of lipoprotein through the interaction between
amphipathic o-helices and ER-derived membrane [13,14]. This
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Author Summary

In vitro systems have been developed for the study of
hepatitis C virus (HCV) infection and have revealed many
details of the life cycle of HCV. Apolipoprotein B (ApoB)
and ApoE have been shown to play crucial roles in the
particle formation of HCV, based on data obtained by
siRNA-mediated gene knockdown and overexpression of
the proteins. However, precise roles of the apolipoproteins
in HCV assembly have not been elucidated yet. In this
study, we show that infectious particle formation of HCV in
Huh7 cells was severely impaired by the knockout of both
ApoB and ApoE genes by artificial nucleases, and this
reduction was cancelled by the expression of not only
ApoE, but also other exchangeable apolipoproteins,
including ApoA1, ApoA2, ApoC1, ApoC2 and ApoC3. In
addition, expression of amphipathic o-helices in the
exchangeable apolipoproteins restored the infectious
particle formation in the double-knockout cells through
an interaction with viral particles. These results provide
clues to the understanding of life cycle of HCV and the
development of novel antivirals to HCV.

binding of apolipoproteins enhances the stability and hydrophi-
licity of lipoprotein. However, the specific roles played by the
apolipoproteins in HCV particle formation are controversial.
Gastaminza et al. demonstrated that ApoB and MT'TP are cellular
factors essential for an eflicient assembly of infectious HCV
particles [10]. However, studies by other groups demonstrated that
ApoE is a major determinant of the infectivity and particle
formation of HCV, and the ApoE fraction is highly enriched with
infectious particles [11]. In addition, Mancone et al. showed that
ApoAl is required for production of infectious particles of HCV
[15]. However, the evidence of the involvement of apolipoproteins
in HCV particle formation is dependent on knockdown data and
exogenous expression of the apolipoproteins, and thus the precise
mechanisms of participation of the apolipoproteins in HCV
assembly have not been elucidated [10,11,16].

Recently, several novel genome editing techniques have been
developed, including methods using zinc finger nucleases (ZFN),
transcription  activator like-effector nucleases (TALEN) and
CRISPR/Cas9 systems [17-19]. DNA double strand breaks
(DSBs) induced by these artificial nucleases can be repaired by
error-prone non-homologous end joining (NHEJ), resulting in
mutant mice or cell lines carrying deletions, insertions, or
substitutions at the cut site. To clarify the detailed function of
gene family with redundant functions, the generation of animals or
cell lines carrying multiple mutated genes may be essential.

In this study, Huh7 cell lines deficient in both ApoB and ApoL
genes were established by using ZFNs and revealed that ApoB and
ApoE redundantly participate in the formation of infectious HCV
particles. Interestingly, the expression of other exchangeable apolipo-
proteins, i.e., ApoAl, ApoA2, ApoCl, ApoC2 and ApoC3, facilitated
HCYV assembly in ApoB and ApoE double-knockout cells. In addition,
the expression of amphipathic o-helices in the exchangeable
apolipoproteins restored the production of infectious particles in the
double-knockout cells through an interaction with viral particles.

Results

Several apolipoproteins participate in the production of
infectious viral particles

First, we compared expression levels of apolipoproteins between
hepatocyte and hepatic cancer cell lines including Huh7 and
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HepG2 cells Fig. 1A and B). The web-based search engine
NextBio (NextBio, Santa Clara, CA) revealed that ApoB, ApoH
and the exchangeable apolipoproteins ApoAl, ApoA2, ApoCl,
ApoC2, ApoC3, and Apoll are highly expressed in human liver
tissues (Fig. 1A). On the other hand, the expressions of ApoAl,
ApoCl, ApoC2, ApoC3 and Apoll in hepatic cancer cell lines
were suppressed compared to those in hepatocytes (Fig. 1B). To
examine the roles of apolipoproteins in the formation of infectious
HCV particles, the effects of knockdown of ApoA2, ApoB and
Apoli on the infectious particle production in the supernatants
were determined in Huh?7 cells by focus forming assay (Fig. 1C).
The transfection of siRNAs targeting to ApoA2, ApoB and Apok
significantly  suppressed  the production of infectious HCV
particles. This inhibitory effect is well consistent with the high
level of expression of these apolipoproteins in the hepatic cancer
cell lines, suggesting that the apolipoproteins involved in HCV
assembly are dependent on the expression pattern in hepatic
cancer cell lines, including Huh7 cells [20]. Therefore, we
examined the effects of exogenous expression of the apolipopro-
teins highly expressed in the liver tissues on the infection of HCV
in the stable Apoli-knockdown Huh7 cells (Fig. 1D). In contrast to
the control-knockdown cells, expression of not only ApoE but also
ApoAl, ApoA2, and ApoCl rescued the infectious particle
formation in the ApoL-knockdown cells (Fig. 1E), suggesting that
various exchangeable apolipoproteins participate in the efficient
production of infectious HGV particles.

ApoB and ApoE have a redundant role in HCV particle
formation

To obtain more convincing data on the involvement of
apolipoproteins in the production of infectious HCV particles,
we established knockout (KO) Huh7 cells deficient in either ApoB
(B-KO1 and B-KO2) or ApoE (E-KOI! and E-KO2) by using
Z¥N (Figure S1). Deficiencies of ApoB or Apoll expression in
these cell lines were confirmed by ELISA and immunoblotting
analyses (Figure S1). First, we examined the roles of ApoB and
ApoE on the entry and RNA replication of HCV by using HCV
pseudotype particles (HCVpp) and subgenomic replicon (SGR) of
the JFHI1 strain, respectively. The B-KO and E-KO cell lines
exhibited no significant effect on the infectivity of HCVpp and the
colony formation of SGR (Figure S2A and Figure S2B), suggesting
that ApoB and ApoF are not involved in the entry and replication
processes of HCV. To examine the role of ApoB and ApoE in the
propagation of HCV, HCVce was inoculated into parental, B-KO
and E-KO cell lines at an MOI of 1, and intracellular viral RNA
and infectious titers in the supernatants were determined (Figure
S2C and Figure S2D). Although RNA replication and infectious
particle formation in B-KO cells upon infection with HCV were
comparable with those in parental Huh7 cells, E-KO cells
exhibited slight reduction of particle formation, and the expression
of ApoE in E-KO cells rescued infectious particle formation
(Figure S2C, Figure S2D, TFigure S2E). Next, to examine the
redundant role of ApoB, the effect of knockdown of ApoB on
HCV assembly was determined in parental and E-KO Huh7 cell
lines (Fig. 2A). Knockdown of ApoB in E-KO cells resulted in a
more efficient reduction of infectious particle production than that
in parental Huh7 cells, suggesting that ApoB and ApoE have a
redundant role in the formation of infectious HCV particles.

To further confirm the redundant role of ApoB and ApoE in the
HCV life cycle, especially in the particle formation, 2 clones of
ApoB and ApoE double-knockout (BE-KO1 and BE-KO2) Huh7
cells were established by ZFNs (Figure S3A and Figure S3B). The
lack of ApoB and ApoE expressions was confirmed by immuno-
blotting and ELISA analyses (Figure S3C, Figure S3D, Figure
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doi:10.1371/journal.ppat.1004534.g001

S3E). The BE-KO cell lines also exhibited no significant effect on
the infectivity of HCVpp (Fig. 2B) and the colony formation of
SGR (Fig. 2C). Next, we examined the redundant role of ApoB
and ApoE on the propagation of HCVce. Upon infection with
HCVcc at an MOI of 1, infectious titers in the supernatants of BE-
KO1 and BE-KO2 cells were 50 to 100 times lower than those of
parental Huh7 cells at 72 h post-infection, while the level of
intracellular RNA replication was comparable (Fig. 2D and E). In
addition, exogenous expression of ApoE in BE-KO (ApoE-res)
cells rescued the production of infectious viral particles to levels
comparable to those in parental Huh7 cells (Fig. 2F and G),
suggesting that ApoB and ApoE redundantly participate in the
particle formation of HCV.

MTTP participates in HCV particle formation through the
maturation of ApoB

It is difficult to determine the roles of ApoB in the particle
formation of HCV, because ApoB is too large (550 kDa) to obtain

c¢DNA for expression. However, previous reports have shown that
expression of MTTP facilitates the secretion of ApoB [21]. To
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further clarify the roles of ApoB in the life cycle of HCV, we
established knockout Huh7 cell lines deficient in MTTP (M-KO1
and M-KO2) and in both ApoE and MTTP (EM-KO! and EM-
KO2) by using the ZFN and CRISPR/Cas9 system (Figure S4A
and Figure S4E). The lack of MTTP, ApoB and ApoE expressions
was confirmed by immunoblotting and ELISA analyses (Figure
Figure S4B, Figure S4C, Figure S4D, Figure S4F, Figure S4G,
Figure S4H). As previously reported, the secretion of ApoB was
completely abrogated in M-KO and EM-KO cells, while the
mRNA levels of ApoB were comparable among Huh7, M-KO
and EM-KO cells (Figure S41). To examine the roles of MTTP in
the assembly of HCV through the secretion of ApoB, HCVcc was
inoculated into the Huh7, B-KO, M-KO, E-KO, BE-KO and
EM-KO cell lines at an MOI of 1, and intracellular HCV
genomes and infectious titers in the supernatants were determined
(Fig. 3A~C). Although intracellular RNA replication in M-KO
and EM-KO cells was comparable with that in Huh7, B-KO, E-
KO and BE-KO cells (Fig. 3B), infectious titers in the superna-
tants of EM-KO cells were severely impaired as seen in BE-KO
cells, while those of M-KO cells were comparable to those of
parental Huh7cells (Fig. 3C), suggesting that MTTP participates
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in the HCQV assembly through the regulation of ApoB secretion.
To further confirm the roles of MTTP in HCV assembly through
ApoB secretion, the effects of exogenous expression of MTTP in
EM-KO cells on the infectious particle formation of HCV were
determined. Immunoblotting and ELISA analyses revealed that
exogenous expression of MTTP rescued the seeretion of ApoB
into the supernatants of EM-KO cells (Iig. 3D and L), while
expression of ApoE or MTTP in both BE-KO and EM-KO cells
exhibited no effect on the intracellular RNA replication (Iig. 3F).
Although exogenous expression of ApoE rescued the infectious
particle formation of HCV in both BE-KO and EM-KO cells,
expression of MTTP rescued the particle formation in EM-KO
cells but not in BE-KO cells (Fig. 3G), supporting the notion that
MTTP plays a crucial role in the HCV assembly through the
maturation of ApoB.

Exchangeable apolipoproteins redundantly participate in
the assembly of infectious HCV particles

Next, to examine the roles played in HGV particles formation by
other apolipoproteins highly expressed in the liver (Fig. 14), the
expressions of ApoAl, ApoA2, ApoCl, ApoC2, ApoC3 and ApoH
in BE-KOI cells were suppressed by siRNAs (Fig. 4A and Figure
S5). While knockdown of ApoAl, ApoC3 and ApoH exhibited no
effect, that of ApoA2, ApoC1 and ApoC2 significantly inhibited the
release of infectious particles, which was consistent with the
expression pattern of endogenous apolipoproteins except for ApoH
in Huh7 cells (Fig. 1B), suggesting that not only ApoB and ApoE
but also other exchangeable apolipoproteins participate in HCV
particle formation. To confirm the redundant role of these

PLOS Pathogens | www.plospathogens.org

apolipoproteins on the infectious particle formation, the effects of
exogenous expression of these apolipoproteins on the propagation
of HCVce in BE-KOI1 cells were determined. ApoAl, ApoA2,
ApoCl, ApoC2, ApoC3, ApoE and ApoH were expressed by
lentiviral vector in BE-KOI1 cells (Fig. 4B upper panel). The
expressions of ApoAl, ApoA2, ApoCl, ApoC2, ApoC3 and Apok
but not of ApoH enhanced extracellular HCV RNA, while they
exhibited no effect on intracellular HCV RNA (Ig. 4C). In
addition, the expressions of these exchangeable apolipoproteins
enhanced the infectious particle formation in the supernatants of
BE-KOI1 cells (Tig. 4B lower panel). On the other hand, the
expression of nonhepatic apolipoproteins, including ApoD, Apol.1,
and ApoQ, exhibited no effect on HCV particle formation in BE-
KOl cells (Figure S6). These results suggest that exogenous
expression of not only the ApoL but also the ApoA and ApoC
families can compensate for the impairment of HCV particle
formation in BE-KOI1 cells. Interestingly, specific infectivity
(infectious titers/viral RINA levels in supernatants) was also
enhanced by the expression of ApoAl, ApoA2, ApoCl, ApoC2,
ApoC3 and ApoE, suggesting that these apolipoproteins participate
in the infectious but not non-infectious particle formation of HCV
(Fig. 4D). Previous reports have suggested that the expressions of
Claudinl (CLDN1), miR-122 and ApoE facilitate the production of
infectious particles in nonhepatic 293T cells [16]. Therefore, the
effects of exogenous expression of exchangeable apolipoproteins on
particle formation were examined in 2937T cells expressing CLDN1
and miR-122 (293T-CLDN/miR-122 cells). Exogenous expression
of ApoAl, ApoA2, ApoCl, ApoC2, ApoC3 and ApoE, but not of
ApoH by lentiviral vector facilitated the production of infectious
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HCV particles in 293T-CLDN/miR-122 cells (Fig. 4E). On the
other hand, the expression of ApoE exhibited no effect on the
propagation of Japanese encephalitis virus (JEV) and dengue virus
(DENV) (Figure S7) in BE-KO1 cells. These results suggest that the
exchangeable apolipoproteins and ApoB redundantly and specifi-
cally participate in the formation of HCV particles.

To examine the role of exchangeable apolipoproteins in the
formation of other genotypes of HCV, the effect of exogenous
expression of these apolipoproteins on the propagation of
genotype 1b and 3a chimeric HCVce, TH/JFHI and $310/
JFHI1 viruses in BE-KO1 cells was determined (Fig. 5) [22,23]. As
seen in infection with HCVcc (JFHI), expression of ApoAl,
ApoA2, ApoCl, ApoC2, ApoC3 and ApoE enhanced the
formation of infectious particles of TH/JFH1 and S310/JFH1
chimeric viruses. These results suggest that ApoAl, ApoA2,
ApoC1, ApoC2, ApoC3 and ApoFE redundantly participate in the
efficient formation of infectious HCV particles of genotypes 1b, 2a
and 3a.

Apolipoproteins participate in the post-envelopment
step of particle formation
To determine the details of the assembly of infectious HCV

particles in the BE-KO1 cells, intracellular infectious titers were
determined in Huh7, BE-KO1 and ApoFE-res cells by using the

PLOS Pathogens | www.plospathogens.org

freeze and thaw method. Not only intracellular but also
extracellular infection titers were impaired in BE-KO1 cells
compared with those in parental and ApoE-res cells (Fig. 6A),
suggesting that intracellular particle formation is impaired by
deficiencies in the expression of ApoB and ApoE. Previous reports
have shown that the recruitment of viral proteins around LD and
redistribution of LD are essential for HCV assembly [24]. To
clarify the roles of the exchangeable apolipoproteins on HCV
assembly in more detail, we examined the intracellular localization
of viral proteins, LD and ER in BE-KO1 and ApoE-res cells. The
localization of core proteins around LD and the membranous-web
structure forming the replication complex were observed in BE-
KOL1 cells upon infection with HCVcc, as reported in parental
Huh7 cells (Fig. 6B, 6C and Figure S8). However, greater
accumulation of core proteins and LD around the perinuclear
region was detected in BE-KO1 cells in comparison with ApoE-res
cells (Fig. 6C and 6D), supporting the notion that apolipoproteins
participate in the infectious particle formation in HCV rather than
viral RNA replication. Previous studies revealed that core proteins
were mainly localized on the ER membrane upon infection with
the genotype 2a Jcl strain-based HCVce (HCVcc/]Jcl), and
inhibition of capsid assembly and envelopment caused accumu-
lation of core proteins on the surface of LD [25-27]. In ApoE-res
cells, core proteins of HCVcc/Jcl were mainly localized on the
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ER membrane, in contrast to the co-localization of core proteins were analyzed by buoyant density ultracentrifugation (Iig. 7A-B)
of HCVcc (JFH1) with LD (Iig. 6E upper). However, core [28]. Secretion of viral capsids in the supernatants was severely
proteins were accumulated around LD in BE-KO1 cells infected impaired in BE-KO1 cells in comparison with that in ApoE-res

with HCVec/Jcl, as seen in those infected with HCVee (JFHI) cells (Tig. 7A upper), in contrast to the detection of abundant
(Fig. 6E lower). These results suggest that apolipoproteins intracellular capsids in both cell lines (Fig. 7B upper). Although

participate in the steps of HCGV particle formation occurring after peak levels of the core proteins and infectious titers were detected
HCV protein assembly on the LD. around 1.08 g/ml in both cell lines, the infectious titers in all
To further examine the involvement of apolipoproteins in the fractions of BE-KO1 cells were significantly lower than those in

infectious particle formation of HCV, culture supernatants and ApoE-res cells, supporting the notion that apolipoproteins
cell lysates of BE-KO1 and ApoE-res cells infected with HCVec participate in the post-assembly process of HCGV capsids which
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Figure 5. Exchangeable apolipoproteins participate in the formation of infectious HCV particles of genotype 1 and 3. ApoA1, ApoA2,
ApoC1, ApoC2, ApoC3, ApoE and ApoH were exogenously expressed in BE-KO1 cells by infection with lentiviral vectors, and then infected with
genotype 1b and 3a chimeric HCVcc, TH/JFH1 (A) and S310/JFH1 (B) at an MOI of 0.5. Intracellular HCV RNA and infectious titers in the culture
supernatants were determined at 72 h post-infection by qRT-PCR (upper) and focus-forming assay (lower). Asterisks indicate significant differences

(**, P<<0.01) versus the results for control cells.
doi:10.1371/journal.ppat.1004534.9005

is required to confer infectivity. Next, to examine the involvement
of apolipoproteins in the envelopment of HCV particles, lysates of
BE-KO1 and ApoE-res cells infected with HCVec were treated
with proteinase K in the presence or absence of Triton X [26].
Protection of HCV core proteins from the protease digestion was
observed in both cell lysates (Fig. 7C), suggesting that apolipopro-
teins are not involved in the envelopment of HCV particles.
Collectively, these results suggest that exchangeable apolipopro-
teins participate in the post-envelopment step of HCV particle
formation.

Amphipathic o-helices in exchangeable apolipoproteins
participate in the formation of infectious HCV particles
through the interaction with viral particles

To determine the structural relevance of apolipoproteins
involved in the HCV assembly, the secondary structures of the
apolipoproteins were deduced by using a CLC Genomics
Workbench and previous reports (Fig. 8A) [29-34]. Tandem
repeats of amphipathic o-helices were observed in the apolipo-
proteins capable of rescuing HCV assembly in BE-KO1 cells, but
not in those lacking this activity, suggesting that amphipathic o-
helices in the apolipoproteins participate in the assembly of HCV.
To examine the involvement of the amphipathic a-helices of the
exchangeable apolipoproteins in the particle formation of HCV,
we constructed expression plasmids encoding deletion mutants of
ApoE and ApoCl, and then these deletion mutants were
exogenously expressed in BE-KOI cells by lentiviral vectors
(Fig. 8B and C upper panels). The expression of all of the deletion
mutants of ApoE and ApoCl containing either N-terminal or C-
terminal amphipathic o-helices rescued the particle formation of
HCV in BE-KOL1 cells (Fig. 8B and C lower panels), suggesting
that amphipathic a-helices in the apolipoproteins play crucial roles
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in the production of infectious HCV particles. In addition, more
abundant full-length and truncated ApoE were detected in the
precipitates of the culture supernatants of cells infected with
HCVcc than those of mock-infected cells concentrated by
ultracentrifugation, suggesting that the amphipathic o-helices of
apolipoproteins are directly associated with HCV particles
(Fig. 8D and E). Taken together, the data in this study strongly
suggest that exchangeable apolipoproteins redundantly participate
in the infectious particle formation of HCV through the
interaction between amphipathic a-helices and viral particles.

Discussion

In this study, we demonstrated the redundant roles of ApoB and
the exchangeable apolipoproteins ApoAl, ApoA2, ApoCl,
ApoC2, ApoC3 and ApoE in the assembly of infectious HCV
particles. The deficiencies of both ApoB and ApoE inhibited the
production of infectious HCV particles in Huh7 cells, and
exogenous expression of exchangeable apolipoproteins rescued
the particle formation. ¢cDNA microarray revealed that the
expression patterns of exchangeable apolipoproteins in hepatic
cancer cell lines are widely different from those in liver tissue. In
previous reports, ApoE and ApoB were identified as important
host factors for the assembly of infectious HCV particles [10,11],
and knockdown of ApoE and ApoB expression also inhibited the
production of infectious particles in this study. Because ApoB and
ApoE are major apolipoproteins in VLDL, several reports have
suggested that the VLDL production machinery participates in the
production of HCV particles. Furthermore, density gradient
analyses revealed co-fractionation of HCV RNA with lipoproteins,
with the resulting complexes being termed lipoviroparticles (LVP)
[12,35]. However, it has been reported that there is no correlation
between secretion of VLDL and production of LVP [36]. In
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Figure 6. Accumulation of core proteins around lipid droplets in BE-KO1 cells. (A) Extracellular and intracellular infectious titers in Huh7,
BE-KO1 and ApoE-restored cells infected by lentiviral vector (ApoE-res) were determined at 72 h post-infection with HCVcc at an MOI of 1 by focus-
forming assay. Asterisks indicate significant differences (**, P<<0.01) versus the results for parental cells. (B) BE-KO1 cells infected with HCVcc at an
MOI of 1 were stained with anti-Core antibody at 72 h post-infection and examined by fluorescence microscopy. Identical fields were observed under
electron microscopy by using the correlative FM-EM technique. The boxed areas are magnified and displayed. Huh7, BE-KO1 and ApoE-res cells
infected with HCVcc at an MOI of 1 were subjected to immunofluorescence analyses by using anti-Core antibody (C), and immunoblotting by using
antibodies against Core, NS3, ApoE, and actin at 72 h post-infection (D). Lipid droplets and cell nuclei were stained by BODIPY and DAPI, respectively.
(E) BE-KO1 and ApoE-res cells infected with Jc1 strain-based HCVcc (HCVec/Jc1; left panel) or JFH1 strain-based HCVec (HCVec/JFHT; right panel) at an
MOI of 1 were subjected to immunofluorescence analysis by using anti-Core antibody at 72 h post-infection. Lipid droplets and cell nuclei were

stained by BODIPY and DAPI, respectively.
doi:10.1371/journal.ppat.1004534.g006

addition, exogenous expression of ApoE facilitated the infectious
particle formation of HCV in 293T cells stably expressing CLDN1
and miR-122 [16], suggesting that ApoE-mediated particle
formation is independent from VLDL production. Furthermore,
exogenous expression of ApoAl, a major apolipoprotein of HDL,
also facilitated the production of HCV particles as shown in
Fig. 4E. These data suggest that the roles of the exchangeable
apolipoproteins in HCV assembly are independent from the
production of VLDL. MTTP plays crucial roles in the lipoprotein
formation through the incorporation of triglyceride into growing
lipoprotein and secretion of ApoB [21]. Although it has been
shown that treatment with an MTTP inhibitor impairs the
production of HCV particles [11], in this study, we found that
knockout of MTTP abrogated the secretion of ApoB but not the
production of infectious HGV particles. Collectively, these data
suggest that exchangeable apolipoproteins redundantly participate
in the infectious particle formation of HCV independently from
lipoprotein secretion machinery.

Production of HCV capsids in the culture supernatants is
impaired in 293T cells expressing miR-122 due to lack of Apok
expression, but envelopment of viral capsids is observed [37],
suggesting that ApoE is involved in the post-envelopment step.
Coller et al. suggested that ApoE is associated with de novo
formation of HCV particles during secretory pathway based on an
experiment using HCV possessing a tetracysteine-tag in the core
protein [38]. In this study, ApoAl, ApoA2, ApoCl, ApoC2,
ApoC3 and ApoE enhanced the formation of HCV particles in the
post-envelopment step. These results suggest that a direct
interaction between exchangeable apolipoproteins and enveloped
particles in the ER lumen facilitates an efficient secretion of
infectious HCV particles. Ultrastructural analysis of HCV
particles has shown that large amounts of apolipoproteins,
including ApoAl, ApoB and ApoE, bind to the surface of viral
particles [39]. Interestingly, ApoE-specific antibodies were more
efficient in capturing viral particles than a-E1/E2 antibodies, and
significantly large numbers of gold particles reacting with ApoE
were observed per virion than those with E2, suggesting that viral
envelope proteins are masked by a large amount of apolipopro-
teins. The unique characteristics of interaction between apolipo-
proteins and HCV particles might be applied for visualization of
entry and purification of HCV particles by using GFP- or affinity-
tagged amphipathic o-helices of apolipoproteins. In the previous
report, virocidal amphipathic helical peptides impaired the
infectivity of viral particles [40]. There is a possibility that such
peptide influences on the interaction between apolipoproteins and
viral particles, and might be a new therapeutic approach.

In previous reports, the importance of the interaction between
lipoprotein receptors and ApoE in the entry of HCV has been well
established. Lipoprotein receptors including scavenger receptor
class B type 1 (SR-B1) and low-density lipoprotein receptor
(LDLR) are involved in HCV entry into the target cells [41,42].
LDLR is thought to mediate cell attachment of HCV through an
interaction with virus associated ApoE [43,44]. SR-Bl also
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interacts with ApoE and hypervariable region 1 (HVR1) in the
envelope protein of HCGV [43]. In this study we have shown that
exchangeable apolipoproteins including not only ApoE but also
ApoA and ApoC facilitate the production of infectious HCV
particles, and that exchangeable apolipoproteins directly associate
with viral particles. Meunier et al. reported that ApoC1 associates
intracellularly with viral particles during particle morphogenesis
and enhances the entry of HCV through an interaction of the C-
terminal region of ApoCl with heparan sulfate [45]. Another
group also showed that ApoC1 enhances HCV infection through
the triple interplay among HVRI, ApoC1, and SR-B1 [46]. These
results suggest that the interaction of HCV particles with
apolipoproteins also participates in the entry through the binding
of lipoprotein receptors including SR-B1 and LDLR.

Although the gene-knockout technique is essential to obtain
reproducible and reliable data, and many knockout mice have
been produced in various research areas, the development of
experimental tools for HCV study has also been hampered by the
narrow cell tropism [47,48]. A humanized mouse model in which
human liver cells were xenotransplanted into mmmunodeficient
mouse was developed and provided an important platform for the
analysis of pathogenesis and the development of antivirals for
HCV [49]. However, the exogenous expression of human receptor
molecules required for HCV entry and impairment of innate
immunity are required for the complete propagation of HCV in
mice [50]. Gene-knockout techniques using a CRISPR/Cas9
system composed of guide RNA and Cas9 nuclease that form
RNA-protein complexes to cleave the target sequences [19] have
allowed quick and easy establishment of gene-knockout mice and
cancer cell lines [51,52], and indeed, such MTTP-knockout cell
lines were established also in this study. Recently, the high-
throughput screening of host factors involved in several conditions
was reported by using a CRISPR/Cas9 system [53]. Together,
these novel genome-editing techniques are expected to reveal the
precise roles of host factors involved in the HCV life cycle.

In summary, we have shown that apolipoproteins, including
ApoAl, ApoA2, ApoCl, ApoC2, ApoC3, ApoE and ApoB,
possess redundant roles in the assembly of HCV through the
interaction of the amphipathic o-helices in the apolipoproteins
with viral particles in the post-envelopment step. It is hoped that
these findings will provide clues to the life cycle of HCV and assist
in the development of novel antivirals targeting the assembly
process of HCV.

Materials and Methods

NextBio Body Atlas

The NextBio Body Atlas application presents an aggregated
analysis of gene expression across various normal tissues, normal
cell types, and cancer cell lines [20]. It enables us to investigate the
expression of individual genes as well as gene sets. Samples for
Body Atlas data are obtained from publicly available studies that
are internally curated, annotated, and processed. Body Atlas
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Figure 7. Apolipoproteins participate in the post-envelopment
step of the HCV life cycle. The supernatants (A) and lysates (B) of BE-
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of 1 were subjected to density gradient fractionation. Each fraction was
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(C) The lysates of BE-KO1 and ApoE-res cells infected with HCVcc at an
MOI of 1 were subjected to proteinase K digestion protection assay.
Lysates were separated into 3 parts and incubated for 1 h on ice in the
presence or absence of 50 pug/ml proteinase K with/without pretreat-
ment with 5% Triton-X and then subjected to immunobilotting.
doi:10.1371/journal.ppat.1004534.g007
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measurements are generated from all available RNA expression
studies that used Affymetrix U133 Plus or UI33A Genechip
Arrays [or human stucies. The results from 128 human tissue
samples were incorporated from 1,067 arrays; 157 human cell
types from 1,474 arrays; and 359 human cancer cell lines from 376
arrays. Gene queries return a list of relevant tissues or cell types
rank-ordered by absolute gene expression and grouped by body
systems or across all body systems. In the current analysis, we
determined the expression levels of the apolipoproteins ApoAl,
ApoA2, ApoB, ApoCl, ApoC2, ApoC3, ApoD, Apok, Apol,
ApoLl, ApoL2 and ApoO in liver tissue. We used an analysis
protocol developed by NextBio, the details of which have been
described previously [20].

¢DNA microarray

Expression profiling was generated using the 4 x 44 K whole
human genome oligo-microarray ver.2.0 G4845A (Agilent Tech-
nologies) as previously described [54]. Raw data were imported into
Subio platform ver.1.12 (Subio) for database management and
quality control. Raw intensity data were normalized against GAP-
DH expression levels for further analysis. These raw data have been
accepted by GEO (a public repository for microarray data, aimed at
storing MIAME). Access to data concerning this study may be
found under GEO experiment accession number GSE32886.

Cell lines

All cell lines were cultured at 37°C under the conditions of a
humidified atmosphere and 5% CO,. The human hepatocellular
carcinoma-cderived Huh7 and human embryonic kidney-derived
293T cells were obtained from Japanese Collection of Research
Bioresources (JORB) Cell Bank (JCRB0403 and JCRB9068), and
maintained in DMEM (Sigma) supplemented with 100 U/ml
penicillin, 100 pg/ml streptomycin, and 10% fetal calf serum (FCS).
The Huh7-derived cell line Huh7.5.1 was kindly provided by F.
Chisari. Huh7 cells harboring JFH 1-based HCV-SGR were prepared
according to the method of a previous report [54] and maintained in
DMEM containing 10% FCS and 1 mg/ml G418 (Nakalai Tesque).

Plasmids

The ¢DNA clones of pri-miR-122, ApoAl, ApoA2, ApoCl,
ApoC2, ApoC3, ApoE, ApoH, and AcGIP were inserted between
the Xhol and Xbal sites of lentiviral vector pCSII-EF-RfA, which
was kindly provided by M. Hijikata, and the resulting plasmids
were designated pCGSH-EF-miR-122, pCGSII-EF-MT-apolipopro-
teins, and pCSI-EF-AcGFP, respectively. The deletion mutants of
ApoCl and ApoE were amplified by PCR and introduced into
pCSH-EF. pHH-JFHI-E2p7NS2mt contains three adaptive mu-
tations in pHH-JFHL [55]. The pIL-J6/JFH1 plasmid that
encodes the entire viral genome of the chimeric strain of HCV-
2a, J6/JFH]1, was kindly provided by Charles M. Rice [8]. pTH/
JFHI (genotype 1b) and pS310/JFHI1 (genotype 3a) were used for
the production of chimeric viruses [22,23]. The plasmid pX330,
which encodes hCas9 and sgRINA, was obtained from Addgene
(Addgene plasmid 42230). The fragments of guided RNA
targeting the MTTP gene were inserted into the Bbsl site of
pX330 and designated pX330-MTTP. The plasmids used in this
study were confirmed by sequencing with an ABI 3130 genetic
analyzer (Life Technologies).

Antibodies

Mouse monoclonal antibodies to HCV core, B-actin and
Calnexin were purchased from Thermo Scientific and Sigma
Aldrich, respectively. Mouse anti-ApoAl, ApoB, ApoCl, ApoE
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Figure 8. Amphipathic a-helices in apolipoproteins participate in the infectious particle formation of HCV. (A) Predicted or
experimentally determined secondary structures of apolipoproteins. Secondary structures of the helices and sheets in the apolipoproteins are colored
red and cyan, respectively. The three-dimensional structures of ApoA1 (Protein Data Bank (PDB) ID, 3R2P), ApoC1 (PDB ID, 110J), ApoD (PDB ID, 2HZR),
ApoE (PDB ID, 2L7B), ApoH (PDB ID, 1C1Z) and ApoM (PDB ID, 2XKL) are also shown in a ribbon model using the same color code of secondary
structures. In cases in which the structure was not available, the secondary structure was predicted by using a CLC Genomics Workbench. (B,C)
Schematics of the ApoE- and ApoC1-deletion mutants (upper). Deletion mutants with HA tags expressed in BE-KO1 cells by lentiviral vectors were
detected by immunoblotting (middle). BE-KO1 cells expressing the WT or deletion mutants of ApoE or ApoC1 were infected with HCVcc at an MO! of
1, and infectious titers in the culture supernatants were determined by focus-forming assay at 72 h post-infection. Asterisks indicate significant
differences (¥*, P<0.01) versus the results for control cells. (D) Schematic of the concentration of viral particles from HCV-infected cells using
ultracentrifugation. (E) BE-KO1 cells expressing the WT or deletion mutants of ApoE were infected with HCVcc at an MOI of 1. Culture supernatants
harvested at 72 h post-infection were concentrated by ultracentrifugation at 32,000 rpm for 2 h at 4°C, and subjected to immunoblotting.
doi:10.1371/journal.ppat.1004534.g008

and ApoH antibodies were purchased from Cell Signaling,
ALerCHEK Inc., Abnova, NOVUS Biologicals, and Santa Cruz
Biotechnology, respectively. Rat anti-ApoA2 and Sheep anti-
ApoC2 antibodies were purchased from R&D systems. Rabbit
anti-NS5A antibody was prepared as described previously [54].
Alexa Fluor (AF) 488-conjugated anti-rabbit or mouse IgG
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antibodies, and AF594-conjugated anti-mouse IgG2a antibodies
were purchased from Life Technologies.

Gene silencing

A small interfering RNA (siRNA) pool targeting various
apolipoproteins (iGENOME SMARTpool) and control nontar-
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geting siRNA were purchased from Dharmacon, and wransfected
into cells using Lipofectamine RNAL MAX (Life Technologies)
according to the manufacturer’s protocol, A human shRNA
library was purchased from Takara Bio Inc.

Preparation of viruses

Upon transfection of pHE-JFH1-E2p7NS2mt or in vitro
transcribed TH/JFHI, J6/JFHI and S310/JFHI RNA into
Huh7.5.1 cells, HQV in the supernatant was collected after serial
passages, and infectious titers were determined by a focus-forming
assay and expressed in focus-forming units (FFU) [22,23,54]. To
compare the localization of core protein, J6/JFHI was used in
Fig. 6E. Pscudoparticles expressing HCV envelope glycoprotein
were generated in 2937 cells as previously reported [5], and
infectivity was assessec by luciferase expression using the Bright-
Glo Luciferase assay system (Promega) and expressed in relative
light units (RLU).

Lipofection and lentiviral gene transduction

The lentiviral vectors and ViraPower Lentiviral Packaging Mix
(Life Technologies) were co-transfected into 2937 cells by Trans
IT LT-1 (Mirus), and the supernatants were recovered at 48 h
post-transfection. The lentivirus titer was determined by the Lenti-
XTM ¢RT-PCR Titration Kit (Clontech), and the expression
levels and AcGEP were determined at 48 h post-inoculation.

Immunoblotting

Cells lysed on ice in lysis buffer (20 mM Tris-HCI [pH 7.4],
185 mM NaCl, 1% Triton-X 100, 10% glycerol) supplemented
with a protease inhibitor mix (Nacalai Tesque) were boiled in
loading buffer and subjected to 5-20% gradient SDS-PAGE. The
proteins were transferred to polyvinylidene difluoride membranes
(Millipore) and reacted with the appropriate antibodies. The
immune complexes were visualized with SuperSignal West Femto
Substrate (Pierce) and detected by the LAS-3000 image analyzer
system (Fujifilm).

Generation of gene-knockout Huh7 cell lines

Custom ZIFN plasmids were designed to bind and cleave the
ApoB, ApoE and MTTP genes and were obtained from Sigma
Aldrich. Huh7 cells were transfected with in vitro transcribed
ZFNs mRNA or pX330-MTTP by Lipofectamine 2000 (Life
Technologies), and single cell clones were established by the single
cell isolation technique. To screen for gene-knockout Huh7 cell
clones, mutations in target loci were determined by using a
Surveyor assay as previously described [56]. Frameshift of the
genes and deficiencies of protein expression were confirmed by
direct sequencing and immunoblotting analysis, respectively.

Enzyme-linked immunosorbent assay (ELISA)

Protein concentrations of ApoB or ApoE in the culture
supernatants were determined by using ELISA immunoassay kits
(Alercheck Inc.) according to the manufacturer’s protocol.

Quantitative RT-PCR

Total RNA was extracted from cells by using an RNeasy
minikit (Qjagen) and the first-strand ¢cDNA synthesis and gRT-
PCR were performed with TagMan EZ RT-PCR core reagents
and a ViiA7 system (Life Technologies), respectively, according to
the manufacturer’s protocol. The primers for TagMan PCR
targeted to the noncoding region of HCV RNA were synthesized
as previously reported [54]. Tagman Gene expression assays
were used as the primers and probes targeting to apolipoproteins
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(Life Technologies). Fluorescent signals were analyzed with the
VA7 system.

Immunofluorescence assay

Cells cultured on glass slides were fixed with 4% paraformal-
dehyde (PFA) in phosphate bullered saline (PBS) at room
temperature for 30 min, permeabilized for 20 min at room
temperature with PBS containing 0.2% Triton after being washed
three times with PBS, and blocked with PBS containing 2% FCS
for 1T h at room temperature. The cells were incubated with PBS
containing the appropriate primary antibodies at room temper-
ature for 1 h, washed three times with PBS, and incubated with
PBS containing AIF'488- or AI'594-conjugated secondary antibod-
ies at room temperature for 1 h. For lipid-droplet staining, cells
incubated in medium containing 20 pg/ml BODIPY for 20 min
at 37°C were washed with pre-warmed fresh medium and
incubated for 20 min at 37°C. Gell nuclei were stained with
DAPIL. Cells were observed with a FluoView FVI1000 laser
scanning confocal microscope (Olympus).

In vitro transcription, RNA transfection, and colony
formation

The plasmid pSGR-JFH]1 was lincarized with Xbal, and treated
with mung bean exonuclease. The linearized DNA was tran-
scribed n vitro by using the MEGAscript 'T'7 kit (Life Technol-
ogies) according to the manufacturer’s protocol. The in wvitro
transcribed RNA (10 pg) was electroporated into Huh7 cells at 107
cells/0.4 ml under conditions of 190 V and 975 ulI" using a Gene
Pulser (Bio-Rad) and plated on DMEM containing 10% FCS. The
medium was replaced with fresh DMEM containing 10% FCS
and 1 mg/ml G418 at 24 h post-transfection. The remaining
colonies were cloned by using a cloning ring (Asahi Glass) or fixed
with 4% PFA and stained with crystal violet at 4 wecks post-
electroporation.

Intracellular infectivity

Intracellular viral titers were determined according to a method
previously reported [10]. Briefly, cells were extensively washed
with PBS, scraped, and centrifuged for 5 min at 1000x g. Cell
pellets were resuspended in 500 pl of DMEM containing 10%
FCS and subjected to three cycles of freezing and thawing using
liquid nitrogen and a thermo block set to 37°C. Cell lysates were
centrifuged at 10,000x g for 10 min at 4°C to remove cell debris.
Cell-associated infectivity was determined by a focus-forming
assay.

Electron microscopy and correlative FM-EM analysis

Correlative fluorescence microscopy-electron microscopy (FM-
EM) allows individual cells to be examined both in an overview
with fluorescence microscopy and in a detailed subcellular-
structure view with electron microscopy. Cells infected with
HCVcc were examined by the correlative FM-EM method as
described previously [57].

Buoyant density fractionation

Culture supernatants of cells infected with HCVce were
concentrated 50 times by using Spin-X UF concentrators
(Corning), and the intracellular proteins collected after freeze-
and-thaw were applied to the top of a linear gradient formed from
10-40% OptiPrep (Axis-Shield) in PBS and spun at 32,000 rpm
for 16 h at 4°C by using an SW41 Ti rotor (Beckman Coulter).
Aliquots of 10 consecutive fractions were collected, and the
infectious titer and density were determined.
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Proteinase K digestion protection assay

The proteinase K digestion protection assay was performed as
described previously [37]. Briefly, cells were extensively washed
with PBS, scraped, and centrifuged for 5 min at 1000 x g. The cell
pellets were resuspended in 500 pl of PBS and subjected to three
cycles of freezing and thawing using liquid nitrogen and a thermo
block set to 37°C. The cell lysates were centrifuged at 10,000 x g
for 10 min at 4°C to remove cell debris. The cell lysates were then
incubated with 50 pug/ml proteinase K (Life Technologies) in the
presence or absence of 5% Triton-X for 1 h on ice, and the
digestion was terminated by addition of PMSF (Wako Chemical
Industries).

Statistics

The data for statistical analyses are the average of three
independent experiments. Results were expressed as the means =
standard deviation. The significance of differences in the means
was determined by Student’s ¢-test.

Supporting Information

Figure S1 Establishment of ApoB- or ApoE-knockout
Huh7 cell lines. Target sequences of ZFNs to ApoB (A) and
ApoE (B) are indicated by red characters inside a red box at the
top of the panel. Gene knockout by the sequence modification in
the 2 alleles of the ApoB (A) or ApoE (B) gene in knockout cell
lines (B-KO1 and B-KO2, or E-KOI and E-KO2) is shown.
Deletion and insertion of the sequences are indicated by dotted
lines and blue characters in brackets, respectively. Absence of the
expressions of ApoB (C) and ApoE (D) in the knockout cell lines
was confirmed by immunoblotting using anti-ApoB and -ApoE
antibodies. Expression of ApoB (E) and ApoE (F) in the culture
supernatants of 293T, Huh7 and the knockout cell lines was
determined by ELISA.

(TTF)

Figure S2 Both ApoB and ApoE are involved in the
formation of infectious HCV particles. (A) HCVpp were
inoculated into Huh7, B-KO1, B-KO2, E-KO1 and E-KO2 cells,
and luciferase activities were determined at 48 h post-infection. (B)
A subgenomic HCV RNA replicon of the JFHI strain was
electroporated into Huh7, B-KO1 and E-KO1 cells, and colonies
were stained with crystal violet at 31 days post-electroporation
after selection with 400 pg/ml of G418. HCVcc were inoculated
into Huh7, B-KO1, B-KO2, E-KO1 and E-KO2 cells at an MOI
of 1 and intracellular HCV RNA at 12, 24, 36 and 60 h post-
infection (C), and infectious titers in the culture supernatants at
72 h post-infection (D) were determined by qRT-PCR and focus-
forming assay, respectively. (E) Exogenous expression of ApoE in
E-KO1 and E-KO2 cells by lentiviral vector was determined by
immunoblotting analysis (upper), and infectious titers in the
culture supernatants of cells infected with HCVec at an MOI of 1
were determined at 72 h post-infection by focus-forming assay
(lower).

(TIF)

Figure S3 Establishment of ApoB and ApoE double-
knockout (BE-KO) Huh?7 cell lines. Gene knockout by the
ZFN in the 2 alleles of the ApoB and ApoE genes in the double-
knockout cell lines, BE-KO1 (A) and BE-KO2 (B), is shown.
Deletion and insertion of the sequences are indicated by dotted
lines and blue characters in brackets, respectively. (C) The absence
of the expressions of ApoB and ApoE in BE-KO1 and BE-KO2
was confirmed by immunoblotting using anti-ApoB and -ApoE
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antibodies. Expression of ApoB (D) and ApoE (E) in the culture
supernatants of 2937T, Huh7, BE-KO1 and BE-KO2 cells was
determined by ELISA.

(T1TF)

Figure S4 Establishment of MTTP-knockout (M-KO)
and ApoE and MTTP double-knockout (EM-KO) Huh?7
cell lines. (A) Gene knockout by the ZFN in the 2 alleles of the
MTTP gene in the knockout cell lines, M-KO1 and M-KO2, is
shown. (B) Expression of MTTP in Huh7, M-KO1 and M-KO2
cells was determined by immunoblotting. Expression of ApoB (C)
and ApoE (D) in the culture supernatants of Huh7, M-KO1, M-
KO2 and 293T cells was determined by ELISA. (E) Gene
knockout in the 2 alleles of the MTTP. genes by the CRISPR/
Cas9 system and in one allele of the ApoE gene by the ZFN in the
double-knockout cell lines, EM-KO1 and EM-KO2, is shown. (F)
Expression of MTTP in Huh7, EM-KO1 and EM-KO2 cells was
determined by immunoblotting. Expression of ApoB (G) and
ApoE (H) in the culture supernatants of Huh7, EM-KO1, EM-
KO2 and 293T cells was determined by ELISA. (I) Expression of
ApoB mRNA in Huh7, M-KO1, M-KO2, EM-KO1, EM-KO2
and 293T cells was determined by gRT-PCR.

(TIF)

Figure S5 Gene silencing of apolipoproteins. BE-KO1
cells infected with HCVcc at an MOI of 1 at 6 h post-transfection
with siRNAs targeting ApoAl, ApoA2, ApoCl, ApoC2, ApoC3
and ApoH, and the expression levels of these apolipoproteins were
determined by ¢-RT PCR using specific primers and probes.
(TIF)

Figure $6 ApoD, ApoLl, and ApoO do not participate in
the formation of infectious HCV particles. Exogenous
expression of ApoD, ApoE, ApoLl and ApoO in BE-KO1 cells by
lentiviral vector was determined by immunoblotting analysis
(upper), and infectious titers in the culture supernatants of cells
infected with HCVcc at an MOI of 1 were determined at 72 h
post-infection by focus-forming assay (lower).

(TIF)

Figure S7 BE-KOI1 cells permit propagation of JEV and
DENV. Huh7, BE-KOI and ApoE-restored (ApoE-res) cells were
infected with JEV and DENV at an MOI of 0.1, and infectious
titers in the culture supernatants were determined by focus-
forming assay at 48 h post-infection.

(TIF)

Figure 88 Localization of core, NS5A proteins and ER in
BE-KO Huh?7 cells. BE-KO1 cells infected with HCVec at an
MOT of 1 were subjected to immunofluorescence analyses by using
antibodies against core, NS5A and Calnexin.

(TIE)
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ABSTRACT

Hepatitis C virus (HCV) is a major etiologic agent of chronic liver diseases. Although the HCV life cycle has been clarified by
studying laboratory strains of HCV derived from the genotype 2a JFH-1 strain (cell culture-adapted HCV [HCVcc]), the mecha-
nisms of particle formation have not been elucidated. Recently, we showed that exogenous expression of a liver-specific microRNA,
miR-122, in nonhepatic cell lines facilitates efficient replication but not particle production of HCVcc, suggesting that liver-spe-
cific host factors are required for infectious particle formation. In this study, we screened human cancer cell lines for expression
of the liver-specific a-fetoprotein by using a cDNA array database and identified liver-derived JHH-4 cells and stomach-derived
FU97 cells, which express liver-specific host factors comparable to Huh7 cells. These cell lines permit not only replication of
HCV RNA but also particle formation upon infection with HCVcc, suggesting that hepatic differentiation participates in the ex-
pression of liver-specific host factors required for HCV propagation. HCV inhibitors targeting host and viral factors exhibited
different antiviral efficacies between Huh7 and FU97 cells. Furthermore, FU97 cells exhibited higher susceptibility for propaga-
tion of HCVcc derived from the JFH-2 strain than Huh7 cells. These results suggest that hepatic differentiation participates in
the expression of liver-specific host factors required for complete propagation of HCV.

IMPORTANCE

Previous studies have shown that liver-specific host factors are required for efficient replication of HCV RNA and formation of
infectious particles. In this study, we screened human cancer cell lines for expression of the liver-specific a-fetoprotein by using
a cDNA array database and identified novel permissive cell lines for complete propagation of HCVcc without any artificial ma-
nipulation. In particular, gastric cancer-derived FU97 cells exhibited a much higher susceptibility to HCVcc/JFH-2 infection
than observed in Huh?7 cells, suggesting that FU97 cells would be useful for further investigation of the HCV life cycle, as well as

the development of therapeutic agents for chronic hepatitis C.

% ore than 170 million individuals worldwide are infected with
hepatitis C virus (HCV), and the cirrhosis and hepatocellu-
lar carcinoma induced by HCV infection are life-threatening dis-
eases (1). Current standard therapy combining pegylated-inter-
feron (peg-IFN) and ribavirin (RBV) has achieved a sustained
virological response (SVR) in 50% of individuals infected with
HCV genotype 1 (2). Recently, directly acting antiviral (DAA)
agents have been applied in a clinical setting (3). An SVR rate of
over 80% has been realized by combination therapy with peg-IFN,
RBV, and NS3/4A inhibitors in genotype 1 patients (4, 5). In ad-
dition, several DAAs, including inhibitors for NS3/4A protease,
NS5A, and NS5B polymerase, are currently in clinical trials. Sev-
eral reports have shown that in vitro replication of HCV RNA is
significantly inhibited by treatment with daclatasvir (NS5A inhib-
itor) and asunaprevir (NS3 protease inhibitor), and these two
DAAs are also effective for patients infected with genotype 1 HCV
who showed no response to previous therapy with peg-IFN-o and
RBV (6-8). On the other hand, it has been shown that drug-resis-
tant breakthrough viruses emerge during treatment with DAAs
(9-12). Therefore, identification of host factors crucial for the
propagation of HCV is an important task for the development of
novel therapeutics for chronic hepatitis C with a low frequency of
emergence of drug-resistant viruses.

The establishment of an in vivo infection model has been ham-
pered by the narrow host range and tissue tropism of HCV. Al-
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though chimpanzees are the only experimental animals suscepti-
ble to HCV infection, it is difficult to use a chimpanzee model of
experimental infection due to ethical concerns (13, 14). In addi-
tion, in vitro infection models have also been restricted to the
combination of cell culture-adapted clones based on the genotype
2aJFH-1 strain (HCVcc) and human hepatoma cell lines, includ-
ing Huh7 (15). Recently, several reports have shown that the ex-
ogenous expression of microRNA-122 (miR-122) facilitates the
efficient propagation of HCVcc in HepG2 and Hep3B cells, which
are nonpermissive for propagation of HCVcc (16, 17). Further-
more, we reported that nonhepatic cell lines, including HeclB
cells derived from uterine endometrial adenocarcinoma, also per-
mit replication of HCV RNA by exogenous expression of miR-122
(18). These reports indicate that miR-122 is one of the most im-
portant determinants for liver tropism of HCV infection. Inter-
estingly, formation of infectious particles was not observed in
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