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On the other hand, recent studies have shown the
important role of CD4" helper T cells in optimal
function and proliferation of CD8" T cells.”® There-
fore, the lack of CD4" helper T cells or anergic
CD4" T cells may explain the limited TAA-specific
CD8™" T-cell responses in HCC. Further studies using
CD4" T-cell-depleted PBMCs or CD8" T cells
expanded with TAA-derived peptide may enable iden-
tification of more immunogenic HCC-specific TAAs
and their epitopes.

In conclusion, the results of this study suggest that
CypB, SART2, SART3, p53, MRP3, AFP and
hTERT are promising TAAs in HCC immunotherapy,
that the administration of these TAAs or peptides con-
taining their epitopes as vaccines after HCC treatment
is likely to be effective, and that the concomitant use
of anti-CTLA-4 antibodies may further increase antitu-
mor immunity. We believe that the results of this
study provide useful information for the development
of immunotherapy for HCC.
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ABSTRACT: Experimental results have suggested that trans-
gene expression can be saturated when large amounts of
plasmid vectors are delivered into cells. To investigate this
saturation kinetic behavior, cells were transfected with
monitoring and competing plasmids using cationic lipo-
somes. Even although an identical amount of a monitoring
plasmid expressing firefly luciferase (FL) was used for
transfection, transgene expression from the plasmid was
greatly affected by the level of transgene expression from
competing plasmids expressing renilla luciferase (RL). Simi-
lar results were obtained by exchanging the monitoring and
competing plasmids. The competing plasmid-dependent
reduction in transgene expression from the monitoring
plasmid was also observed in mouse liver after hydrody-
namic injection of plasmids. On the other hand, the mRNA
and protein expression level of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), an endogenous gene, in the liver
hardly changed even when transgene expression process is
saturated. The expression of FL from a monitoring plasmid
was significantly restored by siRNA-mediated degradation
of RL mRNA that was expressed from a competing plasmid.
These results suggest that the efficiency of protein synthesis
from plasmid vectors is reduced when a large amount of
mRNA is transcribed with no significant changes in endo-
genous gene expression.
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Introduction

Development of efficient gene delivery methods is needed
not only for gene therapy but also for the functional studies
of genes. Of the various vectors and gene delivery/transfer
methods developed thus far, rapid injection of naked
plasmid DNA in a large volume of isotonic solution, the so-
called the hydrodynamic injection method, is one of the
most effective and promising gene delivery methods because
of its simplicity, reproducibility, and high -efficiency
(Herweijer and Wolff, 2007; Kobayashi et al., 2005; Lewis
and Wolff, 2007; Liu et al, 1999). Therefore, this gene
delivery technique has frequently been used as an experi-
mental tool to investigate the gene of interest in mouse liver,
the organ that most efficiently expresses the gene products
after hydrodynamic delivery of naked plasmid DNA.

In a previous study, we found, using a firefly luciferase
(FL)-expressing plasmid DNA, that the level of luciferase
activity in mouse liver increased in parallel with the
increasing dose of the plasmid up to about 1 g DNA/mouse
(Kobayashi et al., 2004). However, we also noticed that the
luciferase activity reached a plateau at doses around 10 pg
DNA/mouse, suggesting that the transgene expression from
plasmid DNA is saturated at such high doses. These
experimental results could be explained by assuming the
presence of one or more saturable processes in the transgene
expression after hydrodynamic delivery of plasmid DNA to
mouse Jiver. One obvious possibility is that the amount of
plasmid DNA delivered to the nucleus of transfected cells is
not proportional to the increasing dose of the DNA.
However, this can be rejected by the previous finding that
20 pg empty plasmid co-administered had no significant
effect on the level of transgene expression trom 0.2 pg
luciferase-expressing plasmid (Kobayashi et al., 2004). The
empty plasmid used contained the same promoter/enhancer
and other components as those in the luciferase-expressing
plasmid except for the cDNA region. Therefore, these results

© 2011 Wiley Periodicals, Inc.
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strongly support the hypothesis that the efficiency of the
cellular uptake and intracellular trafficking of plasmid DNA,
including the nuclear entry, is not a function of the amount
or concentration of the DNA, even although several reports
have indicated that transcription factors and other proteins
were involved in the nuclear entry of plasmid DNA
microinjected into the cytosol (Dean, 1997; Dean et al.,
1999; Miller and Dean, 2008).

There are several steps in the process of transgene
expression, including RNA synthesis (transcription), RNA
modification (splicing), export of mRNA from the nucleus
into the cytosol, protein synthesis (translation), post-
translational modification of protein, and transport/
trafficking of protein. Considering the fact that all these
steps in the gene expression are capacity-limited, it is
reasonable that transgene expression becomes saturated
when a large amount of DNA is introduced into cells.
In good agreement with this hypothesis, saturation in
transgene expression has been discussed in several studies
involving transgene expression in cultured cells. Tachibana
et al. (2002) investigated the relationship between the dose
of plasmid DNA added to cells and the amount of transgene
product. They showed that the copy number of plasmid
DNA in the nucleus correlated with its dose, Furthermore,
they demonstrated that the copy number in the nucleus did
not correlate with the amount of transgene product,
especially when the copy number was high. A recent study
by Cohen et al. (2009) also showed that nuclear uptake of
plasmid DNA was linearly related to its dose whereas the
level of transgene expression was not. Carpentier et al,
(2007) investigated the limiting factors involved in the
process of transgene expression. They found that both
transcriptional and translational processes were saturated
under optimal transfection conditions in which quite a high
level of gene expression was obtained. These previous studies
strongly suggest that transgene expression can be saturated
under certain conditions.

Detailed understanding of this saturable mechanism of
transgene expression from plasmid vectors will provide new
insights into how gene expression is regulated in cells. The
understanding could also lead to the development of
methods to achieve high level of transgene expression
without saturation. In addition, from the viewpoint of
safety, it is important to investigate whether endogenous
gene expression is affected when transgene expression
process is saturated, because it may cause unexpected side
effects, such as cell death. For example, Lin et al. (2007)
reported that adenoviral vector-mediated high transgene
expression of serum response factor resulted in nonspecific
reduction of transcription of endogenous genes and caused
cell death. Therefore, in the present study, we examined
whether the synthesis of transgene products is actually
saturated when a large amount of plasmid DNA is delivered
to cells. To this end, cultured cells were transfected with two
types of plasmid vectors, each of which encodes a reporter
protein, and transgene expression from the vectors was used
to investigate whether the expression from one plasmid

(monitoring plasmid) is affected by that from the other
plasmid (competing plasmid). Then, similar experiments
were carried out using mice that received a hydrodynamic
injection of the two plasmid vectors. In addition, the mRNA
and protein levels of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) in mouse liver were evaluated as a model
endogenous gene to evaluate the effect of transgene
expression on endogenous gene expression. Small interfer-
ing RNA (siRNA) was used to reduce the amount of mRNA
without altering the amount of plasmids for transfection.

Materials and Methods

Plasmid DNA and siRNA

Salmon testes DNA (stDNA) was purchased from Sigma (St
Louis, MO). Plasmid DNA encoding FL under the control of
CMV promoter (pFL-CMV) was constructed as described
previously (Nomura et al., 1999). The following plasmids
were purchased from the sources in brackets: pGL3-control
vector (Promega, Madison, WI), pLuc-mcs (Stratagene, La
Jolla, CA), pRL-CMV (Promega) encoding renilla luciferase
(RL) under the control of CMV promoter, pRL-5V40
(Promega), pRL-TK (Promega), pEGFP-F (BD Biosciences
Clontech, Palo Alto, CA) encoding farnesylated enhanced
green fluorescent protein (GFP) under the control of CMV
promoter. These plasmids were renamed according to the
cDNA and promoter of each plasmid as follows: pFL-SV40,
pFL-TATA, pRL-CMV, pRL-SV40, pRL-TK, and pGEP-
CMYV, siRNA targeting RL mRNA (siRL) or GFP mRNA.
(siGFP) was purchased from Takara Bio (Otsu, Japan).
Target sites in the RL and GFP mRNA are as follows: RIL,
5'-GUAGCGCGGUGUAUUAUAC-3'; GFP, 5'-GGCUAC-
GUCCAGGAGCGCA-3'.

Cell Culture

A murine melanoma cell line, B16-BL6, was obtained from
the Cancer Chemotherapy Center of the Japanese
Foundation for Cancer Research (Poste et al., 1980). B16-
BL6 cells were cultured in Dulbecco’s modified Eagle’s
minimum essential medium (Nissui Pharmaceutical,
Tokyo, Japan) supplemented with 10% fetal bovine serum
and penicillin (100 U/mL)/streptomycin (100 pg/mL)/1-
glutamine (2 mM) at 37°C and 5% CO,,.

In vitro Transfection

B16-BL6 cells were plated on 24-well culture plates at the
density of 2 x 10* cells/well. After an overnight incubation,
transfection of plasmid DNA was carried out using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according
to the manufacturer’s instructions. In brief, 1 pg of nucleic
acids (plasmids with or without siRNA), was mixed with
3 pg Lipofectamine 2000 in Opti-MEM I (Invitrogen) at a
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final concentration of 6 p.g Lipofectamine 2000 mL ™", The
resulting complex was added to cells and the cells were
incubated with the complex for 4 h. Then, cells were washed
with PBS and further incubated with the culture medium.

Luciferase Assay in B16-BL6 Cells

B16-BL6 cells were lysed using the cell lysis buffer of an assay
kit (PiccageneDual, Toyo Ink, Tokyo, Japan). Then, samples
were mixed with the kit luciferase assay buffer, and the
chemiluminescence produced was measured in a lumin-
ometer (Lumat LB9507, EG and G Berthold, Bad Wildbad,
Germany). The luciferase activities were converted to the
amount of firefly and RL using recombinant proteins as the
standard.

Flow Cytometric Analysis of GFP Expression in
B16-BL6 Cells

B16-BL6 cells were transfected with pGFP-CMV as
described above. One day after transfection, adherent cells
were detached by trypsinization and resuspended in PBS.
Resuspended cells were analyzed on a flow cytometer
(FACSCan, BD, Franklin Lakes, NJ). The threshold on ESC
was set to exclude cell debris without excluding any
populations of interest.

mRBRNA Quantification in B16-BL6 Cells

One day after transfection, total RNA was extracted from
cells using Sepasol RNA 1 super (Nacalai Tesque, Kyoto,
Japan). Following RNase-free DNase I treatment (Takara
Bio), reverse transcription was performed using a
SuperScript II (Invitrogen) and dT-primer according to
the manufacturer’s protocol. For a quantitative analysis of
mRNA expression, real-time PCR was carried out with total
cDNA using a Light-Cycler instrument (Roche Diagnostics,
Basle, Switzerland) as reported previously (Takahashi et al.,
2005). The mRNA expression of target genes was normalized
using the mRNA level of GAPDH.

Animal Experiments

Four-week-old male ICR mice (approximately 20g body
weight), purchased from Japan SLC, Inc. (Shizuoka, Japan)
were used for all experiments, The protocols for animal
experiments were approved by the Animal Experimentation
Committee of the Graduate School of Pharmaceutical
Sciences of Kyoto University. Mice received an intravenous
injection of plasmid DNA by the hydrodynamic injection
method as described previously (Liu et al., 1999). At 6 h after
gene transfer, the peak time of the expression of firefly and
RLs from the plasmid vectors used, the mice were killed by
cervical dislocation and the amount of luciferase mRNA and
protein in the liver was determined as described below.

2382
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Quantification of the Amounts of Luciferase and GAPDH
in Mouse Liver

The liver was excised and homogenized in a lysis buffer
(0.1 M Tris (pH 7.8), 0.05% Triton X-100, 2mM EDTA,
0.1% protease inhibitor cocktail (Sigma)), and centrifuged
at 13,000g for 20 min at 4°C. The amount of luciferase in the
supernatant was determined by the method described in the
above section. The amount of GAPDH protein in the lysate
was measured by ELISA by using a commercial kit (GAPDH
Whole-cell Normalization kit, Active Motif, Carlsbad, CA).

mRNA Quantification in Mouse Liver

Total RNA was extracted from approximately 50 mg liver
samples using Sepasol RNA I Super. After purification of the
extracted RNA sample using an RNeasy mini kit (Qiagen,
Hilden, Germany), reverse transcription and real-time PCR
analysis were performed as described in the above section.

Statistical Analysis

The normality of the data was evaluated by using Shapiro—
Wilk test. Data of normal distribution were analyzed by
Student’s t-test for two independent samples or one-way
analysis of variance (ANOVA) followed by the Tukey’s test
for multiple comparisons. Data without normal distribution
were analyzed using Mann—Whitney rank sum test for two
independent samples or Kruskal-Wallis one-way ANOVA
on ranks followed by the Tukey’s test for multiple
comparisons. A P-value of less than 0.05 was considered
to be statistically significant.

Results

Time-Course and Dose-Dependent Luciferase
Expression in B16-BL6 Cells

Figure 1A shows the time-courses of the amounts of firefly
and RLs in cells after cotransfection with pFL-CMV and
pRL-CMV. The expression of both luciferases was detectable
as early as 6 h after transfection, reached maximum values at
24 h and then eventually decreased with time. As the highest
luciferase expression was detected at 24 h after transfection
under the conditions used, this time point was selected and
used in the following experiments to examine transgene
expression in B16-BL6 cells.

Figure 1B shows the amount of FL in cells transfected with
different amounts of pFL-TATA, pFL-SV40, or pFL-CMV.
pFL-CMYV showed the highest FL, followed by pFL-SV40,
then pFL-TATA, reflecting the strength of these promoters
used. When cells were transfected with one of the RL-
expressing plasmid DNA, pRL-CMV showed the highest
RL activity, followed by pRL-SV40 and pRL-TK (data not
shown).

- 225 -



40000

A ® Firefly luciferase
° ; ;.

— O Renilla luciferase
= 30000 |
g |
2 | ®
@ 20000[
©
Q
S
5

10000 ™

°
0

0 200 40 60 80 100 120 140 160
Time after transfection (hr)

B
10° |
5 54
] 10 ! v b4
%) 104 4
a t v
§ 1035 v ®
m e
8 ¢, .
S 10, o
% 10° ® ® pFL-TATA
401 O pFL-SV40
10,2! . v pFL-CMV
10° -
0.0001 0.001 0.01 0.1 1 10
Dose (pg/ml)
C
10 p
- @ PFL-TATA
O pFL-SV40
v pFL-CMV

Amount of firefly luciferase / dose

0'1 A4 21l A aaasul L2 sasaul Loa s aranal SRR |
0.0001 0.001 0.01 0.1 1 10

Dose (ng/ml)

Figure 1. Time- and dose-dependent luciferase expression in B16-BL6 cells
after transfection of luciferase-expressing plasmid DNA. A: The firefly (closed
symbols) and renilla (open symbols) luciferase activities were measured at indicated
times after transfection of B16-BL6 cells with 11g/mL pFL-CMV and 1 pg/mL pRL-
CMV. The results are expressed as the mean £ SD (n=4). B: The luciferase activity
was measured at 1 day after transfection of B16-BL6 cells with the indicated dose of
pFL-CMV (open triangle), pFL-SV40 (open circle), or pFL-TATA (closed circle). The
results are expressed as the mean + 8D (n=3). €: The amount of firefly luciferase
protein in (B) was divided by the dose of plasmid DNA. The results are expressed as
the mean -+ SD of the relative value to that of 0.0002 j.g/mL (pFL-CMV and pFL-SV40) or
to that of 0.002 jg/mL (pFL-TATA) (n=3).
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To statistically evaluate whether the expression is
saturated with an increasing amount of plasmid DNA,
the expression efficiency was estimated by dividing the
luciferase activity by the dose (Fig. 1C). The value was about
40,000 pg/well/pg plasmid DNA at the lowest dose of
0.0002 pwg/mL pFL-CMV. Increasing the dose to 2 pug/mL
significantly reduced the value to 5,000 pg/well/pg plasmid
DNA.

Luciferase Expression in B16-BL6 Cells Transfected
With Two Different Plasmids

Figure 2 shows the amounts of firefly (Fig. 2A) and RL
(Fig. 2B) in cells 24 h after cotransfection with 1.8 pug/mL
pFL-TATA, pFL-SV40, or pFL-CMV and 0.2 pg/mL pRL-
TK, pRL-5V40, or pRL-CMV. The amount of FL was the
highest in cells transfected with pFL-CMV, which was about
4- and 20-fold higher than that in cells transfected with pFL-
SV40 or pFL-TATA, respectively. In all cases examined, the
amount of FL was hardly affected by the cotransfection
with renilla-expressing plasmid DNA (Fig. 2A). This was
probably because the dose of the RL-expressing plasmid
DNA was only a tenth of the total amount of plasmids used
for transfection. In marked contrast, the RL activity in B16-
BL6 cells was affected not only by the type of RL-expressing
plasmid DNA, but also by the type of competing, FL
expressing plasmid DNA (Fig. 2B). RL activity in cells
transfected with pRL-CMV and pFL-CMV (pRL-CMV/pFL-
CMV) or pRL-SV40/pFL-CMV was significantly lower than
that in cells transfected with pRL-CMV/pFL-TATA or pRL-
SV40/pFL-TATA, respectively. The amount of RL in B16-
BL6 cells transfected with pRL-TK was quite low compared
with cells transfected with pRL-CMV or pRL-SV40.

Similar experiments were performed using 0.2 pg/mL FL-
expressing plasmid DNA and 1.8 ug/mL RL-expressing
plasmid DNA (Fig. 2C and D). The amount of FL in cells
cotransfected with pFL-CMV/pRL-CMV was significantly
lower than that in cells cotransfected with pFL-CMV/pRL-
TK (Fig. 2C). Again, the amount of RL was hardly affected
by the type of FL expressing plasmid vectors cotransfected
(Fig. 2D).

Fluorescent Histogram of GFP in B16-BL6 Cells
Transfected With pGFP-CMV and Renilla
Luciferase-Expressing Plasmid

Figure 2E shows typical histograms of the fluorescence
intensity of B16-BL6 cells transfected with pGFP-CMV and
one of the following plasmids: pRL-CMV, pRL-SV40, or
pRL-TK. In all cases examined, there was a large variation in
the level of fluorescence intensity of B16-BI6 cells transfected
with pGFP-CMYV. There were no obvious differences in the
histograms of cells transfected with pGFP-CMV/pRL-TK or
pGFP-CMV/pRL-5V40. On the other hand, the histogram
of cells transfected with pGFP-CMV/pRL-CMV was
different from the others; the percentage of cells with a
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Figure 2. Effect of the level of transgene expression from competing plasmid DNA on transgene expression fram monitoring plasmid DNA. A and B: B16-BL6 cells were
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high fluorescence intensity (the M1 region in the histogram)
was 3%, and this value was smaller than the 8% and 9% for
the pGFP-CMV/pRL-SV40- and pGFP/pRL-TK-treated
cells, respectively. These findings indicate that cotransfec-
tion of cells with pRL-CMYV, the plasmid with the strongest
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promoter among those. used, markedly reduced the
expression of GFP from pGFP-CMV only in cells that
received efficient delivery of these two plasmids. In
accordance with these histograms, the mean fluorescence
intensity of cells transfected with pGFP-CMV/pRL-CMV



was significantly lower than that of cells transfected with
pGFP-CMV/pRL-TK or pGFP-CMV/pRL-SV40 (Fig. 2F).

mRNA and Protein Expression Level of Luciferases in
B16-BL6 Cells Transfected With Two Different Plasmids

The mRNA level was measured in B16-BL6 cells transfected
with two types of plasmids, each of which expressed firefly or
RL. Again, cells were transfected with 0.2 pg/mL pFL-CMV
and 1.8 pg/mL RL-expressing plasmid, and the mRNA and
luciferase activity were simultaneously measured at 24h
after transfection (Fig. 3). The amount of RL protein was
dependent on the type of plasmids used as described above,
but it was almost proportional to its mRNA level in all cases
(Fig. 3A). The amount of FL protein was highly dependent
on the type of RL-expressing plasmid cotransfected
(Fig. 3B), as shown in Figure 2B. Moreover, the mRNA
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Figure 3. Effect of cotransfection on the levels of mRNA and protein in B16-BL6
cells. A and B: B16-BL6 cells were cotransfected with 1.8 jg/mL pRL-TK (closed bar),
pRL-SVA0 {open bar), or pRL-CMV (gray bar) and 0.2 p.g/mL pFL-CMV. One day after
transfection, mRNA and protein expression levels of renilla (A} and firefly
(B) luciferase were simultaneously measured. The results are expressed as the
mean =+ SD (n=4). "P <005,

level of FL was also affected by other plasmids in a manner
dependent on the promoter strength (Fig. 3B), suggesting
that some processes leading to mRNA expression are
saturated in cells that produce a large amount of mRNA.
In addition, the degree of reduction in FL mRNA by
cotransfection with pFL-CMV/pRL-CMV (about 20%
of pFL-CMV/pRL-TK) was less than that of FL protein
(about 8%), which implies that the amount of FL protein
was disproportionate to its mRNA level.

Luciferase Expression in B16-BL6 Cells Transfected
With siRNA and Plasmids

The results obtained thus far are consistent with the
hypothesis that the synthesis of protein from mRNA is
saturated when a large amount of mRNA is transcribed,
and this leads to disproportionate protein synthesis to the
mRNA level. To confirm this hypothesis, we degraded
the mRNA of RL using siRL, an siRNA targeting RL, and
measured the amount of luciferase proteins. For this
purpose, B16-BL6 cells were cotransfected with 1 pwg/mL
siRL or siGFP, a control siRNA, in addition to 0.9 pg/mL
pRL-CMV, pRL-SV40, or pRL-TK and 0.1 pg/mL pFL-
CMV. As expected, the amount of RL was markedly
suppressed in cells transtected with siRL compared with
siGFP (Fig. 4A), which suggests that siRL successfully
degraded the target mRNA under these experimental
conditions. Cotransfection of siRL significantly increased
the amount of FL in B16-BL6 cells transfected with pRL-
CMV/pFL-CMV (Fig. 4B). These results suggest that siRNA-
mediated degradation of mRNA from competing plasmids
is effective in restoring transgene expression from the
monitoring plasmid. However, the FL expression in the cells
transfected with siRL, pFL-CMV, and pRL-CMV was lower
than that of the cells transfected with siRL, pFL-CMV, and
pRL-TK.

Dose-Dependent mRNA and Protein Expression of
Luciferase in Mice After Hydrodynamics-Based
Administration and its Effect on GAPDH Expression

Figure 5A shows the amounts of mRNA and protein of FL in
mouse liver 6 h after hydrodynamic injection of pFL-CMV
at different doses. Results were normalized to those of mice
that received 1pg/mouse pFL-CMV administration. A
linear correlation was observed between the FL mRNA and
the plasmid dose over the dose range investigated, that is,
from 1-300 pg/mouse. At the dose of 10 pg/mouse, the
relative amount of luciferase protein was comparable with
that of mRNA expression, indicating that the efficiency of
protein synthesis from mRNA was similar at doses of 1 and
10 pg/mouse. However, at a dose of 30 p.g/mouse or higher,
the ratio of FL protein to its mRNA was smaller than at the
low doses. Thus, these results indicate that the amount of
luciferase protein becomes disproportionate to the amount
of its mRNA in mouse liver, when the mRNA level is
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increased. Then, the mRNA and protein amounts of FL were
divided by the dose, and the values obtained were used to
evaluate the efficiency or saturation of the expression. The
efficiency of mRNA expression was not significantly affected
by the dose, whereas that of protein expression significantly
decreased with an increase in the dose of plasmid DNA.

To evaluate whether endogenous gene expression process
is affected by large amount of mRNA expressed from
plasmid vectors, the mRNA and protein expression of FL
and GAPDH in mouse liver were simultaneously measured
6h after hydrodynamic administration of 0, 1, or 100 pg
pFL-CMYV (Fig. 5B). As is the case of the experiment above,
the difference in mRNA amount of FL between 1 and 100 pg
was bigger than that in protein amount, which suggests
the existence of saturation of protein synthesis process of
transgene. No significant changes in GAPDH mRNA and
protein expression were observed among all treatment
group despite the fact that transgene expression process
was saturated.
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mRNA and Protein Expression of Luciferases in
Mouse Liver After Hydrodynamic Injection of
Naked Plamid Vectors

Finally, mice received a hydrodynamic injection of 1 pg
pRL-CMV and 10 g pFL-CMYV, pFL-SV40, or pFL-TATA,
and the levels of mRNA and protein were simultaneously
measured (Fig. 5C and D). The amount of FL was dependent
on the strength of promoter and proportional to its mRNA
level (Fig. 5C). The mRNA level of RL was almost the same
in all cases (Fig. 5D), reflecting the fact that the same amount
of pRL-CMV was used for hydrodynamic injection. In
contrast, the amount of RL protein in the liver of mice
receiving pRL-CMV/pFL-CMV was significantly lower than
that of mice receiving pRL-CMV/pFL-TATA (Fig. 5C).

Discussion

Transgene expression from monitoring plasmid was
reduced by cotransfection with competing plasmid driven
by a strong promoter and this phenomenon was indepen-
dent of the type of cDNA encoded in the monitoring and
competing plasmids (Fig. 2). These results suggest that
saturation of transgene expression is not dependent on the
type of transgene product. In the experiment using pGFP-
CMYV, cells with a very high fluorescence intensity, which
was found after cotransfection of cells with pRL-SV40 or
pRL-TK, were not detected when cells were cotransfected
with pRL-CMV. The cells with high fluorescence intensity
should have been delivered with a large amount of pGFP-
CMV and, therefore, they could have also efficiently taken
up coexisting plasmids. Therefore, it is reasonable to suggest
that transgene expression is saturated especially in cells that
encounter a large amount of plasmid DNA. Although the
both experiments exhibited a similar trend, the degree of
the reduction by co-transfection with pRL-CMV was much
less in the GFP experiment than that in the luciferase
experiment. The discrepancy may be explained by the
difterence in the detection sensitivity of GFP and luciferase
expression.

Transgene expression from plasmid DNA requires a
number of processes, such as delivery of plasmid DNA to the
nucleus, mRNA transcription from the DNA, export of
mRNA from the nucleus, processing of mRNA, translation,
and post-translational modification of protein. In the
present study, we found that the level of mRNA and protein
expression from monitoring plasmids was affected by the
type of competing plasmids cotransfected in B16-BL6 cells
(Fig. 3). Moreover, co-transfection of siRL with pFL-CMV
(monitoring plasmid) and pRL-CMV (competing plasmid)
significantly rescued FL protein expression compared with
the co-transfection of siGFP with pFL-CMV and pRL-CMV.
These experimental results suggest for the first time that the
translational process is highly likely to be saturated when a
large amount of protein is produced. A careful comparison
of the results showed that FL expression in the cells
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transfected with pFL-CMV was lower when cells were
cotransfected with siRL and pRL-CMYV than that with siRL
and pRL-TK. As RL amount of the siRL/pFL-CMV/pRL-
CMYV group was much higher than that of the siRL/pFL-
CMV/pRL-TK group, a simple explanation is that siRL-
mediated reduction in renilla mRNA was not enough to
completely rescue the FL expression. We found a reduced
mRNA expression of FL in the pFL-CMV/pRL-CMV group
‘compared to the pFL-CMV/pRL-TK group (Fig. 3B). In
addition, siRNA degrades its target mRNA in the cytoplasm
so that siRNA does not affect the earlier processes such as
transcription. Therefore, the siRL-mediated incomplete
rescue of FL protein expression may suggest that not only
translation but also the earlier processes such as transcrip-
tion are also saturated under the experimental conditions
used.

The studies using mice led to a slightly different
conclusion. Transgene expression was also saturated when
a large amount of plasmid DNA was delivered, but the
transcription was hardly affected by the dose (Fig. 5A).
Therefore, the translational process is likely to be saturated
in mouse liver (Fig. 5C and D), which is different from the in
vitro results. This apparent discrepancy might be due to the
difference in the type of transgene-expressing cells or in the
delivery method of plasmid DNA. Further studies are
needed to identify factors explaining the discrepancy. The
firefly gene sequence in pFL-CMV was not fully codon-
optimized for expression in mice and 5% of the codons in
the sequence are ones with low frequency (<30%) in mice,
so this could be a bottleneck during translation. To our
knowledge, no previous study has reported the saturation of
transgene expression processes in vivo, Our finding agrees
with the results of Carpentier et al, (2007). They found that
transcriptional and translational processes are saturated
under optimal transfection conditions in which cells were
very efficiently transfected with plasmids. In addition, they
reported that the translational process is saturated at a dose
of plasmid DNA that does not affect the transcriptional
process. In the present study, we found that transgene
expression process can be saturated when the large amount
of plasmid DNA is delivered to mouse liver by hydro-
dynamic injection. We and others also found a similar
phenomenon in lipoplex-mediated and polyplex-mediated
transfection of cultured cells, where the mode of gene
delivery is different from the hydrodynamic injection
(Carpentier et al., 2007). In addition, it has been reported
that there is a saturation in secretory pathway after the
transfection by adenoviral vectors encoding secretory
proteins (Marmorstein et al., 2000). Therefore, we believe
that transgene expression could be saturated when cells are
transfected using gene vectors with strong promoters,

When the transcription of endogenous genes is inhibited
by adenovirus vectors because of the sharing of transcription
factors, the expression of endogenous genes was inhibited at
the mRNA level, and cells were damaged (Lin et al., 2007).
As we observed saturation in the translational process,
but not in the transcriptional process, this “promoter
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squelching” will not be the case, Regarding toxicity, we did
not observe any B16-BL6 cell death at 24 h after transfection.
As an earlier study by Lin et.al reported that cellular toxicity
by promoter squelching was observed at 48 and 72h after
transfection but not at 24 h after transfection, any toxicity in
B16-BL6 cells might be observed at later time points. At least
6h after the hydrodynamic delivery of plasmid DNA, no
changes in the mRNA and protein amount of model
endogenous gene, GAPDH, was observed. In addition, no
damage was observed in the liver of mice at 6h after
hydrodynamic injection. In the case of hydrodynamic gene
transfer, peak time of the transgene expression is usually
about 6-24h and transgene expression level declines after
the peak time. Therefore, transgene expression after
hydrodynamic gene delivery is considered to be not long
enough to affect endogenous gene expression.

In conclusion, we demonstrated that the transgene
expression process can be saturated both in cultured cells
and in mouse liver and that translation is a major process
that can be saturated in transgene expression. Therefore,
such an approach that can potentiate the gene expression
processes of cells such as transcription and translation would
be desirable to achieve higher gene expression if the delivery
efficiency is high enough to saturate gene expression
machinery.
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Research from the Ministry of Education, Science, Sports, and Culture
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Establishment of a Novel Permissive Cell Line for the Propagation of
Hepatitis C Virus by Expression of MicroRNA miR122
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The robust cell culture systems for hepatitis C virus (HCV) are limited to those using cell culture-adapted clones (HCV in cell
culture [HCVcc]) and cells derived from the human hepatoma cell line Huh7. However, accumulating data suggest that host fac-
tors, including innate immunity and gene polymorphisms, contribute to the variation in host response to HCV infection. There-
fore, the existing in vitro systems for HCV propagation are not sufficient to elucidate the life cycle of HCV. A liver-specific mi-
croRNA, miR122, has been shown to participate in the efficient replication of HCV. In this study, we examined the possibility of
establishing a new permissive cell line for HCV propagation by the expression of miR122. A high level of miR122 was expressed

by a lentiviral vector placed into human liver cell lines at a level comparable to the endogenous level in Huh7 cells. Among the
cell lines that we examined, Hep3B cells stably expressing miR122 (Hep3B/miR122) exhibited a significant enhancement of
HCVcc propagation. Surprisingly, the levels of production of infectious particles in Hep3B/miR122 cells upon infection with
HCVcc were comparable to those in Huh7 cells. Furthermore, a line of “cured” cells, established by elimination of HCV RNA
from the Hep3B/miR122 replicon cells, exhibited an enhanced expression of miR122 and a continuous increase of infectious ti-
ters of HCVcc in every passage. The establishment of the new permissive cell line for HCVcc will have significant implications
not only for basic HCV research but also for the development of new therapeutics.

epatitis Cvirus (HCV) infects over 170 million people world-
wide and frequently leads to persistent infection, which in
turn can lead to chronic hepatitis, cirrhosis, and hepatocellular
carcinoma (34). HCV belongs to the Flaviviridae family and has a
single-stranded positive RNA genome of approximately 9.6 kb.
The genome of HCV is translated into a single polyprotein at the
endoplasmic reticulum (ER) membrane and is then cleaved by
host- and virus-encoded proteases, resulting in 10 structural and
nonstructural proteins (41, 44). Due to the lack of a small-animal
model and an efficient cell culture system, efforts to understand
the HCV life cycle as well as development of anti-HCV drugs have
been hampered (42). In a major breakthrough, HCV replicon
cells, in which HCV RNA autonomously replicates, were estab-
lished by Lohmann et al. (37). Afterwards, the infectious HCV in
cell culture (HCVcc), based on the genotype 2a JFHI strain in
combination with the human hepatocellular carcinoma cell line
Huh?7, was developed (36, 64, 70). On the basis of the results ob-
tained with these in vitro systems, the life cycle of HCV was clari-
fied, and substantial progress has been made in screening host
factors involved in HCV propagation as well as anti-HCV drug
candidates (20, 51). Among them, a liver-specific microRNA
(miRNA), miR122, has been shown to be one of the most impor-
tant host factors for HCV replication.
miRNAs are small noncoding RNAs that consist of 20 to 25
nucleotides and modulate gene expression in plants and animals
(3, 26). Most miRNAs negatively regulate translation through in-
teraction with the 3" untranslated region (UTR) of mRNA in a
sequence-specific manner. Some of them have been shown to play
important roles in the viral life cycle (56). Interestingly, miR122
has been shown to bind to HCV 5" UTRs and to enhance transla-
tion and replication of HCV RNA (23, 28, 29, 38, 52). In addition,
enhancement of HCVcc propagation through the direct interac-
tion of miR122 with HCV 5" UTR has been demonstrated (27).
Recently, intravenous administration of the locked nucleic acid
(LNA) complementary to miR122 was shown to suppress the
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propagation of HCV in chimpanzees chronically infected with
HCV, suggesting that miR122 is a promising therapeutic target for
chronic hepatitis C (31).

It has been shown that HCV exploits various host factors to
form a replication complex for efficient replication (43). I vitro
propagation of HCV is limited to Huh7 cells and their derivatives,
and thus, it is important to confirm the data obtained in Huh7
cells by using other human liver cell lines, because the patterns of
gene expression vary among cell lines. Although establishment of
an HCV replicon system based on liver cell lines has been reported
(11, 66), robust propagation of HCVcc in well-characterized hu-
man liver cell lines other than Huh?7 cells has not succeeded yet.
The gene expression profile of mice xenotransplanted with human
hepatocytes from different donors inoculated with a single source
of HCV revealed that host factors contributed to the variation in
host response to HCV infection, including the activation of innate
antiviral signaling pathways (65). Furthermore, gene polymor-
phism in interleukin 28B (IL-28B) was shown to be associated
with natural clearance (62) and response to combination therapy
with interferon (IFN) and ribavirin (19, 58, 59). Therefore, the
solely available in vitro propagation system for HCVcc, employing
Huh7-derived cells, is not sufficient. The establishment of alter-
native HCV strains and permissive cell lines is needed to elucidate
molecular mechanisms of propagation and pathogenesis of HCV
in more detail.

Although there have been several attempts to generate chime-
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ric HCVs based on the JEH1 strain (21) and an infectious clone of
genotype la, H77S, that produces fewer infectious particles than
the genotype 2a JFH1 strain (68), propagation of HCV was still
limited to Huh7 cells. Exogenous expression of miR122 has been
shown to support HCV RNA replication in a human embryonic
kidney epithelial cell line and mouse embryonic fibroblasts (7, 35),
and we therefore thought that the possibility of complete propa-
gation of HCVcce in various human liver cell lines by the expres-
sion of miR122 needed to be examined. Among the cell lines that
we examined, Hep3B cells, which were established from human
liver tumor biopsy samples in 1976 (1) and have been well char-
acterized as model liver cells in various fields of research (47, 55,
63, 67), were shown to support the efficient propagation of HCVec
comparable to that in Huh7 cells by the expression of miR122.
Establishment of novel cell culture systems through the exogenous
expression of miR122 provides a clue to understanding the precise
roles of miR122 in the life cycle of HCV.

MATERIALS AND METHODS

Plasmids. The cDNA clones of wild-type miR122 (WT-miR122), single
mutant miR122 (sMT-miR122), double mutant miR122 (dMT-miR122),
Aequorea coerulescens green fluorescent protein (AcGFP), and claudin-1
(CLDN) were inserted between the Xhol and Xbal sites of a lentiviral
vector, pCSII-EF-RfA, which was kindly provided by M. Hijikata, and the
resulting plasmids were designated pCSII-EF-WT-miR122, pCSII-EF-
sMT-miR122, pCSII-EF-dMT-miR122, pCSII-EF-AcGFP, and pCSII-
ETF-Claudinl, respectively. pHH-JFH1 was kindly provided by T. Wakita
(39). pHH-JFH 1-E2p7NS2mt contains three adaptive mutations in pHH-
JEH1 (53). pFGR-JFH1 and pSGR-JFH1 encoded a full-length and a sub-
genomic cDNA of the JFHI strain, respectively. The complementary se-
quence of mik122 was inserted into the Pmel site of the pmirGLO vector
(Promega, Madison, WI), and the resulting plasmid was designated
pmirGLO-miR122comp. pIFNB-Luc and pISRE-Luc carrying a firefly lu-
ciferase gene under the control of the beta IFN (IFN-f) and interferon-
sensitive response element (ISRE) promoters, respectively, were kindly
provided by T. Kawaiand S. Akira. The internal control plasmid encoding
a Renillaluciferase (pRL-TK) was purchased from Promega. The plasmids
used in this study were confirmed by sequencing with an ABI Prism 3130
genetic analyzer (Applied Biosystems, Tokyo, Japan).

Cells. All cell lines were cultured at 37°C under the condition of a
humidified atmosphere and 5% CO,. The human embryonic kidney 293T
cell line and hepatocellular carcinoma cell lines Huh7, Huh6/CLDN,
HepG2/CD81, Hep3B, and PKC/PRL/5 were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma, St. Louis, MO) supplemented
with 100 U/ml penicillin, 100 pg/ml streptomycin, and 10% fetal calf
serum (FCS). HepG2/CD81 cells were generated as described previously
(60). Huh6 cells were transduced with a lentiviral vector expressing
claudin-1, and the resulting cells were designated Huh6/CLDN. The
Huh?7-derived cell line Huh7.5.1 was kindly provided by F. Chisari and
was maintained in DMEM containing nonessential amino acids (NEAA),
100 U/ml penicillin, 100 pg/ml streptomycin, and 10% FCS. Hep3B rep-
licon cells harboring the subgenomic IICV RNA were maintained in
DMEM containing 10% FCS, NEAA, and 400 pg/ml G418 (Nakalai
Tesque, Kyoto, Japan).

Viruses. pHH-JFH1-E2p7NS2mt was transfected into Huh7.5.1 cells,
and the culture supernatants were collected after serial passages. The in-
fectivily of HCVcc was determined by focus-forming assay and expressed
in focus-forming units (FFU) (64). The lentiviral vectors and ViraPower
lentiviral packaging mix (Invitrogen, San Diego, CA) were cotransfected
into 293T cells, and the supernatants were recovered at 48 h postiransfec-
tion. The culture supernatants were centrifuged at 1,000 X g for 5 min and
cleared through a 0.45-um-pore-size filter. The lentivirus titer was deter-
mined by a Lenti-X quantitalive reverse Lranscription (qRT)-PCR titra-
tion kit (Clontech, Mountain View, CA). The vesicular stomatitis virus
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(VSV) variant NCP12.1, derived from the Indiana strain, was kindly pro-
vided by M. Whitt. Pseudotype VSVs bearing the HCV E1 and E2 glyco-
proteins (HCVpv) and VSV G protein (VSVpv) were prepared as de-
scribed previously (60). The infectivity of the pseudotype viruses was
assessed by the expression of luciferase, determined by a Bright-Glo lucif-
erase assay system (Promega) following a protocol provided by the man-
ufacturer and expressed in relative light units (RLU).

Reagents and antibodies. Cyclosporine (CsA) and human recombi-
nant IFN-«2 were purchased from Sigma and R&D Systems (Minneapo-
lis, MN), respectively. BODIPY 558/568 lipid probe was purchased from
Invitrogen. Poly(I-C) was purchased from InvivoGen (San Diego, CA).
LNAs complementary to miR122 (LNA-miR122; 5"-CcAttGTcaCaCtCC-
3') and its negative control (LNA-Cont; 5'-CcAttCTgaCcCtAC-3") (LNA
in capital letters, DNA in lowercase letters; sulfur atoms in oligonucleotide
phosphorothioates are substituted for nonbridging oxygen atoms; capital
Cindicates LNA methylcytosine) (14) were purchased from Gene Design
(Osaka, Japan). miScript miRNA mimics hsa-miR122 and its negative
control were purchased from Qiagen (Valencia, CA). Mouse monoclonal
antibodies to HCV NS5A and B-actin were purchased from Austral
Biologicals (San Ramon, CA) and Sigma, respectively, Mouse anti-
apolipoprotein E (anti-ApoE), rabbit anti-diacylglycerol acyltransferase 1
(DGATT1), rabbit anti-signal transducer and activators of transcription 2
(anti-STAT?2), and rabbit anti-IFN regulatory factor 3 (anti-IRF3) anti-
bodies were purchased from Santa Cruz (Santa Cruz, CA). Rabbit anti-
HCV core protein was prepared as described previously (45). Phycoeryth-
rin (PE)-conjugated anti-human CD81 (anti-hCD81) and anti-mouse
IgG antibodies were purchased from BD Biosciences (Franklin Lakes, NJ).
Mouse anti-double-stranded RNA (anti-dsRNA) IgG2a (J1 and K2) anti-
bodies were from Biocenter Ltd. (Szirak, Hungary). Alexa Fluor 488
(AF488)-conjugated anti-mouse and -rabbit IgG and AF594-conjugated
anti-rabbit IgG antibodies were from Invitrogen.

Quantitative RT-PCR. For quantitation of HCV RNA, total RNA was
prepared from cells by using an RNeasy minikit (Qiagen). The synthesis of
a first-stranded ¢cDNA and quantitative RT-PCR were performed using
TagMan EZ RT-PCR core reagents and an ABI Prism 7000 system (Ap-
plied Biosystems) according to the manufacturer’s protocol. For quanti-
tation of miRNA, total RNA was prepared from cells by using an
miRNeasy minikit (Qiagen), and miR122 was estimated by using miR122-
specific RT primers and amplified using specific primers provided in the
TaqMan MicroRNA assays (Applied Biosystems) according to the man-
ufacturer’s protocol. U6 small nuclear RNA (snRNA) was used as an in-
ternal control. Fluorescent signals were analyzed by an ABI Prism 7000
system (Applied Biosystems).

Transfection and immunoblotting. Cells were transfected with the
plasmids by using Trauns IT LT-1 (Mirus, Madison, WI) or Lipofectamine
2000 (Invitrogen) according to the manufacturers” protocols. Cells were
lysed on ice in Triton lysis buffer (20 mM Tris-HCI [pH 7.4], 135 mM
NaCl, 1% Triton X-100, 10% glycerol) supplemented with a protease
inhibitor mix (Nacalai Tesque). The samples were boiled in loading buf-
fer and subjected to 5 to 20% gradient sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were
transferred to polyvinylidene difluoride membranes (Millipore, Bedford,
MA) and reacted with primary antibody and then secondary horseradish
peroxidase-conjugated antibody. The immunocomplexes were visualized
with Super Signal West Femto substrate (Pierce, Rockford, 1) and de-
tected by using an LAS-3000 image analyzer (Fujifilm, Tokyo, Japan).

Indirect immunofluorescence assay. Cells cultured on glass slides
were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS)
at room temperature for 30 min. After washing three times with PBS, the
cells were permeabilized for 20 min at room temperature with PBS con-
taining 0.25% saponin and blocked with phosphate buffer containing 2%
bovine serum albumin (BSA) for 1 h at room temperature. The cells were
incubated with blocking buffer containing mouse anti-dsRNA, rabbit
anli-NS5A, rabbit anti-core, rabbit anti-IRF3, or rabbit anti-STAT2 at
room temperature for 1 h, washed three times with PBS, and incubated
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with blocking buffer containing appropriate AF488-conjugated and
AF594-conjugated secondary antibodies at room temperature for 1 h.
Finally, the cells were washed three times with PBS and observed with a
FluoView FV1000 laser scanning confocal microscope (Olympus, Tokyo,
Japan).

Flow cytometry. Cultured cells were detached with 0.25% trypsin-
EDTA and incubated with PE-conjugated anti-hCD81 antibody or anti-
mouse IgG antibody for 1 h at 4°C. After being washed twice with PBS
containing 1% BSA, the cells were analyzed by a BD FACSCalibur flow
cytometry system (BD Biosciences).

Invitro transcription, RNA transfection, and colony formation. The
plasmids pSGR-JFH1 and pFGR-JFH1 were linearized with Xbal and
treated with mung bean exonuclease. The linearized DNA was transcribed
in vitro by using a MEGAscript T7 kit (Applied Biosystems) according to
the manufacturer’s protocol. The in vitro-transcribed RNA (10 pg) was
electroporated into Hep3B cells at 10° cells/0.4 ml under conditions of 270
Vand 960 pF using a Gene Pulser apparatus (Bio-Rad, Hercules, CA) and
plated on DMEM containing 10% FCS and NEAA. The medium was
replaced with fresh DMEM containing 10% FCS, NEAA, and 400 pg/ml
G418 at 24 h posttransfection. The remaining colonies were fixed with 4%
paraformaldehyde and stained with crystal violet at 1 month postelectro-
poration.

Luciferase assay. Cells were seeded onto 24-well plates at a concen-
tration of 5 X 10* cells/well and transfected with 250 ng of each of the
plasmids. At 24 h posttransfection, cells were stimulated with the ap-
propriate ligands for 24 h and then lysed in 100 pl of passive lysis
buffer (Promega). Luciferase activity was measured in 20-pl aliquots
of the cell lysates using a dual-luciferase reporter assay system (Pro-
mega). Firefly luciferase activity was standardized with that of Renilla
luciferase cotransfected with the internal control plasmid pRL-TK and
was expressed as RLU.

RESULTS

Expression of miR122 facilitates replication of HCVcc in vari-
ous liver cell lines. The robust in vitro cell culture systems for
HCV use the HCV genotype 2a isolate JFH1 and Huh7-derived
cell lines (64). To expand the host range of HCVcc to gain more
insight into the host-virus interaction, we examined the effect of
expression of miR122, a liver-specific microRNA that was shown
to be crucial for the efficient replication of HCV (27-29, 38, 52), in
several well-characterized liver cell lines: Huh6, HepG2, Hep3B,
and PLC/PRF/5. Although hCD81, SR-B1, claudin-1 (CLDN),
and occludin (OCLN) are known to be crucial for entry of HCVcc
(15, 48, 49, 54), the Huh6 and HepG2 cell lines express little or no
CLDN and hCD81 (10, 22), respectively. Therefore, CLDN and
hCD81 were exogenously expressed in the cell lines, and the re-
sulting lines were designated Huh6/CLDN and HepG2/CD81, re-
spectively. Expression of the receptor molecules in the cell lines
was confirmed by immunoblot and fluorescence-activated cell
sorter (FACS) analyses (Fig. 1A). To further examine the suscep-
tibility to HCV infection, pseudotyped VSV bearing the HCV en-
velope protein, HCVpv, was inoculated into these cell lines. Sig-
nificant expression of luciferase was observed in these cell lines
upon infection with HCVpv but not upon infection with the con-

A Novel Permissive Cell Line for HCV Propagation

trol virus (Fig. 1B), suggesting that the liver cell lines express func-
tional receptors required for entry of HCV. To determine the ef-
fect of miR122 on the replication of HCVec, we next assessed the
level of miR122 in the liver cell lines by qRT-PCR. Although
miR122 is highly expressed in the liver (13), the expression level of
miR122 varied among the liver cell lines (Fig. 1C, white bars). To
examine the effect of the exogenous expression of miR122 in the
liver cell lines on the replication of HCVcc, miR122 was expressed
in the cell lines by the lentiviral vector. The expression level of
miR122 in the liver cell lines, including Huh7 cells, was shown to
be upregulated to a significantly greater extent than that in Huh7
cells alone (Fig. 1C, black bars). To examine the effect of miR122
on the replication of HCV, HCVcc was inoculated into the cell
lines (Fig. 1D). Although Huh?7 cells exhibited an efficient HCV
replication, a slight enhancement of the replication was observed
by the expression of miR122. No HCV replication was observed in
PLC/PRE/5 cells irrespective of miR122 expression. Hep3B and
HepG2/CD81 cells exhibited a significant enhancement of HCV
replication by the expression of miR122, in contrast to a slight
increase in Huh6/CLDN cells. Notably, HCV RNA levels were
drastically increased by more than 300-fold at 72 h postinfection
in Hep3B cells by the expression of miR122, suggesting that
Hep3B is the most suitable cell line for investigating the biological
significance of miR122 on the propagation of HCV and for estab-
lishing a permissive cell line for HCVce, Therefore, we used
Hep3B cells overexpressing miR122 (Hep3B/miR122 cells) for
further experiments.

Expression of biologically active miR122 facilitates replica-
tion of HCVcc in Hep3B cells. To confirm the activity of endog-
enously and exogenously expressed miR122 to suppress the trans-
lation in cells, a pmirGLO vector carrying the complementary
sequence of miR122 under the luciferase gene was transfected into
Huh?7 cells, Hep3B cells expressing AcGFP (Hep3B/Cont), and
Hep3B/miR122 cells. Suppression of luciferase expression was ob-
served in Huh7 and Hep3B/miR122 cells but not in Hep3B/Cont
cells (Fig. 2A), suggesting that miR122 exogenously expressed in
Hep3B cells is as biologically active as that endogenously ex-
pressed in Huh7 cells. To determine the effect of miR122 on the
propagation of HCVcc, Hep3B cells were infected with the lenti-
viral vector expressing miR122 and then inoculated with HCVcc.
The levels of HCV RNA in Hep3B cells upon infection with
HCVcc were increased in proportion to the amount of lentiviral
vector (Fig. 2B). Recently, an inhibitor for miR122, SPC3649,
which is an LNA in which 2’ oxygen and 4" carbon are connected
via methylene units, has been shown to possess potent anti-HCV
activity in chimpanzees chronically infected with HCV (31). We
next examined the effect of LNA on the replication of HCVcc in
Huh7 and Hep3B/miR122 cells. HCV RNA replication in Huh7
and Hep3B/miR122 cells was significantly and dose-dependently
decreased by treatment with LNA-miR122 but not treatment with
LNA-Cont (Fig. 2C). We further investigated the effect of the

FIG 1 Expression of miR122 facilitates replication of HCVec in various liver cell lines. (A) Human liver cell lines Huh7, Huh6/CLDN, HepG2/CD81, Hep3B, and
PLC/PRE/5 were lysed and subjected to immunoblotting using appropriate antibodies. The expression levels of hCD81 in the liver cell lines were determined by
flow cytometry. (B) The human liver cell lines were inoculated with HCVpy or control virus and washed three times after 2 h of incubation. Luciferase activities
were determined at 24 h postinfection. (C) The cell lines were transduced with lentiviral vectors expressing miR122 or AcGFP as a control. After serial passages,
total RNA was extracted from the cells and relative expression of miR122 was determined by qRT-PCR by using U6 snRNA as an internal control. (D) The cells
expressing miR122 or control were infected with HCVec at an MOT of 1. Total RNA was extracted from the cells at the indicated time and subjected to qRT-PCR
analysis. The data are representative of three independent experiments, Error bars indicate the standard deviation of the mean.
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FIG 2 Expression of biologically active miR122 facilitates replication of HCVcc in Hep3B cells. (A) Huh7, Hep3B/Cont, and Hep3B/miR122 cells were
transfected with pmirGLO-miR122comp, and luciferase activity was determined at 24 h posttransfection. (B) Hep3B cells were transduced with the lentiviral
vector expressing miR122 in a dose-dependent manner and then infected with HCVcc atan MOI of 1 at 48 h postransduction. Total RNA was extracted from the
cells at 72 h postinfection and subjected to qRT-PCR. (C) LNA-Cont (20 nM) or LNA-miR122 (5 nM or 20 nM) was introduced into Hep3B/miR122 cells and
infected with HCVec atan MOl of 1 at 12 h posttransfection. Total RNA was extracted from the cells at 24 h postinfection and subjected to qRT-PCR. (D) Huh7
and Hep3B cells were transfected with mimic miR122 (20 nM) or a negative control (20 nM), and total miRNA was determined by gRT-PCR at 24 h
posttransfection. (E) Huh7 and Hep3B cells were transfected with mimic miR122 (20 nM) or a negative control (20 1M) and infected with HCVcc at an MOI of
1 at 12 h posttransfection. Total RNA was extracted from the cells at the indicated time (hpi, hours postinfection) and subjected to qRT-PCR.

mimic miR122, the synthetic double-stranded RNA oligonucleo-
tides that mimic endogenous miRNA function, on the propaga-
tion of HCV. Huh7 and Hep3B cells transfected with mimic
miR122 but not those transfected with the negative control exhib-
ited a high level of expression of miR122 (Fig. 2D) and enhanced
RNA replication upon infection with HCVce (Fig. 2E). Collec-
tively, these results clearly indicate that expression of biologically
active miR122 plays a crucial role in the replication of HCV in
Hep3B cells.

Establishment of a novel permissive cell line for robust prop-
agation of HCVcc by expression of miR122 in Hep3B cells. We
next examined the possibility of establishing a permissive cell line
for the robust propagation of HCVcc by the expression of miR122
in Hep3B cells. Huh7, Hep3B/miR122, and Hep3B/Cont cells
were infected with HCVcc, and the levels of expression of HCV
NS5A and core proteins were assessed by immunoblotting at 72 h
postinfection. Expression of the viral proteins in Hep3B/miR122
cells was almost comparable to that in Huh?7 cells, in contrast to no
expression in Hep3B/Cont cells (Fig. 3A). Small foci stained by
immunofluorescence assay appeared at 24 h postinfection in
Hep3B/miR122 and Huh?7 cells but not in Hep3B/Cont cells and
grew into large foci at 72 h postinfection, indicating that infectious
particles are generated in Hep3B/miR122 cells and the progeny
particles expand infection to the neighboring cells (Fig. 3B). The
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morphology of Hep3B cells is completely different from that of
Huh7 cells, and thus, these results are not due to contamination of
Huh?7 cells. DGAT1 and ApoE have been shown to play crucial
roles in the recruitment of core protein to the lipid droplets and
viral infectivity, respectively (9, 24). Higher levels of expression of
ApoE and DGAT]1 were detected in Hep3B cells than in Huh?7 cells
(Fig. 3C). Furthermore, the concentration of infectious particles
recovered in the culture supernatant of Hep3B/miR122 cells in-
fected with HCVec at a multiplicity of infection (MOI) of 1 at72 h
postinfection was approximately 5 X 10* FFU/ml, which was
comparable to that in Huh7 cells, and was in clear contrast to the
significantly lower titer in Hep3B/Cont cells (less than 10 FFU/
ml). These results clearly indicate that expression of miR122 in
Hep3B cells enables the establishment of a novel permissive cell
line for the robust propagation of HCVcc.

Establishment of an HCV RNA replicon in Hep3B/miR122
cells. It has been shown that “cured” cells established through the
elimination of the HCV genome from replicon cells by treatment
with [FN-« exhibited more potent propagation of HCVcc than
the original Huh7 cells (4). To establish a cured cell line derived
from Hep3B/miR122 cells for further improvement of HCVcc
propagation, we first established HCV replicon cells in Hep3B/
miR122 cells. I vitro-transcribed sub- or full-genomic HCV RNA
of the JFHI1 strain was electroporated into Hep3B/miR122 and
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FIG 3 Establishment of a novel permissive cell line for robust propagation
of HCVec by expression of miR122 in Hep3B cells. (A) Huh7, Hep3B/Cont,
and Hep3B/miR122 cells were infected with HCVce at an MOI of 0.1 or 1,
and the levels of expression of viral proteins were determined by immuno-
blotting using appropriate antibodies at 72 h postinfection. (B) Huh?7,
Hep3B/Cont, and Hep3B/miR122 cells were infected with HCVcc at an
MOTI of 1 and incubated with 1% methyleellulose in DMEM containing 5%
FCS for the indicated time. Cells were fixed with 4% paraformaldehyde and
subjected to indirect immunofluorescence assay using anti-NS5A anti-
body, followed by AF594-conjugated anti-rabbit IgG (red). Cell nuclei
were stained with 4',6-diamidino-2-phenylindole (DAPL; blue). (C) Huh7
and Hep3B cells were lysed and subjected to immunoblotting using appro-
priate antibodies. (D) Huh7, Hep3B/Cont, and Hep3B/miR122 cells were
infected with HCVcc at an MOI of 1, the culture supernatants were col-
lected at 72 h postinfection, and the viral titers of the supernatants were
determined by focus-forming assay using Huh7.5.1 cells.
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Hep3B/Cont cells, the cells were cultured with 400 pg/ml of G418
for 1 month, and subgenomic replicon (SGR) and full-genomic
replicon (FGR) cells were established. Hep3B/miR122 cells elec-
troporated with viral RNA generated a large number of colonies,
in contrast to the complete absence of colony formation in
Hep3B/Cont cells (Fig. 4A). High levels of HCV RNA comparable
to those in the Huh7 cells harboring SGR of the JEH]1 strain were
detected in Hep3B/miR122 cells harboring either SGR or FGR of
the JFH 1 strain (Fig. 4B, lower), Expression of NS5A was detected
inall of the clones of Hep3B/miR122 cells harboring either SGR or
EGR, and that of the core protein was detected in all of the FGR
clones (Fig. 4B, upper). HCV core protein and RNA were shown
to localize mainly on thelipid droplets and on the cytoplasmic face
of ER, respectively (40, 61). Immunofluorescence analyses re-
vealed that dsSRNA was colocalized with calnexin, an ER marker, in
both SGR and FGR cells and HCV core protein was colocalized
with lipid droplets in the FGR cells, as previously described (Fig.
4C). Treatment of Hep3B/miR122 cells harboring an FGR of the
JFH1 strain with either CsA or IEN-« decreased the expression of
core protein in a dose-dependent manner (Fig. 4D), suggesting
that the Hep3B/miR122 replicon cells can be used for screening
antiviral compounds for HCV.

Elimination of HCV RNA from HCV replicon RNA from
Hep3B/miR122 cells enhances propagation of HCVcc. To estab-
lish cured Hep3B/miR122 cells, five clones of the Hep3B/miR122
replicon cells harboring FGR of the JEH]1 strain were treated with
100 TU/ml of IFN-e to eliminate viral RNA, and viral RNA was
gradually decreased and completely eliminated at 20 days post-
treatment (Fig. 5A, left). We then examined the sensitivity of the
cured cell clones for propagation of HCVcc. All of the cured cell
clones exhibited enhancement of propagation of HCVcc, espe-
cially clone 5, which achieved a level of replication of HCVce more
than 6-fold higher than that in the parental Hep3B/miR122 cells
(Fig. 5A, right). To examine the effect of serial passage of HCVcc
in the cured Hep3B/miR122 cells, HCVce was inoculated into the
cured cells at an MOI of 0.1, and the culture supernatants har-
vested at 4 days postinfection were reinoculated into the naive
cured cells (Fig. 5B). Infectious titers in the culture supernatants
were continuously increased in accord with the number of pas-
sages (Fig. 5C). These results indicate that a novel cell line capable
of complete propagation of HCVcc was established by the intro-
duction of miR122 and the curing process, as in the case of Huh7
cells by using Hep3B cells.

Cured Hep3B/miR122 cells facilitate efficient propagation of
HCVcc through enhanced expression of miR122. It has been re-
ported that one of the reasons for the high susceptibility of the
cured cell line Huh7.5 to the propagation of HCVcc is the distup-
tion of the innate immune responses caused by mutation in RIG-I,
a key sensor for viral RNA in the cytoplasm (57, 69). To examine
the innate immune response in the cured Hep3B/miR122 cells,
reporter plasmids encoding the luciferase gene under the coutrol
of either the IFN- (Fig. 6A, left) or ISRE (Fig. 6A, right) promoter
were transfected into the cured or parental Hep3B/miR122 cells
and stimulated with poly(I-C), VSV, or IFN-a. Activation of these
promoters in the cured Hep3B/miR122 cells was not impaired but
rather was enhanced upon stimulation with poly(1:C) or VSV
compared with that in the parental cells. To further assess the
authenticity of viral RNA recognition and ISG induction path-
ways in the cured Hep3B/miR122 cells, nuclear localization of
IRF3 and STAT2 upon stimulation was determined by immuno-
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FIG 4 Establishment of an HCV RNA uphmn in Hep3B/miR122 cells. (A) Full-genomic replicon RNA of HCV was electroporated into Hep3B/Cont and
Hep3B/miR122 cells, and the medium was replaced with DMEM containing 10% FCS and 400 pg/ml G418 at 24 h posmansftchon Colony formation was
determined as indicated in Materials and Methods. (B) (Upper) Sub- and full-genomic HCV replicons (SGR and FGR) in Hep3B/miR122 cells were subjected
to immunoblotting using the appropriate antibodies. Huh7.5.1 cells infected with HCVcc were used as a positive control (PC). (Lower) Intracellular HCV copy
number in replicon clones, SGR in Huh7 cells was used as a positive control. (C) SGR and FGR in Hep3B/miR122 cells were fixed with 4% paraformaldehyde and
subjected to indirect immunofluorescence assay using the appropriate antibodies. Lipid droplets (LDs) were stained red with BODIPY. Cell nuclei were stained
with 4',6-diamidino-2-phenylindole (blue). The boxed regions in the merged images are magnified. (D) HL})JB/[UiRlZZ FGR cells were treated with DMEM
containing 10% FCS and the indicated concentrations of CsA and IFN-a and then subjected to immunoblotting using appropriate antibodies at 48 h posttrans-
fection. NT, no treatient.
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FIG 5 Elimination of HCV RNA from HCV replicon RNA from Hep3B/miR122 cells enhances propagation of HCVcc. (A) (Left) Hep3B/miR122 FGR cell
clones were treated with TEN- (100 [U/inl), and HCV RNA was determined by qRT-PCR at 10 and 20 days posttreatment; (right) Hep3B/miR122 parental cells
(bulk) and the cured cells were infected with HCVcc at an MOI of 0.1, and HCV RNA was determined by qRT-PCR at 48 and 96 h postinfection. (B) Schematic
diagram of the experimental procedure for serial passage of HCVec in Hep3B/miR122 cured cells. The cured cells were infected with HCVee at an MOI of 0.1.
(C) The infectious titers in the culture supernatants of the Hep3B/miR122 cured cells were determined at the indicated time points by focus-forming assay using

Hep3B/miR122 cells.

fluorescence analysis. IRF3 and STAT2 in both cured and parental
Hep3B/miR122 cells were translocated into the nucleus upon
stimulation with VSV and IFN-a, respectively (Fig. 6B). These
results suggest that the efficient propagation of HCVcc in the
cured Hep3B/miR122 cells might be attributable to reasons other
than impairment of the innate immune response. Therefore, we
hypothesized that the Hep3B/miR122 cells harboring the HCV
genome are capable of surviving in the presence of a high concen-
tration of G418 by amplification of the viral genome through en-
hancement of miR122 expression and that once HCV RNA was
eliminated, the cured cells would acquire the ability to propagate
HCV due to the high expression of miR122. To test this hypothe-
sis, the levels of miR122 in both Huh7- and Hep3B/miR122-
derived cured cells were compared with those in the parental cells.
Lntriguingly, both cured cell lines exhibited a significant increase
of miR122 expression (approximately 2- to 6-fold) in comparison
with that in the parental cells (Fig. 6C). These results suggest that
the efficient propagation of HCVcc in the cured Hep3B/miR122
cells was partially attributable to an enhanced expression of
miR122, rather than an impairment of the signaling pathway of
innate immunity.

Specific interaction of miR122 with viral RNA is crucial for
efficient propagation of HCVcc. To evaluate the effect of a spe-
cific interaction of miR122 with the target sequence in the 5 UTR
of HCV RNA on the enhancement of viral propagation, we gen-
erated two mutant pre-miR122s: sMT-miR122 has a substitution
of uridine to adenosine, and dMT-miR122 carries an additional
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complementary substitution of adenosine to uridine to stabilize
the expression. These substitutions have been shown to abrogate
interaction with the target sequence (27) (Fig. 7A). A high level of
expression of dMT-miR122 comparable to that of WT-miR122
was detected in Hep3B cells, in contrast to the low level of expres-
sion of sMT-miR122 (Fig. 7B). As described above, the expression
level of miR122 in Hep3B cells was significantly lower than that in
Huh7 cells (Fig. 1B). Taking advantage of this low level of miR122
expression, WT-miR122 and dMT-miR122 were exogenously ex-
pressed in Hep3B cells by the lentiviral vector to assess the impor-
tance of the specific interaction of miR122 with viral RNA. Not
only intracellular viral RNA levels but also infectious titers in the
culture supernatants were enhanced by the expression of WT-
miR122, but they were not enhanced by the expression of dMT-
miR122 (Fig. 7C and D). These results suggest that specific inter-
action of miR122 with the 5" UTR of HCV is crucial for the
efficient replication and propagation of HCV,

DISCUSSION

Most miRNAs utilize the normal RNA interfering pathway and
repress translation of the target mRNAs (3, 26). For instance,
miR122 targets the 3" UTR of the cytoplasmic polyadenylation
element binding protein (CPEB) (5), hemochromatosis (Hfe) and
hemojuvelin (Hjv) (6), a disintegrin and metalloprotease family
10 (ADAM10) (2), and cationic amino transporter 1 (CAT-1) (8)
and represses their translation. In contrast, HCV uniquely exploits
the liver-specific miR122 to stimulate viral translation (23, 27-29,
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