of the MICA protein [23, 29], which is involved in the
susceptibility to hepatocellular carcinoma in chronic
hepatitis patients [24, 25], we focused on this miRNA in
further analyses.

Efficient delivery of miRNAs into liver cell lines
using bionanocapsules

Efficient delivery methods of genes or compounds
into targeted tissues or cells are essential to translate the in
vitro results into clinical settings. Here, we utilized BNCs
[21, 30, 31], which were originally developed to deliver
genes and drugs with high efficiency and specificity
to human liver-derived cells, as an efficient delivery
method for miRNAs into human liver cells, including
primary hepatocytes. Since BNCs are composed of HBV
L proteins, the distribution of these BNCs and infected
HBYV should be similar. To confirm the efficiency of
delivery of miRNAs into liver-derived cells by BNCs, we
delivered BNCs carrying let-7g or miRNA93 to the human
hepatocellular carcinoma cell lines, Huh7 and HepG2
cells, and to human normal hepatocytes immortalized
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with SV40 large T antigen, Fa2N4 cells [28]. The day after
delivery of the BNCs, cells were collected and subjected
to Northern blotting against let-7g, miRNA93, and U8,
the loading control, and the results showed successful
delivery of miRNAs into all cell lines tested (Figure
2a). The biological function of the delivered miRNAs
was confirmed using luciferase-based reporters, which
measured let-7g and miRNA93 functions [23]. Huh7 and
Hep3B cells transfected with reporter constructs were
delivered with let-7g or miRNA93 using BNCs, followed
by a luciferase assay at the next day. Delivered miRNAs
significantly decreased the corresponding luciferase
activity, suggesting that the delivered miRNAs were
functioning within the cells (Figure 2b).

We next examined the delivery of miRNAs into
293T cells (human embryonic kidney cell lines) to explore
cell-specificity. Only a small increase in miRNA93
expression levels was observed 24 hours after transfer into
293T cells, based on Northern blots (Figure 2¢), indicating
that the BNCs had high specificity for hepatocyte-derived
cells. The expression of transferred miRNA into Huh?7
cells could be observed even 3 days after delivery (Figure
2d), suggesting that the delivered miRNAs are expressed
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Figure 1: Comprehensive transcriptome and miRNA analyses in HBV-replicating human primary hepatocytes. a, b,
Efficient HBV replication in human primary hepatocytes isolated from chimeric mice. Primary human hepatocytes isolated from chimeric
mice were seeded into the wells of a 24-well plate. Serum from HBV-infected patients was added to infect the cells with HBV. Media
was changed at the indicated days (V). The supematant was collected when the media was changed for the analyses of HBsAg levels (a)
and HBV-DNA levels (b). Data represent the means =+ s.d. of three independent experiments. ¢, Scatter plot reflecting the transcriptomic
results comparing the control and HBV-replicating primary human hepatocytes. Cells at day 7 after HBV infection were used for the
analyses. Intensity normalization was performed using global normalization based on the expression levels of all genes analyzed. Dashed
lines indicate the thresholds: two-fold increase or 50% decrease in expression levels. The full data are deposited in NCBI GEO database
accession: GSE55928. d, A scatter plot of the miRNA microarray results was used to determine the expression levels of comprehensive
mature miRNAs. Total RNA from control and HBV-replicating primary hepatocytes at day 7 after infection was used. Dashed lines indicate
the thresholds: two-fold increase or 50% decrease in expression levels. Intensity normalization was performed using global normalization
based on the expression levels of all miRNAs. The arrow indicates the result for miRNA93. The full data are deposited in NCBI GEO
database accession: GSE55929.
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for several days. on Northern blots (Figure 3a), irrespectively of the use of

Polybren (Figure 3a).
miRNA delivery into human primary hepatocytes Since the expression levels of miRNA93 were
using bionanocapsules downregulated by HBV replication (Figure 1d and

Supplementary Table 4), we delivered miRNA93 via
BNCs into HBV replicating human hepatocytes to rescue
the downregulation of miRNA93 levels and examine the
effects of decreased miRINA93 on transcript levels (Figure
3b). The rescue of miRNA93 expression, recovered the
bascline-level expression of some genes, such as 17-beta-
hydroxysteroid dehydrogenase 14 (HSD17B14) and
tripartite motif-containing protein 31 (TRIM 31), which

Based on the efficient delivery of miRNA via BNCs
into human liver-derived cell lines, we examined the BNC-
mediated delivery of miRNAs into non-dividing human
primary hepatocytes isolated from chimeric mice, as
described above. BNCs could deliver miRNAs efficiently,
even into non-dividing human primary hepatocytes, based
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Figure 2: Efficient delivery of miRNAs into liver cell lines using BNCs. a, Northern blotting of miRNAs delivered into liver
cells by BNCs. Liver cancer cell lines, Huh7 and Hep3B, and primary hepatocytes immortalized by SV40, Fa2N4, were incubated with
BNCs harboring the indicated miRNAs (miRNA93 or let7g) or BNCs without miRNAs (NC). After 24 hours, cells were harvested and
subjected to analysis. Membranes were re-probed for let7g, miRNA93, and U6 as a loading control. The results shown are representative
of three independent experiments. b, miRNAs delivered using BNCs were biologically functional. Huh7 and Hep3B cells were transfected
with the indicated reporter constructs, which indicate the activity of each miRNA function. Twenty-four hours after transfection, cells were
mixed with BNCs containing let7g (black bar), miRNA93 (gray bar), or negative control (white bar). Forty-eight hours after transfection,
cells were subjected to a dual luciferase assay. Data shown represent the means + s.d. of the raw ratios (FL/RL), obtained by dividing the
firefly luciferase values by the renilla luciferase values, of three independent experiments. *p < 0.05. ¢, Delivery of miRNAs via BNCs were
liver cell-specific. The 293T cells (human embryonic kidney cells) were incubated with BNCs containing let7g, miRNA93, or negative
control (NC). After 24 hours, cells were subjected to Northern blotting for miRNA93. U6 was used as a loading control. The results shown
are representative of two independent experiments. d, miRNA93 expression in Huh7 cells after the delivery of miRNA93 via BNCs. Cells
were sequentially collected after incubation with BNCs containing miRNA93 and subjected to Northern blotting. U6 was used as a loading
control. The results shown are representative of three independent experiments.
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were increased by HBV replication (Supplementary Table
1), suggesting that the mRNA levels of these genes may
be directly or indirectly regulated by miRNA93. Although
the enhanced decay of target transcripts by miRNAs has
been reported [22, 32], miRNAs generally function as
translational repressors [33]. However, these miRNA93
delivery results may not be accurate due to direct or
indirect effects of miRNA93. In addition, changes in
protein levels may differ from our transcript expression
results.

plays a role in the susceptibility to HBV-induced HCC
[25]. MiRNAO93 regulates MICA protein levels, but
not transcript levels [23, 29]. Although it was found
that miRNA93 expression levels decreased during
HBYV replication in primary hepatocytes (Figure 1d and
Supplementary Table 4), MICA transcript levels were not
affected (GEO accession number: GSE55928), suggesting
that the effects of miRNA93 on MICA may be mediated
by translational repression and not by mRNA decay, as
we reported previously [23]. To confirm changes in the

expression level of the MICA protein on the cell surface
of primary hepatocytes induced by HBV infection, cells
were subjected to FACS analyses. However, the protein
expression levels on the cell surface did not change
significantly (Figure 4a). MICA is a soluble protein
released into the supernatant after shedding by ADAM10
and ADAMI17[34]. Our results suggested that the

Modulatien of MICA protein expression levels by
delivery of miRNA93 using BNCs

We previously identified miRNA93 as a critical
regulator of MICA protein expression [23], which
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Figure 3: Efficient delivery of functional miRNAs into human primary hepatocytes using BNCs. a, Northern blotting for
miRNAs delivered into cells using BNCs. Human primary hepatocytes isolated from chimeric mice were incubated with BNCs containing
the indicated miRNAs (miRNA93 or let7g) or BNCs without miRNAs (NC), with or without Polybren. After 24 hours, cells were harvested
and subjected to analysis. Membranes were re-probed for let7g, miRNA93, and U6 as a loading control. The results shown are representative
of three independent experiments. b, A scatter plot reflecting the transcriptome results between the control and primary human hepatocytes
treated with BNCs containing miRNA93. Cells were harvested 24 hours after BNC treatment. Intensity normalization was performed using
global normalization based on the expression levels of all genes analyzed. Dashed lines indicate the thresholds: a two-fold increase or 50%
decrease in expression levels. The full data are deposited in GEO database accession: GSE55928.
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Figure 4: Soluble MICA protein levels were regulated by miRNA93 in human primary hepatocytes. a, Membrane-bound
MICA protein expression was not affected by miRNA delivery into human primary hepatocytes. Flow cytometric analysis of membrane-
bound MICA protein expression in cells delivered BNC-mediated control (green line), let7g (blue line), or miRNA93 (red line). Gray-
shaded histograms represent background staining, assessed using isotype IgG. Representative results from three independent experiments
are shown. b, Soluble MICA protein levels in the supernatants of primary hepatocytes after delivery of the indicated miRNAs (let7g or
miRNA93) or negative control (NC) with or without HBV replication. Data represent the means + s.d. of three independent experiments.
*p<0.05.
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modulated expression of MICA in primary hepatocytes
during HBV replication affects this shedding process.
To explore this possibility, we examined MICA protein
levels in the supernatant using ELISA. As predicted, HBV
infection significantly increased the protein concentration
of MICA in the supernatant (Figure 4b).

Because an increase in soluble MICA levels in
the serum of chronic hepatitis B patients is significantly
associated with increased susceptibility to HCC [25], this
increase during HBV replication needs to be prevented.
Thus, we examined the effects of delivery of BNCs
carrying miRNA93 into HBV-infected hepatocytes. Even
though the MICA mRNA levels were not significantly
affected by miRNA93 delivery based on microarray results
(GEO accession: GSE55928), soluble MICA protein in the
supernatant significantly decreased according to ELISA
(Figure 4b). These results suggested that miRNA93
delivery into the liver decreases soluble MICA levels in
the serum, which may be used to prevent HCC in chronic
hepatitis B patients.

DISCUSSION

We report that HBV replication in human
hepatocytes decreases miRNA93 expression and increases
soluble MICA levels. Increased soluble MICA levels in
the serum are strongly associated with HBV-related HCC
[25], and the increased soluble MICA levels could be
antagonized by the delivery of miRNAO93 into hepatocytes
using BNCs. Thus, BNCs carrying miRNA93 may be used
to prevent HCC in patients with chronic HBV infection.

Methods of efficient long-term HBV replication
in vitro are not commonly available. Although transient
transfection assays using fragments or tandem-units of
the HBV genome or the full-length HBV genome without
vector backbone have been applied [8-12], these models
can be analyzed only for short-term replication after
transfection. Although stable cell lines carrying HBV
genomes are also used, HBV particles are derived from the
HBYV genome and integrate into the host genome, which
differs from natural infection, in which HBV replication
mainly relies on HBV cccDNA [6, 7]. Although the most
ideal system for HBV infection and replication studies in
vitro are primary human hepatocytes, they are difficult
to obtain. Freshly isolated human hepatocytes from
chimeric mice used in this report are relatively easily to
obtain, since they proliferate under immune-deficient
and liver-damaging conditions. These cells could support
HBYV replication for a substantial period and are valuable
resources for studies on HBV infection and replication.

Another essential tool used in this study is that
of BNCs. Primary hepatocytes are generally difficult to
transduce with exogenous genes via transfection. Although
viral-mediated gene transfer is useful even for primary
cells, we chose BNCs as the miRNA delivery method
for several reasons. First, since BNCs are composed

of HBV L particles, these BNCs preferentially target
primary hepatocytes and theoretically target similar cells
as does HBV. Second, since we want to develop future
therapeutics based on our experimental results, we avoided
using viral materials such as lentiviruses or retroviruses
to improve biosafety. Third, although BNCs have been
established to transfer genes or drugs [21, 31, 35], transfer
of miRNAs has not yet been examined, which prompted
us to investigate delivery of miRNAs. We found that
BNCs could efficiently deliver miRNAs into primary
hepatocytes. Although further studies are required,
delivery of miRNAs into hepatocytes via BNCs may be a
promising approach to target hepatocytes in vivo, as BNCs
are cfficient delivery vehicles in xenograft models using
human liver-derived cells [21].

The present results regarding comprehensive
transcriptome analyses using HBV replicating hepatocytes
may be applicable for future HBV research. While similar
experiments are typically performed using transfection
in HBV protein-expressing cells, or other relatively
artificial experimental settings, the results here may
better reflect the in vivo situation for HBV-infected
hepatocytes. The expression of approximately 0.3%
of genes changed during HBV replication when the
threshold was set to a greater than 4-fold increase or to
less than a 25% decrease. Although some of these genes
were consistent with previous transcriptomic studies [36-
38], we observed several novel characteristics. First, few
inflammation-related genes were included among genes
whose expression levels were significantly changed. The
reason for this discrepancy remains unclear, but the results
were considered accurate, since inflammation is rare when
HBYV replicates prior to seroconversion in chronic HBV-
infected patients. Thus, HBV may be able to evade the
sensing system related to innate immunity [39-41]. It
should be explored whether changes in HBV sequences
or the presence of host cells other than hepatocytes
affect gene expression in hepatocytes in vivo. Second,
based on comprehensive analysis of transcript changes,
many CYP-related genes were upregulated during HBV
replication, which is consistent with previous reports [27,
28]. Since the biological significance of these changes
remain unclear, further studies are required to explore the
biological significance during HBV replication.

Microarray analyses of changes in miRNA
expression levels in HBV-replicating cells revealed that
miRNA expression levels were not affected by HBV
replication (2.4% among 2,000 miRNAs when the
threshold was set to more than a two-fold increase or
less than a 50% decrease). However, the miRNAs whose
expression levels changed may play crucial roles in the
regulation of target gene expression without affecting
transcript expression levels, for example, targeting of the
MICA protein by miRNA93, whose expression levels
were downregulated by HBV replication. The results
of comprehensive miRNA expression level analysis in
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HBV-replicating cells may increase our understanding of
deregulated gene expression induced by HBV replication
in hepatocytes.

MiIRNA93 is a critical regulator of MICA protein
expression [23, 29]. Thus, the decreased expression of
miRNA93 by HBV suggested that the regulation of MICA
expression by miRNA93 has biological significance.
Polymorphisms in the MICA gene are associated
with HBV and HCV-induced HCC [25, 42], and the
increase in soluble MICA in the serum can be used as a
susceptibility marker for HBV-induced HCC [25]. The
increased levels of MICA protein expression agreed
with the decreased miRNA93 expression. However, this
increase was observed for soluble MICA protein levels
and not membrane-bound MICA. While MICA is post-
translationally dependent on the cell context or the status
of viral infection [34], MICA may be readily processed
from the cell surface in HBV-replicating primary
hepatocytes and mainly released as soluble protein.
Soluble MICA protein may function as a decoy for the
NKG2D receptor in immune cells and as an evasion
or immune surveillance system during chronic HBV
infection. It may also be associated with HBV-induced
HCC since HBV-infected hepatocytes may evade from
the immune surveillance. Based on these results, BNCs
carrying miRNA93 can be used to eliminate HBV-infected
hepatocytes, which may be a novel approach for the
prevention of subsequent virus-induced HCC.

MATERIALS AND METHODS

Cells

Primary human hepatocytes isolated fresh using the
collagenase perfusion method from chimeric uPA/SCID
mice with humanized livers [14, 17] were obtained from
Phoenix Bio (Hiroshima, Japan). The purity of human
hepatocytes was greater than 95%. A total of 3.0 x 10°
cells/well were seeded on a type I collagen coated-24-well
plate and maintained in DMEM with 10% FBS, 5 ng/ml
EGF, 0.25 pg/ml insulin, 0.1 mM ascorbic acid, and 2%
DMSO [43]. These cells were able be maintained at a high
density for more than 3 weeks, supporting the long-term
replication of HBV infection in vitro.

HBY infection in vitro

Serum from chronically HBV-infected patients with
no HBe antibody before seroconversion was used for in
vitro infection. Serum containing 9.0 log IU/ml of HBV
genotype C in a volume of 3 pl, which is approximately
1.5 x 107 copies of HBV, was added to the 3.0 x 10° cells/
well, followed by the addition of 4% PEG 8000 at day 0.
Cells were washed, and the media was changed at days 1

and 2 and every 5 days thereafter. The media was collected
to measure HBsAg and HBV-DNA at days 1, 2, 3, 7, 10,
15, 20 and 23 to confirm HBV replication. Measurements
were performed at the clinical laboratory testing company
SRL. Inc. (Tokyo, Japan).

c¢DNA array and miRNA microarray

Human 25K ¢DNA microarray and human 2K
miRNA microarray analyses were performed using
miRNA oligo chips according to the standard protocols
(Toray Industries, Tokyo, Japan). The data and the
experimental conditions were deposited in a public
database (GEO: accession numbers: GSES55928 and
GSES55929).

Bionanocapsules for miRNA delivery

Hollow particles consisting of HBV L proteins
(pre-S1, pre-S2, and S regions) were used as the BNCs,
as described previously [20, 21, 30]. The incorporation
of miRNAs (miRNA93 or let-7g) into the hollow space
and the delivery of miRNAs into human liver cells
were performed as described previously [31]. Briefly,
32 ul BNC was added to 1 ml culture media at a final
concentration of 50 nM miRNA 24 h before the indicated
assays (unless otherwise specified).

Northern blotting of miRNAs

Northern blotting of miRNAs was performed as
described previously. Total RNA was extracted using
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. RNA (10
ug) was resolved on denaturing 15% polyacrylamide gels
containing 7 M urea in 1% TBE and then transferred to a
Hybond N+ membrane (GE Healthcare) in 0.25x TBE.
Membranes were UV-crosslinked and prehybridized
in hybridization buffer. Hybridization was performed
overnight at 42°C in ULTRAhyb-Oligo Buffer (Ambion)
containing a biotinylated probe specific for miRNA93
(CTA CCT GCA CGA ACA GCA CIT TG) and let-
7g (AAC TGT ACA AAC TACT ACC TCA), which
was heated to 95°C for 2 min prior to hybridization.
Membranes were washed at 42°C in 2x SSC containing
0.1% SDS, and the bound probe was visualized using the
BrightStar BioDetect Kit (Ambion). Blots were stripped
by boiling in a 0.1% SDS, 5 mM EDTA solution for 10
min prior to rehybridization using a U6 probe (CAC GAA
TTT GCG TGT CAT CCT T).
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Reporter plasmids, transient transfection, and
dual luciferase assays

The firefly luciferase reporter plasmid was used to
examine let7g and miRNA93 function. pGL4-TK, a renilla
luciferase reporter, was used as an internal control [44].
Transfection and dual luciferase assays were performed as
described previously [45].

Flow cytometry

The expression levels of MICA on the cell surface
were determined using flow cytometry, as described
previously [23]. Briefly, cells were hybridized with
anti-MICA (1:500; R&D Systems, Minneapolis, MN,
USA) and isotype control IgG (1:500; R&D Systems)
in 5% BSA/1% sodium azide/PBS for 1 h at 4°C. After
washing, cells were incubated with goat anti-mouse Alexa
488 (1:1,000; Molecular Probes, Eugene, OR, USA) for
30 min. Flow cytometry was performed and the data
analyzed using Guava Easy Cyte Plus (GE Healthcare,
Little Chalfont, UK).

ELISA for MICA

The concentration of MICA in the cell culture
supernatant was measured using a sandwich ELISA,
according to the manufacturer’s instructions (R&D
Systems, Minneapolis, MN, USA).

Statistical analysis

Significant differences between groups were
determined using the Student’s r-test when variances
were equal and using Welch’s #-test when variances
were unequal. P-values less than 0.05 were considered
statistically significant.
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For efficient biomolecule production (e.g., antibodies, recombinant proteins), mammalian cells with high expres-
sion rates should be selected from cell libraries, propagated while maintaining a homogenous expression rate, and
subsequently stabilized at their high expression rate. Clusters of isogenic cells (i.e., colonies) have been used for these
processes. However, cellular heterogeneity makes it difficult to obtain cell lines with the highest expression rates by
using single-colony-based breeding. Furthermore, even among the single cells in an isogenic cell population, the
desired cell properties fluctuate stochastically during long-term culture. Therefore, although the molecular mecha-
nisms underlying stochastic fluctuation are poorly understood, it is necessary to establish excellent cell lines in order
to breed single cells to have higher expression, higher stability, and higher homogeneity while suppressing stochastic
fluctuation (i.e., single-cell-based breeding). In this review, we describe various methods for manipulating single cells
and facilitating single-cell analysis in order to better understand stochastic fluctuation. We demonstrated that single-
cell-based breeding is practical and promising by using a high-throughput automated system to analyze and

manipulate single cells.

© 2013, The Society for Biotechnology, Japan. All rights reserved.

[Key words: Automated single cell analysis and isolation system; Cellular heterogeneity; Biomolecule production; Stem cells; Hybridomas; Chinese

hamster ovary cells]

Mammalian cells have been utilized for long time as a resource
in the manufacture of biomolecules and biopharmaceuticals. Hy-
bridomas and Chinese hamster ovary (CHO) cells are the most
common cells used in this field (1,2). For efficient production of
biomolecules using these cells, it is essential to select cells from
cell libraries based on their high expression rate, propagate the
cells while maintaining a homogeneous expression rate, and sta-
bilize the high expression rate for long-term culture. Cell screen-
ings for conventional methods of addressing these issues (mass
production, cellular homogeneity, and cellular stability) have so far
only been executed at the colony level (i.e., single-colony-based
breeding; Fig. 1A). Candidate colonies are initially isolated using
selection markers [e.g., drug resistance (3—5), auxotrophy (6,7),
reporter gene expression (8—10)], subjected to limiting dilution
(11), and then evaluated by immunoassays andfor functional as-
says to identify the single colonies with the highest expression.
Recently, the detection and retrieval of those colonies with the
most favorable properties have been performed automatically
using the robotic system ClonePix FL (12). This system uses fluo-
rescence-linked immunosorbent assay (FIA) to detect colonies that
have the highest expression rates in groups of candidate colonies
that are grown in a semi-solid medium. The system then uses a
metal capillary to retrieve the colonies. Cell lines are established

* Corresponding author. Tel./fax: 481 52 789 5227.
E-mail address: skuroda@agr.nagoya-u.acjp (S. Kuroda).

from the selected colonies by propagation over several passages
and further evaluation of the stability of the higher rate of
expression.

TWO MAJOR PROBLEMS OF CONVENTIONAL CELL BREEDING

After hybridomas established by the conventional ways are
grown by fed-batch culture for more than 80 days, their
expression decreased in a culture time-dependent manner (13).
In addition, when isogenic IgG-producing CHO cells were sepa-
rated into two groups (higher and lower IgG production) by
fluorescence-activated cell sorter (FACS), the expression levels of
both groups converged to that of parental cells after long-term
culture (10). These spontaneous changes are considered to be
due to the cellular heterogeneity in a selected single colony or
stochastic fluctuation that occurs in each cell during long-term
culture. Moreover, when single cells from isogenic hybridomas
grow into single colonies of more than 4 cells, each colony has
distinct levels of antibody expression because of stochastic fluc-
tuation during the early phase of cell growth (14). Therefore, for
effective establishment of cell lines, it is crucial to isolate single
cells that have the highest expression rate as quickly as possible,
and then propagate them homogeneously while minimizing the
stochastic fluctuation (i.e., single-cell-based breeding; Fig. 1B).
However, single cells cannot be manipulated in a high-
throughput manner using conventional techniques. This makes it
difficult to minimize cellular heterogeneity and determine the

1389-1723/$ — see front matter © 2013, The Society for Biotechnology, Japan. All rights reserved.
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FIG. 1. Comparison of single-colony-based breeding (conventional) method with single-cell-based breeding (new) method. (A) Single-colony-based breeding. Candidate cells were
divided into single cells by the limiting dilution method, and allowed to form colonies. Each colony was ranked based on the degree of favorable properties (light green cell showed
the most favorable properties). Numbers in circles indicate the rank order of each colony. Top-ranked colony was further propagated to establish master cell bank, which was still
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article.)

molecular mechanisms that underlie stochastic fluctuation in
specific single cells. On the other hand, substantial numbers of
mammalian cell lines that were created by single-colony-based
breeding for industrial production of biomolecules have been
incidentally found to possess excellent mass productivity, cellular
homogeneity, and cellular stability. This strongly suggests that
the stochastic fluctuation was successfully suppressed in spite of
the lack of precise knowledge about its mechanism. An auto-
mated system for manipulating single cells in a high-throughput
manner that could identify single cells with the most favorable
properties from huge number of candidate cells and isolate single
cells of interest automatically would facilitate the refinement of
cell breeding. This innovative approach would solve the problem
of cellular heterogeneity, lead to the deciphering of the mecha-
nisms of individual cell stochastic fluctuation, and facilitate the
effective establishment of biomolecule-producing cells with high
expression, homogeneity, and stability.

Here, we will provide an overview of the current techniques for
single-cell analysis and isolation, and introduce an automated
single-cell analysis and isolation system that we developed for
single-cell-based breeding. We will also describe how to refine cell
breeding using this system, and discuss the potential of this rational
and reliable methodology for cell-based research and industry.

CURRENT TECHNIQUES FOR IDENTIFYING SINGLE CELLS WITH
THE HIGHEST SECRETION RATE

To select single cells that secrete relatively large amounts of
biomolecules, candidate cells in a cell library were often fluo-
rescently labeled according to their secretion rates, and then
subjected to fluorescent measurement, and single-cell isolation.
This process requires nascent biomolecules to be retained within
cell bodies by treating them with brefeldin A and labeling them
with fluorophores, which severely affects cell viability and pre-
vents the isolated cells from producing biomolecules. To accom-
plish single-cell-based breeding in a non-destructive, high-yield,
and high-throughput manner, a reporter gene that encodes a
fluorescent protein is introduced into the biomolecule gene using

an internal ribosome entry site (IRES) (8). This allows the fluo-
rescent measurement of the expression rate of each cell (Fig. 2A).
However, this bicistronic reporter assay requires additional genetic
modification and directly evaluates the synthesis rate of bio-
molecules, not their secretion rate. Gel microdrop assays have
been used to measure secretion. For this assay, candidate cells are
grown in a solid-medium containing biotinylated agarose, strep-
tavidin, and biotinylated capture antibody. The cells are then
formulated into gel microdrops, and placed in contact with fluo-
rescence-labeled detection antibodies. The secreted biomolecules
of each cell are then immobilized in the agarose matrix of the gel
microdrop and form fluorescence-labeled immunocomplexes
(Fig. 2B) (15). This method can be adapted to high-throughput
isolation of efficient biomolecule-producing cells in a secretion-
dependent manner, but both low encapsulation efficiency of cells
(<15% of gel microdrops) and the physical stress caused by the
solid medium remain to be addressed. Moreover, to avoid the
encapsulation of cells into gel microdrops, the cell surface is
initially coated with semi-solid medium, chemically labeled with
biotin, and then mixed with neutravidin and biotinylated capture
antibody. Secreted biomolecules immobilized as an immunocom-
plex in the vicinity of cells are detected by fluorescence-labeled
detection antibody. This assay is known as the matrix-based
secretion assay (Fig. 2C) (16). Although this assay is more efficient
than the gel microdrop assay, the cells still suffer from chemical
stress caused by direct biotinylation. More recently, a cell-surface
fluorescence-linked immunosorbent assay (CS-FIA) was developed
to measure the amount of nascent biomolecules secreted from
single cells in a non-destructive manner (17). After the surface of
candidate cells is modified with non-toxic lipid-labeled capture
antibodies, nascent secreted antibodies are captured on the cell
surface and subsequently detected with fluorescence-labeled
detection antibodies (Fig. 2D). This method can be used to mea-
sure the amount of captured antibodies with extremely high
sensitivity (from 6.25 fg/cell to 6.40 pg/cell). CS-FIA is a promising
and reliable non-destructive and high-throughput method for
identifying the individual cells that most efficiently secrete
biomolecules.
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under the biomolecule gene of expression cassette by using internal ribosome entry site (IRES). This assay allows real-time measuring the transcription level of biomolecule gene in
each cell, not always reflecting the secretion level. (B) Gel microdrop assay. Each cell was encapsulated in a solid medium microdrop containing biotinylated agarose, avidin, and
biotin-labeled capture molecule. Biomolecules secreted from each cell were immobilized on the agarose matrix, and then sandwiched with fluorescence-labeled detection mol-
ecules. Fluorescence intensity of each cell increases in proportion to the secretion rate of biomolecules from each cell. (C) Matrix-based secretion assay. Surface of each cell was
chemically labeled with biotin, and then each cell was encapsulated in a semi-solid medium containing avidin and biotin-labeled capture molecules. Secreted biomolecules were
immobilized with biotin-labeled capture molecules at cell surface, and then sandwiched with fluorescence-labeled detection molecules. Fluorescence intensity of each cell increases
in proportion to the secretion rate of biomolecules from each cell. (D) Celi-surface fluorescence-linked immunosorbent assay (CS-FIA). Each cell was incubated with lipid-PEG
(polyethylene glycol)-labeled capture molecules for displaying the moiety of capture molecules onto cell surface spontancously. Secreted biomolecules were immobilized with
capture molecules at cell surface, and then sandwiched with fluorescence-labeled detection molecules. Fluorescence intensity of each cell increases in proportion to the secretion

rate of biomolecules from each cell.

CONVENTIONAL TECHNIQUES FOR SINGLE-CELL ANALYSIS AND
ISOLATION

The limiting dilution method has long been used to generate
single colonies from single cells in order to isolate single cells with
favorable properties (e.g., the highest synthesis and secretion rate
of biomolecules). Candidate cells are serially diluted in multi-well
plates so that each well contains approximately 1 cell. The cells
then undergo long-term culture (3—7 days) for colony formation.
Either supernatant or cell lysate of each colony is then subjected to
enzyme-linked immunosorbent assay (ELISA) or to a functional
assay in order to rank the colonies by according to the degree of
favorable properties (e.g., productivity of biomolecules) (see nos.
1—8 with circle in Fig. 1A). Because the cells within a colonies are
often heterogeneous, limiting dilution should be repeated until a
colony with low cellular heterogeneity is obtained that also has the
most favorable properties (14,18). The limiting dilution method is
laborious, time-consuming, and unsuitable for high-throughput
screening.

FACS, which uses fluorescence as an indicator for the most
favorable cell properties, has been widely used for a high-
throughput single-cell analysis and isolation in biological and
biomedical fields (1). In this method, cells in sheath solution are
introduced at high flow velocity ( ~10* cells/sec) in a high-pressure
flow path (~70 psi) to align them in a laminar flow formation.
Target cells are identified using an optical system based on their

fluorescent intensities and are then sorted into reservoir wells us-
ing high voltage (~6 x 10% V). At least 10° cells at a density of
10°—108 cells/ml (19,20) are necessary for FACS analysis. Positive
cells should make up more than 0.1% of the candidate cells (21),
which is the threshold for discriminating them from background
cells spectrophotometrically. Before cell sorting, a portion of the
cell sample must be discarded in order to optimize the measure-
ment conditions. Additionally, single cells isolated by FACS gener-
ally suffer from chemical stress derived from the sheath solution,
mechanical stress from laminar flow formation, and electrical
stress from sorting (22,23). These issues render FACS unsuitable for
rare cells (less than 10° cells), diluted cells (less than 10° cells/ml),
samples containing less than 0.1% positive cells, and vulnerable
cells.

As an alternative to FACS, on-chip flow cytometers have been
developed that use microfluidics (24—26). Single cells in a culture
medium are flowed at a moderate flow velocity (~5 x 10? cells/
sec) under atmospheric pressure through a microchannel that is
~80 um in diameter. The cells of interest are identified by their
fluorescent intensities, and are sorted to reservoir wells by weak
voltage (~6 V). Using this method, the processing rate can be
increased by increasing the number of microchannels in parallel.
This system is suitable for rare cells and vulnerable cells. How-
ever, probably due to the failure of cells to align in the micro-
channels, this system is only able to detect 70% of positive cells in
samples (27).
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FIG. 3. Automated single-cell analysis and isolation system. (A) Overview of the robot (top). The robot consists of a motorized micromanipulator equipped with a glass capillary, a
motorized stage, a reservoir plate (e.g., 6-, 12-, 24~, 48-, 96-, or 384-well format; 48- or 96-well PCR plate), and a microchamber array chip (middle and bottom). (B) Microchamber
array chip. A microchamber array chip (1 x 25.6 x 44 mm) made of polystyrene (PS) consists of 16 x 10 subareas, each of which contains 23 x 23 microchambers (30 pm in

diameter, 22 pm in depth).

CELL ARRAY SYSTEMS

In cell array systems, each cell is accommodated into a micro-
chamber (10-30 pm in  diameter, approximately
2 x 10° microchambers/chip) made of various polymers, such as,
polystyrene, polymethylmethacrylate, polydimethylsiloxane, or
silicon substrates (21,28,29). These cell arrays are subjected to
large-scale analysis of single cells under mild conditions (atmo-
spheric pressure, culture medium). The cells of interest can be
detected at the single-cell level with a high signal to noise ratio,
which excludes contamination by pseudo-positive cells in the same
microchamber. However, because this method involves manual cell
isolation is using a micromanipulator, a semi-automated colony
isolation system, CellCelector, has been optimized as a single-cell
isolation system (30). In this system, one or a few antibody-
secreting cells are accommodated into cuboid microchambers
(50 pm wide x 50 pm height x 50 pm depths) and covered with a
glass slip coated with capturing molecules (anti-IgG antibodies).
After removing the glass slip, the secreted antibodies captured on
the slip are visualized with fluorescence-labeled secondary anti-
bodies or specific antigens for identifying the cells that secrete
antigen-specific antibodies. After matching the positions of the
glass slip with those of microchambers, the cells of interest are

automatically retrieved from the respective microchambers using a
glass capillary. A similar automated single-cell isolation system,
Cellporter, has been recently developed (31). When cells in
microchambers (10 pm in diameter, 15 pm depths) were stimulated
by oxidative or acidic stress, the responsive cells are manually
identified by an independent fluorometric system and then each
cell is automatically retrieved using a metal capillary. Both Cell-
Celector and Cellporter systems facilitate the isolation of single cells
from rare samples (less than 10° cells), diluted samples (less than
10° cells/ml), samples containing less than 0.1% positive cells, and
vulnerable samples. However, both systems still require an addi-
tional device for identifying the cells of interest, which significantly
reduces their processing capabilities. Therefore, the development
of a fully automated system for single-cell analysis and isolation has
been eagerly awaited.

AUTOMATED SINGLE-CELL ANALYSIS AND ISOLATION SYSTEM

We recently developed a stand-alone automated system for
high-throughput single-cell analysis and isolation (Fig. 3A) (32).
This system consists of a motorized stage (for xy movements, <1-
pm movement accuracy), a motorized micromanipulator (for z
movement, <0.1-pm movement accuracy), a pencil pump, a glass
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Parent hybridomas (antibody secretion was optimized by single-colony-based breeding method) were subjected to CS-FIA (cyan bars), and then single hybridomas showing highest
secretion rate (daughter hybridomas) were isolated by the automated single-cell analysis and isolation system. After these hybridomas were propagated for 21 days, culture media
were analyzed by ELISA for the determination of secretion rate of antibodies (magenta bars). The antibody secretion rate of clone no. 1 was found stable during at least 21-day
culture from single cell isolation, while those of other clones were found to be decreased. Error bars, p < 0.05, n = 6. (B) Colony formation of single ES cell showing highest
expression of pluripotent marker Rex1 gene. Mouse ES cells harboring Rex1-IRES-EGFP gene (parent cells) were subjected to the automated single-cell analysis and isolation system.
Single cell showing highest Rex1 expression (daughter cell) was automatically identified and subsequently isolated by the robot, and cultured to form colony for 7 days.
Bars: 50 um. (C) Fluctuation of pluripotent marker Rex1 gene expression of daughter ES cells after the propagation from single cells (30 and 50 days). Parent ES cells (Rex1 gene
expression was optimized by single-colony-based breeding method) were subjected to the robot, and then two single cells showing highest Rex! gene expression (daughter cells
nos. 1 and 2) were isolated by the robot. After the propagation for 30 and 50 days, parental, daughter no. 1, and daughter no. 2 cells were analyzed by FACS for the determination of
Rex1 gene expression. The Rex1 gene expression of daughter no. 2 was found stable during at least 50-day culture from single cell isolation, while that of daughter no. 1 was found to
be decreased.

capillary (40.5 wm inner diameter), fluorescence microscopy
equipped with a CCD camera, a reservoir plate (6-, 12-, 24-, 48-, 96-,
or 384-well format; 48- or 96-well PCR plate), a microchamber
array chip (polystyrene, 30 pm in diameter, 22 pm in depth,
23 x 23 microchambers/subarea, 16 x 10 subareas/chip,
84,640 microchambers/chip; see also Fig. 3B), and a control com-
puter. After fluorometrically scanning all cells in a cell array

(excitation at 405 nm, 488 nm, and 633 nm; 7 s/subarea), a histo-
gram of fluorescent intensity from each cell is generated that is
used to rank cells in order of fluorescent intensity. Simultaneously,
the system generates a list of addresses, fluorescent intensities, and
images, including a transmission image of each cell. The cells of
interest are identified automatically or manually based on their
fluorescent intensities. Microchambers containing more than 2
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cells are automatically excluded. Selected cells are promptly
retrieved one-by-one using a glass capillary, and are transferred to
assigned reservoir wells (10 s/cell). The retrieval of selected cells is
confirmed by the elimination of fluorescence in each micro-
chamber. Upon failure, the system automatically repeats the
isolation process for the cell. The automated single-cell analysis and
isolation system maximizes the usability of cell array systems.
Moreover, as the parts that come in contact with samples (i.e.,
microchamber array chips, glass capillaries, reservoir plates) are
essentially disposable, the system significantly reduces the risk of
contamination and infection, and is therefore more applicable than
conventional cell analysis and isolation systems to research con-
ducted in accordance with good laboratory practices (GLP) and
production performed under good manufacturing practices (GMP).

SINGLE-CELL-BASED BREEDING OF HYBRIDOMAS AND
EMBRYONIC STEM CELLS

We used the automated single-cell analysis and isolation system
to select 362 cells that exhibited higher fluorescence than parental
hybridomas from ~5.0 x 10% hybridomas that were established by
conventional methods and subjected to CS-FIA (Fig. 2D). Eight cells
with the highest level of fluorescence were isolated by the system,
and were further propagated to about ~5.0 x 10° cells over 2
weeks. Finally, after 21 days of culture, 7 hybridomas were found to
secret higher amounts (up to 10-fold) of antibodies than parental
hybridomas (Fig. 4A) (32). Hybridoma clone no. 1 was able maintain
the high secretion rate without any decrease for at least 35 days.
The combination of the automated single-cell analysis and isolation
system with CS-FIA was thus demonstrated to be effective and
practical for improvement of the productivity of biomolecules that
are secreted from various cells.

To establish mouse embryonic stem cells (ESCs) with the highest
pluripotency, parental ESCs were firstly modified to incorporate the
EGFP (enhanced green fluorescent protein) gene under the Rex1
gene (a pluripotent marker) using a bicistronic reporter system
(Fig. 2A). About 1.0 x 10° cells of parental ESCs were subjected to
the automated single-cell analysis and isolation system and 25
single cells showing higher fluorescence were isolated. These cells
were subsequently cultured for 7 days to form colonies. About 64%
(16/25) of daughter cells formed more spherical colonies and
exhibited more uniform fluorescence than parental cells (Fig. 4B).
Furthermore, after 50 days, some portions of daughter cells were
retained stable and high expression of the Rex1 gene, indicating
that the stochastic fluctuation of pluripotency was successfully
suppressed by single-cell-based breeding (Fig. 4C). Taken together,
the automated single-cell analysis and isolation system may resolve
cellular heterogeneity; one of the two major problems that occur
during conventional single-colony based breeding (see above).
However, it is an indispensable tool for solving the problem of
stochastic fluctuation, fully establishing the single-cell-based
breeding.

MANAGEMENT OF STOCHASTIC FLUCTUATION FOR SINGLE-CELL-
BASED BREEDING

Even among isogenic cells, stochastic fluctuation is often found
in epigenetic modification (33,34), protein expression (35-37),
transcription (38,39), and cell-cycle progression (40). Single-cell
omics analyses of isogenic cells have recently revealed that these
stochastic fluctuations occur at the level of individual cells. When
cellular heterogeneity is successfully excluded from cell breeding
using our system, the established cell lines often have reduced
productivity of biomolecules during long-term culture. This might
be caused by the stochastic fluctuation that occurs in each cell. To
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establish single-cell-based breeding, it is necessary to decipher the
molecular basis underlying stochastic fluctuation and to thereby
identify the master regulators that govern this fluctuation. These
postulated regulators could be found using global analyses (e.g.,
genomics, epigenomics, transcriptomics, proteomics, and metab-
olomics) of cells with relatively high expression, stability, and ho-
mogeneity and using isogenic cells as controls. The use of the
regulators as a marker in an automated single-cell analysis and
isolation system would significantly increase the likelihood of
isolating those cells with relatively low stochastic fluctuation.
Furthermore, stochastic fluctuation could be minimized by man-
aging the expression level of the regulators. Indeed, through the
single-cell-based breeding of ESCs, Nanog, a pluripotent marker,
has been identified as one of the master regulators that can be
managed to maintain high pluripotency by suppressing stochastic
fluctuation (41).

CONCLUDING REMARKS

In order to obtain the efficient secretion of biomolecules, cell
lines should be established that avoid both cellular heterogeneity at
the colony level and stochastic fluctuation at the single-cell level.
The combination of the automated single-cell analysis and isolation
system with CS-FIA allowed us to obtain single cells that efficiently
secrete biomolecules, thereby excluding the influence of cellular
heterogeneity in the colonies bred from these cells. To establish
single-cell-based breeding, global analysis of these cells would be
an effective method for identifying master regulators that govern
stochastic fluctuation.
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Introduction

More than 160 million individuals worldwide are infected with
hepatitis C virus (HCV), and cirrhosis and hepatocellular
carcinoma induced by HCV infection are life-threatening diseases
[1]. Current standard therapy combining peg-interferon (IFNN),
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
RNNA replicon systems, many host factors required for entry and

PLOS Pathogens | www.plospathogens.org

RNA replication have been identified, respectively [5,6]. In
addition, development of a robust ¢ vitro propagation system of
HCV based on the genotype 2a JFHI strain (HCVce) has
gradually clarified the mechanism of assembly of HCV particles
[7,8]. It has been shown that the interaction of NS2 protein with
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 a-helices and ER-derived membrane [13,14]. This
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binding of apolipoproteins enhances the stability and hydrophi-
licity of lipoprotein. However, the specific roles played by the
apolipoproteins in HCGV particle formation are controversial.
Gastaminza et al. demonstrated that ApoB and MTTP are cellular
factors essential for an efficient assembly of infectious HCV
particles [10]. However, studics by other groups demonstrated that
ApoE is a major determinant of the infectivity and particle
formation of HCV, and the ApoFE 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 (NHE]J), 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 ApoE
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, ApoC1, ApoC2 and ApoC3, facilitated
HCV 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,
Apo(i2, ApoC3, and ApoL are highly expressed in human liver
tissues (Fig. 1A). On the other hand, the expressions of ApoAl,
ApoCil, ApoC2, ApoG3 and ApoH 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
ApoE on the infectious particle production in the supernatants
were determined in Huh7 cells by focus forming assay (Fig. 1C).
The transfection of siRNAs targeting to ApoA2, ApoB and ApoE
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 HOV
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 ApoE-knockdown Huh?7 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 ApoE-knockdown cells (Fig. 1E), suggesting that
various exchangeable apolipoproteins participate in the efficient
production of infectious HCV 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) Huh?7 cells deficient in either ApoB
(B-KO1 and B-KO2) or ApoE (E-KO1 and E-KO2) by using
ZFN (Figure S1). Deficiencies of ApoB or ApoE 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 JFHI 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 ApoL are not involved in the entry and replication
processes of HCV. To examine the role of ApoB and ApoE in the
propagation of HGV, HCVcc 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 $2D, Figure 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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Figure 1. Several apolipoproteins participate in HCV propagation. (A) Relative mRNA expression of the apolipoproteins in the liver tissues
(left columns) was determined using the NextBio Body Atlas application. The median expression (right columns) was calculated across all 128 human
tissues from 1,068 arrays using the Affymetrix GeneChip Human Genome U133 Plus 2.0 Array. mRNA expression for each gene was log10
transformed. (B) Log10 transformed, normalized signal intensity of the apolipoproteins in Huh7 (left columns) and HepGz2 (right columns) cells were
extracted from previously published expression microarray dataset GSE32886. (C) Huh7 cells infected with HCVcc at an MOI of 1 at 6 h post-
transfection with siRNAs targeting ApoA2 (A2), ApoB (B), ApoE (E) and control (Cont), and expression levels of apolipoproteins (upper panel) and
infectious titers in the culture supernatants (lower panel) were determined by immunoblotting and a focus-forming assay at 72 h post-infection,
respectively. (D) ApoA1, ApoA2, ApoC1, ApoE and ApoH were exogenously expressed in control and ApoE-knockdown Huh7 cells by lentiviral
vectors. Expressions of the apolipoproteins were determined by immunoblotting analysis. (E) Infectious titers in the culture supernatants of control
and ApoE-knockdown Huh? cells expressing the apolipoproteins were determined by focus-forming assay at 72 h post-infection. In all cases, asterisks

indicate significant differences (*, P<0.05; **, P<<0.01) versus the results for control cells.

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 HCVcc. 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
cDNA for expression. However, previous reports have shown that
expression of MTTP facilitates the secretion of ApoB [21]. To

PLOS Pathogens | www.plospathogens.org

further clarify the roles of ApoB in the life cycle of HCV, we
established knockout Huh?7 cell lines deficient in MTTP (M-KO1
and M-KO?2) and in both ApoE and MTTP (EM-KO1 and EM-
KO?2) 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 S4I). To examine the roles of MTTP in
the assembly of HCV through the secretion of ApoB, HGVec 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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Figure 2. ApoB and ApoE redundantly participate in the formation of infectious HCV particles. (A) Huh7 and E-KO1 cells were infected
with HCVcc at an MOI of 1 at 6 h post-transfection with siRNAs targeting ApoB or ApoE, and infectious titers in the culture supernatants were
determined by focus-forming assay at 72 h post-infection. (B) HCVpp were inoculated into Huh7, BE-KO1 and BE-KO2 cells, and luciferase activities
were determined at 48 h post-infection. (C) A subgenomic HCV RNA replicon of the JFH1 strain was electroporated into BE-KO1 and BE-KO2 cells
with/without expression of ApoE by lentiviral vector (ApoE-res), and the colonies were stained with crystal violet at 31 days post-electroporation after
selection with 400 pg/ml of G418. Huh7, BE-KO1 and BE-KO2 cells were infected with HCVcc at an MOI of 1, and intracellular HCV RNA (D) and
infectious titers in the supernatants (E) were determined at 72 h post-infection by gRT-PCR and focus-forming assay, respectively. (F) Exogenous
expression of ApoE in BE-KO1 and BE-KO2 cells by lentiviral vector was determined by immunoblotting analysis. (G) Infectious titers in the culture
supernatants of BE-KO1 (gray bars) and ApoE-res cells (red bars) infected with HCVcc at an MOI of 1 were determined at 72 h post-infection by focus-

forming assay.
doi:10.1371/journal.ppat.1004534.g002

in the HCV 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. Immunocblotting and ELISA analyses revealed that
exogenous expression of MTTP rescued the secretion of ApoB
into the supernatants of EM-KO cells (Fig. 3D and E), while
expression of ApoEl or MTTP in both BE-KO and EM-KO cells
exhibited no effect on the intracellular RINA replication (Fig. 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 HCV particles formation by
other apolipoproteins highly expressed in the liver (Fig. 1A), the
expressions of ApoAl, ApoA2, ApoC1, ApoC2, ApoC3 and ApoH
in BE-KOT1 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
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apolipoproteins on the infectious particle formation, the effects of
exogenous expression of these apolipoproteins on the propagation
of HCVcc in BE-KOI1 cells were determined. ApoAl, ApoA2,
ApoCl, ApoC2, ApoC3, ApoE and ApoH were expressed by
lentiviral vector in BE-KO1 cells (Fig. 4B upper panel). The
expressions of ApoAl, ApoA2, ApoCl, ApoC2, ApoC3 and ApoE
but not of ApoH enhanced extracellular HCV RINA, while they
exhibited no effect on intracellular HCV RNA (Fig. 4C). In
addition, the expressions of these exchangeable apolipoproteins
enhanced the infectious particle formation in the supernatants of
BE-KO1 cells (Fig. 4B lower panel). On the other hand, the
expression of nonhepatic apolipoproteins, including ApoD, ApoL.1,
and ApoO, exhibited no effect on HCV particle formation in BE-
KOI cells (Figure S6). These results suggest that exogenous
expression of not only the ApoE 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,
Apo(C3 and ApoE, suggesting that these apolipoproteins participate
in the infectious but not non-infectious particle formation of HGV
(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 293T 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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