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Table 1
Primers used for RT-PCR analysis.
Gene (accession no.) Direction Nucleotide Products (bp) Gene (accession no.) Direction Nucleotide Products (bp)
sequence (5'-3') sequence (5'~3')
Acyl-CoA synthetase Forward GCATTCAAGTTCTACCCAACCGAC 258 Brain abundant, membrane Forward GGATGAATGCCAGCTTTCAGACAG 247
medium-chain family member 3 Reverse GGCTGCTGACAACAGCTGACTC attached signal protein 1 Reverse ACTGGAACTGCAATGAACGCAGAC
‘(ACSM3; NM.005622) (BASP1; NM.006317)
Angiopoietin 1 (ANGPTT; Forward ATACAACATCGTGAAGATGGAAGTC 287 Cell death activator CIDE-3 Forward GATCTGTACAAGCTGAACCCACAG 265
NM._001146) Reverse CCGTGTAAGATCAGGCTGCTCTG (CIDEC; NM_022094) Reverse GACAGGTCGGGATAAGGGATGAG
Cyclin-dependent kinase inhibitor Forward AAGACCGAACTGGTTTCGCTGTC 246 Carboxypeptidase B2 Forward GGAACTGTCTCTAGTAGCCAGTG 242
2C (CDKN2C; NM.001262) Reverse CATAGAGCCTGGCCAAATCACAG (CPB2; NM.001872) Reverse CAGCGGCAAAAGCTTCTCTACAG
Phospholipase A1 member A Forward GGAGTTTCACTTGAAGGAACTGAG 292 Heat shock 70 kDa protein Forward TGAAGCCGAGCAGTACAAGGCTG 235
(PLA1A; NM.015900) Reverse GTTCACTGGTTCAGGTAAGCAGAC B Reverse CTCCCTCTTCTGATGCTCATACTC
(HSPA6; NM.002155)
Sel-1 suppressor of lin-12-like 3 Forward ACCTGCACTTGCGGCTTCTCTG 212 Peptidase inhibitor 3 Forward GGTTCTAGAGGCAGCTGTCACG 2762
(SEL1L3; NM_015187) Reverse AGAGGCATCTGCAGCTGGAGTC (PI3; NM_002638) Reverse CCGCAAGAGCCTTCACAGCAC
Solute carrier family 39 member 4 Forward GCCTGTTCCTCTACGTAGCACTC 158 Peptidase inhibitor 3 Forward GGTTCTAGAGGCAGCTGTCACG 241°
(SLC39A4; NM.017767) Reverse GAAGGTGATGTCATCCTCGTACAG (PI3; NM.002638) Reverse GCAGTCAGTATCTTTCAAGCAGC
TBC1 domain family, member 4 Forward GGAGAGGGCCAATAGCCAACTG 198 Solute carrier family Forward CAATGGCGTGGACAAGCGCGTC 240
(TBC1D4; NM.014832) Reverse AGCTTCCGGAGTTGCTCCACTG member 3 Reverse CCGACAGATGTCAGCACAATGAC
(SLC1A3; NM.004172)
WNT1 inducible signaling pathway Forward AGAGATGCTGTATCCCTAATAAGTC 129 Thrombospondin type-1 Forward TGGAGTCAGTGTTCCATCGAGTG 275
protein 3 (WISP3; NM.003880) Reverse CAGGTTCTCTGCAGTTTCTCTGAC domain-containing protein Reverse GGGTCACAGAGGTTACTTAGAGTC
4
(THSD4; NM_024817)
Annexin A1 (ANXA1; NM.000700) Forward GACTTGGCTGATTCAGATGCCAG 192 Glyceraldehyde-3- Forward GACTCATGACCACAGTCCATGC 334
Reverse AATGTCACCTTTCAACTCCAGGTC phosphate dehydrogenase Reverse GAGGAGACCACCTGGTGCTCAG
(GAPDH; NM.002046)
Amphiregulin (AREG; NM_001657) Forward CGGGAGCCGACTATGACTACTC 391
Reverse AAGGCAGCTATGGCTGCTAATGC

4 This primer set was used for RT-PCR analysis.
b This primer set was used for quantitative RT-PCR analysis.
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was used as the control for the amount of protein loaded per lane.
Immunocomplexes were detected by the Renaissance enhanced
chemiluminescence assay (PerkinElmer Life Sciences, Boston, MA).

2.6. Statistical analysis

Statistical comparison of the mRNA levels between the various
time points was performed using Student’s t-test. P values of less
than 0.05 were considered statistically significant.

3. Results

3.1. Efficient replication of genome-length HCV RNA is
maintained in long-term cell culture

To prepare specimens for the cDNA microarray analysis,
genome-length HCV RNA-replicating OL(QY), OL8(0Y), OL11(0Y),
and OL14(0Y) cells were cultured for 2 years, and were designated
as OL(2Y), OL8(2Y), OL11(2Y), and OL14(2Y) cells, respectively.
OL8¢(0Y) and OL11c(0Y) cells were also cultured for 2 years, and
were designated as OL8¢(2Y) and OL11c(2Y) cells, respectively. We
observed that the growth rates of all cell lines increased in a time-
dependent manner, while the appreciable changes of cell shapes
were not observed. The doubling time of genome-length HCV RNA-
replicating cells (OL(0Y), OL8(0Y), OL11(0QY), and OL14(0Y)) and
cured cells (OL8c(0Y) and OL11¢(0Y)) was approximately 41 h and
32 h, respectively. After 2-year culture, these values reduced to
approximately 28 h and 23 h.

Using the total RNA specimens obtained from genome-length
HCV RNA-replicating cells, the levels of genome-length HCV
RNAs were examined by quantitative RT-PCR analysis. The results
revealed that the levels of the genome-length HCV RNAs had
increased in all cases after a 2-year period of HCV RNA replication
(Fig. 1). The levels of HCV proteins (Core, E1, NS3, and NS5B) were
also examined by Western blot analysis. The E1, NS3, and NS5B
were detected in all specimens, except for the Li23 cells, although
a little larger size of E1 was additionally detected in the specimens
from 2-year culture (Fig. 1). This phenomenon may indicate the
appearance of additional N-glycosylation sites by mutations caused
during the 2-year replication of the HCV RNA, as observed in a pre-
vious report (Mori et al., 2008). However, genetic analysis of HCV
RNAs from 2-year culture of OL8, OL11, and OL14 cell series has
detected no additional N-glycosylation sites by mutations (Kato
et al., unpublished results). Therefore, the mobility change of E1
may be due to the other modifications such as O-glycosylation.
In addition, Core was not detected in the cultures of OL11(2Y)
cells, even when polyclonal anti-Core antibody was used (Fig. 1). A
similar phenomenon was observed in a previous study using HuH-
7-derived genome-length HCV RNA-replicating cells (Kato et al.,
2009a). In that study, we showed that the Core region was not
deleted, but mutated at several positions within the epitopes of
the anti-Core antibody (Kato et al., 2009a). The results of genetic
analysis using Li23-derived cells as described above (Kato et al.,
unpublished results) were also similar with those in the previous
study using HuH-7-derived cells (Kato et al., 2009a).

3.2. Selection of genes showing irreversible changes with
long-term HCV RNA replication

To identify those genes whose expression levels were irre-
versibly altered by the long-term replication of HCV RNA, we
performed a combination of cDNA microarray and RT-PCR analy-
ses using several Li23-derived cell lines. An outline of the selection
process performed in this study is provided in Fig. 2. The first
microarray analysis I was carried out by the comparison of OL(0Y)
cells versus OL(2Y) cells, OL8(0Y) cells versus OL8(2Y) cells, and
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Fig. 1. Characterization of genome-length HCV RNA-replicating cells in long-term
cell culture. The upper panel shows the results of a quantitative RT-PCR analysis of
intracellular genome-length HCV RNA. Total RNAs from OL(0Y), OL8(0Y), OL11(0Y),
and OL14(0Y) cells after 2 years [OL(2Y), OL8(2Y), OL11(2Y), and OL14(2Y)] in
culture, as well as total RNAs from the parental OL(0Y), OL8(QY), OL11(QY), and
0L14(0Y) cells were used for the analysis. Total RNA from Li23 cells was used as a
negative control. The lower panel shows the results of the Western blot analysis.
Cellular lysates from cells used for quantitative RT-PCR were also used for compar-
ison. HCV Core, E1, NS3, and NS5B were detected by Western blot analysis. 3-Actin
was used as a control for the amount of protein loaded per lane. A single asterisk
indicates that the anti-Core polyclonal antibody was used for detection. A double
asterisk indicates that a mixture of three kinds (CP9, CP11, and CP14) of anti-Core
monoclonal antibodies was used for detection.

OL11(0Y) cells versus OL11(2Y) cells. In this step, we selected those
genes whose expression levels commonly showed changes in at
least two of three comparative analyses to avoid the bias caused by
the difference of cell clonality, since OL(0Y) was a polyclonal cell
line, while OL8(0Y) and OL11(0Y) were monoclonal cell lines (Kato
et al,, 2009b). As regards the selected genes, a microarray analysis I1
was performed in which OL8¢(0Y) cells were compared to OL8¢(2Y)
cells, and OL11¢(0Y) cells were compared to OL11¢(2Y) cells. In this
step, the genes were excluded from those selected by the microar-
ray analysis I if their expression levels had changed during the
2-year culture of cured cells. As regards the selected genes, we next
performed a RT-PCR analysis | to examine the reproducibility of
changes in gene expression levels. In this step, we added the results
of a new comparative series, OL14(0Y) versus OL14(2Y), to arrive at
the judgment to advance to the next step of analysis. We selected
genes for which expression levels had changed in more than five of
six comparative series (Fig. 2). At the last step, we confirmed by RT-
PCR analysis Il whether or not the expression levels of the selected
genes in OL8(2Y) or OL11(2Y) cells had changed by HCV RNA repli-
cation. When the gene expression levels had not changed in two
comparative series (OL8(2Y) versus OL8(2Y)c and OL11(2Y) versus
OL11(2Y)c), the genes were selected as the candidates exhibiting
irreversible changes after 2-year HCV RNA replication.
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Fig. 2. Outline of selection process performed in this study. To obtain the objective genes, cDNA microarray analyses I and II were performed, and then RT-PCR analyses I

and Il were also performed.

3.3. Selection and expression profiles of genes showing
upregulated expression during long-term HCV RNA replication

The process outlined in Fig. 2 was used to identify those genes
that exhibited irreversibly upregulated expression during the 2-
year replication of HCV RNA. Microarray analysis | revealed 1912,
1148, and 1633 probes, the expression levels of which were upreg-
ulated at a ratio of more than 2 in the case of OL(0Y) cells versus
OL(2Y) cells, OL8(0Y) cells versus OL8(2Y) cells, and OL11(0Y) cells
versus OL11(2Y) cells, respectively. To avoid the possibility that
the genes showing low expression level are selected, the ratios
and expression values were used in combination for the selection.
As the minimum expression level, more than 100 (actual value of
measurement), which was detectable within 30 cycles in RT-PCR
analysis, was adopted. From among these probes, we selected those
showing ratios of more than 4 with an expression level of more than
100, or those showing ratios of more than 3 with an expression level
of more than 200, or those showing an expression level of 1000. By

this selection process, 559, 237, and 368 genes (redundant probes

excluded) were assigned in the case of OL(0Y) cells versus OL(2Y)
cells, OL8(0Y) cells versus OL8(2Y) cells, and OL11(0Y) cells versus
OL11(2Y) cells, respectively (Fig. 3A). At this step, we obtained 51
genes as candidates exhibiting upregulation in more than two of
three comparisons. Based on the results of the subsequent microar-
ray analysis II, we further selected 14 genes from a total of 51
genes, because the expression levels of the remaining 37 genes
increased during the 2-year culture of cured cells (Fig. 3B). The list
of these genes was shown in Supplemental Table 1. As regards the
14 selected genes, we performed an RT-PCR analysis I to confirm
the results obtained by the cDNA microarray analysis and to exam-
ine the status of gene expression in an additional comparison of
OL14(0Y) cells versus OL14(2Y) cells. This analysis revealed that
the mRNA levels of 6 of 14 genes showed no enhancement in two
of four comparative series (data not shown). Therefore, in this step,
these 6 genes were excluded from the candidate genes. However,
the mRNA levels of the remaining 8 genes (acyl-CoA synthetase

medium-chain family member 3 [ACSM3], angiopoietin 1 [ANGPT1],
cyclin-dependent kinase inhibitor 2C [CDKN2C], phospholipase A1l
member A [PLA1A], Sel-1 suppressor of lin-12-like 3 [SEL1L3], solute
carrier family 39 member 4 [SLC39A4], TBC1 domain family mem-
ber 4 [TBC1D4], and WNT1 inducible signaling pathway protein 3
[WISP3]) were enhanced in more than three of four comparative
series (Fig. 3C). Furthermore, we demonstrated by RT-PCR analy-
sis II that the expression levels of these 8 genes did not return to
initial levels, even after elimination of HCV RNA from OL8(2Y) or
OL11(2Y) cells (Fig. 3C). It was noteworthy that the mRNA levels
of the ANGPT1 and PLA1A genes were enhanced in all comparative
series (Fig. 3C).

3.4. Selection and expression profiles of genes showing
downregulated expression during long-term HCV RNA replication

To obtain genes showing irreversibly downregulated expres-
sion during the 2-year HCV RNA replication period, we performed
a selection of genes according to the methods described for the
selection of upregulated genes. The first microarray analysis I in
this seriesrevealed 1901, 2128, and 1579 probes whose expression
levels were downregulated at a ratio of less than 0.5 in the case
of OL(QY) cells versus OL(2Y) cells, OL8(QY) cells versus OL8(2Y)
cells, and OL11(0Y) cells versus OL11(2Y) cells, respectively. As
described in Section 3.3, the ratios and expression values were
used in combination for the selection. From among these probes,
we selected those showing ratios of less than 0.25 with an initial
expression level of more than 1000 (actual value of measurement),
or those showing ratios of less than 0.33 with an initial expres-
sion level of more than 200, or those showing an initial expression
level of 100. By this selection process, 828, 622, and 466 genes
(redundant probes excluded) were assigned in the case of OL(0Y)
cells versus OL(2Y) cells, OL8(0Y) cells versus OL8(2Y) cells, and
OL11(0Y) cells versus OL11(2Y) cells, respectively (Fig. 4A). At this
step, we obtained 236 genes as candidates showing downregula-
tion in more than two of three comparisons. Based on the results
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Fig. 3. ldentification of genes irreversibly upregulated during 2-year replication of HCV RNA. (A) Upregulated genes obtained by microarray analysis | shown in Fig. 2. Genes
whose expression levels were upregulated at ratios of more than 2 in the case of OL(0Y) versus OL(2Y) cells, OL8(0Y) versus OL8(2Y) cells, or OL11(0Y) versus OL11(2Y) cells
were selected, and 51 genes upregulated in at least two of three comparisons were obtained. (B) Further selection by microarray analysis II, shown in Fig. 2. Genes whose
expression levels were upregulated during 2-year culture (OL8¢(2Y) or OL11¢(2Y) cells) of the cured OL8c(0Y) or OL11¢(0Y) cells were eliminated. (C) Expression profiles of
upregulated genes. RT-PCR analyses I and Il shown in Fig. 2 were performed as described in Section 2. PCR products were detected by staining with ethidium bromide after
separation by electrophoresis on 3% agarose gels. The round parenthesis indicates the comparative series showing the upregulated expression.

of the second microarray analysis I, we were able to select 17
genes from a total of 236 genes, as the expression levels of most
of the genes had decreased during the 2-year culture of cured cells
(Fig. 4B). The list of these genes was shown in Supplemental Table
2.Asregards the 17 selected genes, we performed an initial RT-PCR
analysis [ to confirm the results obtained by the microarray anal-
ysis I and to examine the status of gene expression by additional
comparison of OL14(0Y) cells versus OL14(2Y) cells. This analysis
revealed that the mRNA levels of 8 of 17 genes showed no suppres-
sion in more than two of four comparative series (data not shown).
Therefore, these 8 genes were excluded from the candidate genes
in this step. However, the mRNA levels of the remaining 9 genes
(annexin A1[ANXA1], amphiregulin [AREG], brain abundant, mem-
brane attached signal protein 1 [BASP1], cell death activator CIDE-3
[CIDEC], carboxypeptidase B2 [CPB2], heat-shock 70 kDa protein B’
[HSPA6], peptidase inhibitor 3 [PI3], solute carrier family 1 mem-
ber 3 [SLC1A3], and thrombospondin type-1 domain-containing
protein 4 [THSD4]) were suppressed in more than three of four
comparative series (Fig. 4C). Furthermore, we demonstrated by RT-
PCR analysis Il that the expression levels of these 9 genes did not
return to initial levels, even after the elimination of HCV RNA from

OL8(2Y) or OL11(2Y) cells (Fig. 4C). It is noteworthy that the mRNA
levels of BASP1, CIDEC, HSPAG, and PI3 genes were suppressed in all
comparative series (Fig. 4C).

3.5. Expression profiles of selected genes during 3.5-year
replication of HCV RNA

As described above, we selected 8 upregulated genes and 9
downregulated genes, the expression levels of which had irre-
versibly changed after a 2-year period of HCV RNA replication.
However, reproducibility of the RT-PCR analysis using total RNA
specimens prepared from independent recultured cells would be
needed or arriving at a reliable conclusion. Furthermore, in this
context, it would also be important to clarify whether or not
these irreversible changes in RNA expression levels remained sta-
ble or were further enhanced during HCV RNA replication if the
cells were cultured for a period of more than 2 years. Since the
OL8(2Y), OL8c(2Y), OL11(2Y), and OL11¢(2Y) cells were continu-
ously cultured for a period of up to 3.5 years, they were used
as OL8(3.5Y), OL8¢(3.5Y), OL11(3.5Y), and OL11c(3.5Y) cells with
the recultured OL8(0Y), OL8(2Y), OL8c(0Y), OL8c(2Y), OL11(0Y),
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Fig. 4. Identification of genes irreversibly downregulated during 2-year replication of HCV RNA. (A) Downregulated genes obtained by microarray analysis | shown in Fig.
2. Genes were selected whose expression levels were downregulated at ratios of less than 0.5 in the case of OL(0Y) versus OL(2Y) cells, OL8(0Y) versus OL8(2Y) cells, and
OL11(0Y) versus OL11(2Y) cells. A total of 236 genes were obtained that were downregulated in at least two of three comparisons. (B) Further selection by microarray
analysis Il shown in Fig. 2. Genes whose expression levels were downregulated during 2-year culture (OL8c(2Y) or OL11¢(2Y)) of the cured OL8¢(0Y) or OL11¢(0Y) cells were
eliminated. (C) Expression profiles of downregulated genes. RT-PCR analyses I and II, shown in Fig. 2, were performed as described in Fig. 3C. The round parenthesis indicates

the comparative series showing the downregulated expression.

OL11(2Y), OL11¢(0Y), and OL11c(2Y) cells, respectively, for the RT-
PCRanalysis in order to address the questions raised above. We first
performed RT-PCR analysis of the genes indicated in Figs. 3Cand 4C.
The results revealed that most of the genes examined showed
reproducible results, as shown in Figs. 3C and 4C (data not shown).
However, no reproducible results were obtained regarding ACSM3
selected as an upregulated gene and HSPAG selected as a downreg-
ulated gene (data not shown), suggesting that the mRNA levels of
both genes were sensitively affected by the cell culture conditions
(e.g., cell density). Regarding the remaining 7 upregulated and 8
downregulated genes, we next performed a quantitative RT-PCR
analysis using the total RNA specimens prepared from OL8(QY),
OL8(2Y), OL8(3.5Y), OL11(0Y), OL11(2Y), OL11(3.5Y), OL8c(0Y),
OL8c(2Y), 0L8¢(3.5Y), OL11¢(0Y), OL11¢(2Y), and OL11¢(3.5Y) cells.

As regards the upregulated genes, statistically significant dif-
ferences between their mRNA levels of HCV RNA-replicating cells
and their cured counterparts during the culture for a period of up
to 3.5 years were observed in the case of 5 genes (WISP3, TBC1D4,

ANGPT1, SEL1L3, and CDKNZ2C) (Fig. 5). However, such a significant
difference was not maintained for a period up to 3.5 years in the
case of PLAIA gene (OL8(3.5Y) cells versus OL8¢(3.5Y) cells) and
SLC39A4 gene (OL11(3.5Y) cells versus OL11¢(3.5Y) cells) (Fig. 5).
These results suggest that the upregulated expression of PLA1A or
SLC39A4 gene is not irreversible change by long-term replication of
HCV RNA. A drastic difference between mRNA levels in HCV RNA-
replicating cells versus cured cells was observed in the case of the
genes WISP3 and TBC1D4 (Fig. 5).

As for the downregulated genes, the results revealed that 4 genes
(BASP1, CPB2, ANXA1, and SLC1A3) showed statistically significant
differences between their mRNA levels of HCV RNA-replicating
cells and their cured counterparts during the culture for a period
of up to 3.5 years (Fig. 6). However, such a significant difference
was not continuously observed for a period up to 3.5 years in the
case of 3 genes (AREG, CIDEC, and THSD4) (Fig. 6), although the
expression levels (except for AREG in the OL11 series and CIDEC
in the OL8 series) at 2 years in cell culture showed reproducible
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Fig. 5. Expression levels of genes selected as upregulated genes in 3.5-year cell culture. Quantitative RT-PCR analysis using the total RNAs derived from OL8(0Y), OL8(2Y),
OL8(3.5Y),0L8c(0Y),0L8c(2Y), OL8c(3.5Y),0L11(0Y), OL11(2Y),0L11(3.5Y),0L11c(0Y), OL11c(2Y),and OL11¢(3.5Y) cells was performed as described in Section 2. Experiments
were done in triplicate. The vertical lines indicate the expression levels, with the fold in the scale of log 2, when the level in OL8(0Y) or OL11(0Y) cells was assigned to be 1.
Asterisks indicate significant differences between mRNA levels of HCV RNA-replicating cells and their cured counterparts. *P<0.05; **P<0.01.

differences, as depicted in Fig. 4C. Quantitative RT-PCR analysis
revealed that the expression levels of PI3 gene drastically decreased
during 3.5-year culture of cured cells, although PI3 gene expression
was very low level in cured cells (Fig. 6). These results suggest that
the downregulated expression of AREG, CIDEC, THSD4, or PI3 gene
is not irreversible change by long-term replication of HCV RNA.
The most drastic difference between mRNA levels of HCV RNA-
replicating cells and their cured counterparts was observed in the
case of the BASP1 gene (Fig. 6).

4. Discussion

In this study, we performed cDNA microarray and RT-PCR anal-
yses using genome-length HCV RNA-replicating Li23-derived cells
cultured for 2 years after the cells had been established as cell lines,
and we performed quantitative RT-PCR analyses using these cells
and additional cells cultured for a period of up to 3.5 years. Conse-
quently, we identified 5 genes (WISP3, TBC1D4, ANGPT1,SEL1L3, and
CDKN2C) showing irreversible upregulated expression, and 4 genes
(BASP1, CPB2, ANXA1, and SLC1A3) showing irreversible downreg-
ulated expression with the persistent 3.5-year replication of HCV
RNA.

Two possibilities can be considered as plausible biological expla-
nations for the irreversible changes in expression levels of these
identified genes. First, it is possible that these genes play roles
in the optimization of the environment in HCV RNA replication.
Indeed, in the present study, we observed that the levels of HCV
RNAs increased in all cases after constitutive HCV RNA replication
of 2 years (Fig. 1). However, the expression levels of these genes did
not differ between HCV RNA-replicating cells and the correspond-
ing cured cells at the time at which the cells were first established
(Figs. 5 and 6). Since, to date, no studies reported in the litera-
ture have demonstrated that these genes are required for HCV RNA
replication or that the level of HCV RNA replication is regulated by
these genes, further comparative analysis such as the quantifica-
tion of HCV RNA levels in the cells forced to express these genes
will be needed to clarify these points.

A second possible explanation for the observed irreversible
changes would be that these genes play roles in the progression
of HCV-associated hepatic diseases. We focused on this possibil-
ity, due to the number of reports in the literature regarding these
genes.

Among the upregulated genes identified in this study, WISP3
is most interesting. WISP3 is a Wnt1-inducible cysteine-rich pro-
tein (CCN6) that belongs to the CCN family. Previous studies have
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Fig. 6. Expression levels of genes selected as downregulated genes in 3.5-year cell culture. Quantitative RT-PCR analysis was performed as shown in Fig. 5, and the obtained

results are also presented as shown in Fig. 5.

linked the overexpression of WISP3/CCNG6 to colon cancer (Pennica
et al., 1998; Thorstensen et al., 2001), suggesting that overexpres-
sion of this protein is associated with the development of this
type of cancer. However, recent studies revealed that WISP3 exerts
both tumor-growth and invasion-inhibitory functions in inflamma-
tory breast cancer and aggressive non-inflammatory breast cancer
(Huang et al., 2008, 2010). Although the role of WISP3 in the
development of symptomatic cancer is controversial and unproven,
enhancement of WISP3 expressionin liver tissue may be involved in
the progression of hepatic cancer. On the other hand, it was recently
reported that WISP3 increased the migration and the expression
of intercellular adhesion molecule-1 (ICAM-1) in human chon-
drosarcoma cells (Fong et al., 2012). Since ICAM-1 may facilitate
the movement of cells through the extracellular matrix, [CAM-1
is expected to play an important role in cancer cell invasion and
metastasis (Huang et al., 2004). Therefore, irreversible enhance-
ment of WISP3 by long-term HCV RNA replication, as shown in this
study, may be involved in tumor invasion or metastasis, i.e., the
transition to the aggressive phenotype of human cancers. How-
ever, we could not confirm an enhancement of ICAM-1 expression
in our microarray analysis. Therefore, further experiments will be
necessary to clarify the biological significance of enhanced WISP3
expression by HCV.

TBC1D4 is also of interest as an enhanced gene during the long-
term replication of HCV RNA. TBC1D4 was discovered as a substrate

phosphorylated by insulin-activated serine-threonine kinase Akt
(Kane et al.,, 2002). This protein, which was initially designated
as AS160 (Akt substrate of 160 kDa), has a GTPase-activating pro-
tein (GAP) and shows GAP activity with Rab 2A, 8A, 10, and 14,
which participate in the translocation of the GLUT4 glucose trans-
porter from intracellular storage vesicles to the plasma membrane
(Miinea et al., 2005). Therefore, TBC1D4 functions as a Rab inhibitor
ininsulin-regulated GLUT4 trafficking (Rowland et al., 2011). Since
we observed the enhancement of TBC1D4 expression in this study,
we simply inferred that insulin-dependent glucose uptake might
be suppressed in long-term cultured cells replicating HCV RNA.
However, we found very low levels of expression of GLUT4 in the
Li23-derived cells used in this study, suggesting that an enhance-
ment of TBC1D4 may be involved in the trafficking of molecule(s)
other than the GLUT4 transporter.

Among the downregulated genes identified in this study, three
genes of interest showing altered expression levels were clearly
identified by quantitative RT-PCR. The first of the three is BASP1,
which was originally isolated as a membrane-bound phospho-
protein abundant in nerve terminals (Mosevitsky et al, 1997).
Although the function of BASP1 in the nervous system is still
unclear, it has been reported to be a transcriptional co-suppressor
for Wilms’ tumor suppressor protein WT1 (Carpenter et al.,, 2004).
In addition, it has also been found that BASP1 can inhibit cel-
lular transformation by the v-Myc oncogene, and can block the
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regulation of Myc target genes (Hartl et al., 2009). These studies sug-
gest that BASP1 probably acts as a tumor suppressor. Furthermore,
it has been reported that BASP1 is suppressed by the methylation
of the BASP1 gene in a significant proportion of HCCs, and the sup-
pression of this gene has been identified as a useful biomarker
for the early diagnosis of HCC (Moribe et al., 2008; Tsunedomi
et al., 2010). In this context, the suppression of BASP1 expression
observed in this study may be due to the methylation of the BASP1
gene. If so, this type of methylation would likely be induced dur-
ing the long-term replication of HCV RNA, as the long-term culture
of cured cells did not induce a suppression of BASP1 expression.
To obtain additional information, we compared the mRNA levels
of BASP1 among HuH-7-derived HCV RNA-replicating O cells, those
cells cultured for 2 years, and the corresponding cured cells (Ikeda
et al., 2005; Kato et al.,, 2009a). The preliminary results revealed
that the mRNA levels of BASP1 in these cells were remarkably lower
than those in the Li23-derived cells, and no significant differences
were observed among the HuH-7-derived cells (data not shown).
These results are consistent with the results in a previous report
(Tsunedomi et al.,, 2010) describing hypermethylation of the BASP1
gene in HuH-7 cells. However, we observed that the mRNA levels of
BASP1 in Li23-derived cells (e.g., OL8, OL11) were similar to those in
the immortalized hepatocyte PH5CH8 and NKNT3 cell lines (Ikeda
et al., 1998; Naka et al., 2006), suggesting that the methylation sta-
tus of the BASP1 gene in these cell lines is lower than that of HuH-7
cells. The results, taken together, led us to speculate that persistent
HCV replication may induce the methylation of the BASP1 gene,
although no association of BASP1 suppression with the aggressive
phenotype of HCC has been reported to date. To clarify this point,
further analysis will be needed.

A second intriguing gene is CPB2, which is produced mainly by
the liver and circulates in plasma as a plasminogen-bound zymo-
gen. Thus far, it is known that CPB2 potently attenuates fibrinolysis
by removing the fibrin C-terminal residues that are needed for the
binding and activation of plasminogen (Redlitz et al., 1995). On the
other hand, several proinflammatory mediators (e.g., C5a, osteo-
pontin, and bradykinin) have been identified as substrates of CPB2
in vitro (Myles et al., 2003; Sharif et al., 2009). Therefore, it has
been considered that CPB2 may serve an anti-inflammatory func-
tion. Indeed, a recent study demonstrated that CPB2 plays a central
role in down-regulating C5a-mediated inflammatory responses in
autoimmune arthritis in mice and humans (Songet al.,2011). These
findings led to the hypothesis that the suppression of CPB2 in
HCV-infected hepatocytes leads to the proinflammatory status in
vivo. The specific suppression of CPB2 obtained as an HCV-induced
irreversible change in host cells supports the above hypothesis. Fur-
thermore, since it has been reported that C5 is a quantitative trait
gene that modifies liver fibrogenesis in mice and humans, and that
it plays a causative role in human liver fibrosis (Hillebrandt et al.,
2005), the suppression of CPB2 during the long-term replication of
HCV RNA may be involved in liver fibrogenesis.

The third gene of interest in this context is ANXA1, a member of
the superfamily of annexin proteins that bind acidic phospholipids
with high affinity in the presence of Ca2*. ANXA1 is found in many
differentiated cells, particularly those of the myeloid lineage, and
is known to be a downstream mediator of glucocorticoids (Yazid
et al., 2010). Recent reports have shown that glucocorticoids can
differentially affect the ANXA1 pathway in cells of the innate and
adaptive immune system, and that ANXA1 is an important medi-
ator of the anti-inflammatory effects of glucocorticoids (Perretti
and D’Acquisto, 2009). Furthermore, it was reported recently that
ANXAT1 is an endogenous inhibitor of NF-kB which can be induced
in human cancer cells and mice by anti-inflammatory glucocorti-
coids and modified nonsteroidal anti-inflammatory drugs (Zhang
et al., 2010). The suppression of NF-kB activity by the binding of
ANXAT1 to the p65 subunit of NF-kB was accompanied by enhanced

apoptosis and inhibition of cell growth. In this context, the irre-
versible suppression of ANXA1 observed in the present study may
weaken the anti-inflammatory effects of glucocorticoids. However,
in our microarray analysis, no expression of the ANXA1 receptor
(ALXR; formyl peptide receptor 2 known as ALXR in humans) was
observed. Therefore, it is unlikely that Li23-derived cells respond
to glucocorticoids in an autocrine manner leading to the anti-
inflammatory state, although secreted ANXA1 may interact with
its target cells in a paracrine manner. On the other hand, ANXA1
has been shown to be strongly suppressed in prostate cancer (Xin
et al., 2003), head and neck cancer (Garcia Pedrero et al., 2004),
and esophageal cancer (Hu et al., 2004). Moreover, a recent study
showed that ANXA1 regulates the proliferative functions of estro-
gens in MCF-7 breast cancer cells (Ang et al., 2009). In that study, it
was revealed that high physiologic pregnancy levels (up to 100 nM)
of estrogen enhanced ANXA1 expression and induced a growth
arrest of MCF-7 cells, whereas physiologic levels of estrogen (1 nM)
induced the proliferation of these cells. Furthermore, silencing of
ANXA1 expression using ANXA1 siRNA reversed this estrogen-
dependent proliferation as well as growth arrest [51]. These results
suggest that ANXA1 may act as a tumor suppressor gene and
modulate the proliferation function of estrogens. In this context,
suppression of ANXA1 expression by long-term HCV RNA repli-
cation may modulate cell proliferation. Therefore, it is of interest
whether ANXAT acts as an anti-proliferative mediator on the Li23-
derived hepatoma cell lines used in this study. To clarify this point,
further experiments involving ANXA1 overexpression or silencing
will be needed.

This study revealed irreversible changes in host gene expression
due to the long-term replication of HCV RNA in cell culture, but not
with simple long-term cell culture in the absence of HCV. However,
we can not exclude completely the possibility that G418, but not
HCV, cause the irreversible changes in the gene expression profiles
of Li23-derived cells, since HCV RNA replicating cells were cultured
under selective pressure of G418, while the control cured cells were
cultured in the absence of G418, except for a few passages before
mRNA profiling. To resolve this issue, a long-term culture of G418-
resistant cured cells may be the best way, however, it would take
a long time to obtain the conclusion. Alternatively, to examine this
point, regarding the genes selected in this study, we fortunately
could compare the mRNA levels by RT-PCR analysis among HuH-
7-derived HCV RNA-replicating O cells, those cells cultured for 2
years, and the corresponding cured cells obtained in previous stud-
ies (Ikeda et al., 2005; Kato et al., 2009a). The results revealed that
eight genes except for BASP1, which was very low expression level
in HuH-7-derived cells, showed no such upregulated or downreg-
ulated expression profiles obtained in this study (data not shown).
Therefore, it is unlikely that the genes identified in this study have
been selected by the long-term treatment with G418.

Although we have not yet clarified how these irreversible
changes in the expression of identified genes modify cellular func-
tion, we may speculate about the nature of the functional changesin
several of these genes, as described above. Additional studies using
primary hepatocytes or immortalized noncancerous hepatocytes
will be needed to clarify the biological significance of expressional
changes of the identified genes. Such studies would lead to a better
understanding of the mechanisms underlying the long-term persis-
tent replication of HCV RNA that account for how such long-term
replication modifies gene function in host cells.
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A hepatitis C virus (HCV) infection system was developed previously using the HCV JFH-1 strain
(genotype 2a) and HuH-7 cells, and this cell culture is so far the only robust production system for
HCV. In patients with chronic hepatitis C, the virological effects of pegylated interferon and
ribavirin therapy differ depending on the HCV strain and the genetic background of the host.
Recently, we reported the hepatoma-derived Li23 cell line, in which the JFH-1 life cycle is
reproduced at a level almost equal to that in HuH-7-derived RSc cells. To monitor the HCV life
cycle more easily, we here developed JFH-1 reporter-assay systems using both HuH-7- and Li23-
derived cell lines. To identify any genetic mutations by long-term cell culture, HCV RNAs in HuH-7
cells were amplified 130 days after infection and subjected to sequence analysis to find adaptive
mutation(s) for robust virus replication. We identified two mutations, H2505Q and V2995L, in the
NS5B region. V2995L but not H2505Q enhanced JFH-1 RNA replication. However, we found
that H2505Q but not V2995L enhanced HCV RNA replication of strain O (genotype 1b). We also
selected highly permissive D7 cells by serial subcloning of Li23 cells. The expression levels of
claudin-1 and Niemann—Pick C1-like 1 in D7 cells are higher than those in parental Li23 cells. In
this study, we developed HCV JFH-1 reporter-assay systems using two distinct hepatoma cell
lines, HuH-7 and Li23. The mutations in NS5B resulted in different effects on sirains O and JFH-1
HCV RNA replication.

Evaluation of anti-HCV reagents was difficult before the

development of the HCV replicon system (Lohmann ef al.,

Hepatitis C virus (HCV) infection frequently causes
chronic hepatitis and leads to liver cirrhosis and hepa-
tocellular carcinoma. Elimination of HCV by antiviral
reagents seems to be the most efficient therapy to prevent
fatality.

HCV belongs to the family Flaviviridae and contains a
positive ssSRNA genome of 9.6 kb. The HCV genome
encodes a single polyprotein precursor of approximately
3000 aa, which is cleaved by host and viral proteases into at
least 10 proteins in the following order: Core, envelope 1
(E1), E2, p7, non-structural 2 (NS2), NS3, NS4A, NS4B,
NS5A and NS5B (Kato, 2001; Kato et al, 1990; Tanaka
et al., 1996).
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Kumamoto 860-0811, Japan.

Three supplementary figures are available with the online version of this
paper.

1999). The HCV replicon system enabled investigation of
anti-HCV reagents and the cellular factors involved in
HCV RNA replication. Following introduction of the
replicon system, genome-length HCV RNA-replication
systems and reporter-assay systems were also developed
(TIkeda et al, 2002, 2005; Lohmann et al, 2001;
Pietschmann et al, 2002). In 2005, an HCV infection
system was developed using the genotype 2a JFH-1 strain
(Lindenbach et al., 2005; Wakita et al., 2005; Zhong et al.,
2005). The JFH-1 infection system has been used to study
not only viral RNA replication, but also virus infection and
release. This HCV cell-culture system was developed using
the human hepatoma cell line HuH-7 and, thus far, HuH-7
is the only cell line to exhibit robust HCV production.
Therefore, we intended to test the susceptibility of various
other cell lines to HCV RNA replication. We reported
previously that the hepatoma cell line Li23 supports robust
HCV RNA replication and is also susceptible to authentic
JFH-1 infection (Kato et al, 2009). Microarray analysis

1422

040725 © 2012 SGM  Printed in Great Britain

— 408 —



HCV production reporter-assay systems

revealed that HuH-7 and Li23 cells exhibited distinct gene-
expression profiles (Mori et al, 2010). For example, we
identified three genes (New York oesophageal squamous
cell carcinoma 1, f-defensin-1 and galectin-3) showing
Li23-specific expression. Using HuH-7 and Li23 cells
in combination with HCV strain O (genotype 1b), we
developed drug-assay systems (OR6 and ORLS, respect-
ively) by introducing the Renilla luciferase (RL) gene
(Ikeda et al, 2005; Kato et al, 2009). We found and
reported that the sensitivities to anti-HCV reagents were
different between the HuH-7 and Li23 assay systems; for
example, the Li23 assay system was 10 times more sensitive
to ribavirin than the HuH-7 assay system (Mori et al,
2011). Methotrexate showed very strong anti-HCV activity
in the Li23 assay system, although it showed very weak
anti-HCV activity in the HuH-7 assay system (Ueda et al.,
2011). These results encouraged us to develop a JFH-1
reporter-assay system using HuH-7 and Li23 cells. This
JFH-1 reporter-assay system not only facilitated monitor-
ing of virus infection and release steps, but also provided
us with new information that could be missed in these
steps when using only a HuH-7 assay system. However,
increasing the size of the viral genome by introducing
exogenous genes [RL and the encephalomyocarditis virus
internal ribosomal site (EMCV-IRES)] reduced the effi-
ciency of HCV RNA replication. To overcome this issue,
we tried to improve the efficiency of HCV RNA replication
by introducing adaptive mutations and by subcloning the
parental cells.

Here, we developed JFH-1 HCV production reporter-assay
systems in HuH-7- and Li23-derived cells using adaptive
mutations and subcloned cells, which monitor the life cycle
of HCV with luciferase activity. We also tested the effect of
the mutations in NS5B from the JFH-1 strain on RNA
replication of the specific genotype 1b O strain.

RESULTS

HCV mutations caused by long-term cell culture

The efficiency of HCV RNA replication depends on viral
genetic mutations, host cells and viral genome size. For
development of the HCV reporter-assay system, use of a
longer viral genome reduced the efficiency of virus
replication. To compensate for this issue, we tried to
introduce adaptive mutations into the JFH-1 genome. We
examined the viral sequences of JFH-1 130 days after
infection of HuH-7-derived RSc cells. We performed RT-
PCR for three parts of the viral genome: Core to NS2, NS3
to NS5A, and NS5B to 3'X. These three parts were
separated by the Agel, Spel, BsrGI and Xbal sites on the
viral genome. We introduced PCR products into the
cloning vector and three independent clones were subjected
to sequencing analysis.

In the Core to NS2 region between the Agel and Spel sites
(designated AS), there were eight common mutations with

amino acid substitutions: lysine to glutamate at aa 78
(K78E) in Core, P251L and A351D in El, V402A, 1414T
and K715N in E2, Y771C in p7, and D962G in NS2 (Fig.
la). In the NS3 to NS5A region between Spel and BsrGI
sites (designated SB), there were eight common mutations
with amino acid substitutions: V14601 and M1611T in
NS3, and 12270T, Q2307R, S2363L, M2392T, S2426A and
C2441S in NS5A (Fig. 1b). In the NS5B to 3'X region
between the BsrGI and Xbal sites (designated BX), there
was only one common mutation with an amino acid
substitution, V2995L in NS5B (Fig. 1¢). The determined
sequences were studied further to enhance HCV RNA
replication in the JFH-1 reporter assay.

Effect of genetic mutations on HCV RNA
replication

To monitor the virus life cycle more easily, we constructed
dicistronic JFH-1 with a reporter gene, pJR/C-5B. The first
cistron contained the RL gene and was translated by the
HCV-IRES. The second cistron contained the JFH-1 ORF
and was translated by the EMCV-IRES. This construct
facilitated monitoring of all steps of the virus life cycle by
quantification of RL activity. However, the use of a longer
viral genome resulted in lower replication efficiency. We
tested the effect on HCV RNA replication of amino acid
substitution caused during long-term cell culture.

The amino acid substitution clusters from three independ-
ent clones in Core to NS2 (AS-1, AS-2, AS-3) were
introduced into pJR/C-5B. In vitro-transcribed HCV RNA
was introduced into HuH-7-derived RSc cells, and RL
activities were monitored 24, 48 and 72 h after electropora-
tion (Fig. 2a). AS-3 exhibited higher replication efficiency
than the wild type (WT). However, the replication efficiency
of AS-2 was almost equal to that of the WT, and AS-1
exhibited lower replication efficiency than the WT. AS-3
possessed the highest replication efficiency among the tested
JFH-1 mutants: at 72 h, the luciferase value of this clone was
approximately 100 times that at 24 h.

The three pJR/C-5B constructs with mutations in NS3 to
NS5A (SB-2, SB-3 and SB-4) were transcribed and
introduced into RSc cells to compare the efficiency of
HCV RNA replication (Fig. 2b). Unexpectedly, RL activity
was not increased over 72 h after electroporation and
exhibited a pattern similar to that of JFH-1 without the
GDD motif. This result indicates that the mutation in NS3
to NS5A exhibited a negative effect on HCV RNA
replication.

Finally, we tested the effect of the mutations in the NS5B
region on HCV RNA replication. BX-2 contains two muta-
tions with amino acid substitution (H2505Q and V2995L)
and BX-7 contains only V2995L (Fig. 2c¢). JFH-1 with
mutation(s) of BX-2 or BX-7 exhibited strong enhance-
ment of HCV RNA replication. These results indicate that
V2995L works as a strong replication-enhancing mutation
(REM) in JFH-1 HCV RNA replication.
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Mutations in NS5B enhanced HCV RNA
replication differently in genotypes 1b and 2a

V2995L in NS5B is a common substitution, occurring in
three clones, and H2505Q is conserved in two clones (BX-2
and BX-10). We examined the corresponding amino acids
at positions 2995 and 2505 in genotype 1b replication-
competent HCV strains O, 1B-4 and KAHS5 (Fig. 3a)
(Nishimura et al, 2009). The histidine at aa 2505 in JFH-1 is
conserved in O, 1B-4 and KAHS5 at the corresponding
position, aa 2482. The valine at aa 2995 in JFH-1 is an

alanine in O, 1B-4 and KAHS5 at the corresponding position,
aa 2972 (Fig. 3a). It is not clear whether the adaptive
mutation found in genotype 2a is effective in genotype 1b
HCV. Therefore, we investigated the effect of V2995L and/or
H2505Q substitution on genotype 1b HCV RNA replication.
We introduced substitutions V2995L and/or H2505Q into
the subgenomic replicon, pOR/3-5B (HCV-O). In contrast
to the case of JFH-1, H2505Q but not V2995L enhanced
HCV-O RNA replication (Fig. 3b). These results indicate
that the mutations in NS5B derived from JFH-1 functioned
differently in genotype 1b HCV-O RNA replication.
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Fig. 2. Effect of amino acid substitutions on HCV RNA replication.
(a) The Core to NS2 region; (b) the NS3 to NS5A region; (c) the
NS5B to 3'X region. Amino acid substitutions were introduced into
pJR/C5B and in vitro-synthesized RNAs were electroporated into
HuH-7-derived RSc cells. RL activity was determined 24, 48 and
72 h after electroporation. dGDD, Negative control without the
GDD motif; WT, wild type. *P<0.05; **P<0.01.

HCV infection in HuH-7- and Li23-derived cell
lines

As well as viral genetic mutations, the choice of host cells is
important for the efficiency of HCV RNA replication.
Cured cells in which HCV RNAs were eliminated by IFN-a,
such as HuH-7.5, HuH-7.5.1 and our RSc cells, exhibit

(a)
Consensus TFDRLQVLDDHYRDVLKE
JFH-1 2495 TFDRTQVLDAHYDSVLKD 2512
(e} 2472 TFDRLQVLDDHYRDVLKE 2489
KAH-5 2472 TFDRLQVLDDHYRDVLKE 2489
1B-4 2472 TFDRLQVLDDHYRDVLKE 2489
Consensus PAASRLDLSGWFVAGYSGGDIYHS
JFH-1 2982 PEARLLDLSSWFTVGAGGGDIFHS 3005
(o] 2959 PAASRLDLSGWFVAGYSGGDIYHS 2982
KAH-5 2959 PAASRLDLSGWFVAGYSGGDIYHS 2982
1B-4 2959 PAASRLDLSGWFVAGYSGGDIYHS 2982
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Fig. 3. Effect of amino acid substitutions in NS5B on genotype 1b
and 2a HCV RNA replication. (a) Alignment of amino acids at
positions 2505 (JFH-1) and 2482 (genotype 1b) and around the
adjacent region (upper panel). Alignment of amino acids at
positions 2995 (JFH-1) and 2972 (genotype 1b) and around the
adjacent region (Jower panel). The HCV strains O, KAH5 and 1B-4
belong to genotype 1b. (b) H2505Q and/or V2995L were
introduced into the HCV-O subgenomic replicon (pOR/3-5B),
and transcribed RNAs were electroporated into RSc cells. RL
activities were tested 24, 48 and 72 h after infection. dGDD,
Negative control without the GDD motif; WT, wild type. **P<0.01.

higher replication efficiency than their parental HuH-7
cells (Ariumi et al., 2007; Blight et al., 2002; Zhong et al.,
2005). Therefore, we examined whether subcloned Li23
cells might enhance HCV RNA replication. We performed
serial subcloning of Li23 cells from Li23-derived ORL8c
cells by the limiting-dilution method (Fig. 4a). ORL8c
cells are a cured cell line in which genome-length HCV
RNAs were eliminated by interferon (IFN) treatment
(Kato et al., 2009). The subclonal Li23-derived cell lines
were selected from among 50-100 independent single
cells in 96-well plates by three-round limiting dilution
from ORL8c cells (Fig. Sla, available in JGV Online).
First, L8c15 cells were selected from their parental ORL8c
cells by limiting dilution. Then, C22 cells were selected
from their parental L8c15 cells by limiting dilution.
Finally, D7 cells were selected from C22 cells by limiting
dilution (Fig. S1b). Together, these steps resulted in the
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selection of three subclonal cell lines that respectively
exhibited the strongest replication efficiency in each
round of selection. The lineages of the selected cell lines
after three rounds of subcloning were designated L8c15,
C22 and D7 cells, respectively.

We tested the subcloned cells for their HCV infectivities in
comparison with those of HuH-7 and HuH-7-derived RSc
cells. We reported previously that RSc cells could strongly
support HCV replication and production (Kato er al.,
2009). Li23 and its derived ORL8c, L8c15, C22 and D7 cell
lines were infected using the supernatant from RSc cells
replicating JR/C-5B with BX-2 mutations at an m.o.i. of 0.2
(Fig. 4b, ¢). RL activities were determined 24, 48, 72 and

96 h after infection and f.f.u. ml~" were determined 48 h
after infection. The efficiency of HCV infectivity was
highest in D7 cells, followed in order by C22, L8c15 and
Li23 cells. HCV RNA replication in D7 cells was almost
equal to that in RSc cells. These results suggest that the
subcloned cell lines exhibit higher susceptibility to HCV
infection than their parental cells.

Next, we further characterized the susceptibility of D7 cells
to HCV infection in comparison with RSc cells, because D7
cells exhibited the highest susceptibility to HCV infection
among the Li23-derived cell lines. D7 cells also exhibited
the highest production and release of Core into the
supernatant among the parental C22-derived subclonal
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Fig. 4. HCV infection in HuH-7- and Li23-derived cell lines. (a) History of the selection of subclonal Li23-derived cell lines. (b)
HuH-7, HuH-7-derived RSc, and Li23-derived ORL8c, L8c15, C22 and D7 cells were inoculated with supernatant from RSc
cells replicating JR/C5B/BX-2. **P<0.01. (c) f.fu. ml™" values were determined 48 h after infection of HuH-7- and Li23-
derived cells with HCV using the supernatant from RSc cells replicating JR/C5B/BX-2 . (d) f.f.u. mI™" values were determined
48 h after infection of RSc or D7 cells with HCV using the supernatant from RSc cells replicating JRIC5B/AS-3 or JR/C5B/BX-
2. Supernatant from authentic JFH-1-replicating RSc cells was used as a positive control. (e) Core expression levels in RSc or
D7 cells were determined 1, 2, 3 and 4 days after infection with JFH-1 with BX-2 mutations. Lanes: 1 and 6, mock-infected
cells; 2 and 7, cells 1 day after infection; 3 and 8, cells 2 days after infection; 4 and 9, celis 3 days after infection; 5 and 10,
cells 4 days after infection; 11 and 12, OR6c and OR®6 cells, respectively; 13 and 14, ORL8c and ORLS cells, respectively.
OR6 and ORL8 were used as positive controls; OR6c and OR8¢ were used as negative controls. -Actin was used as a

control for the amount of protein loaded per lane.
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Fig. 5. Expression levels of HCV receptors in
HuH-7- and Li23-derived cells. Quantitative
RT-PCR was performed for CD81, SR-BI,
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Methods. Relative expression levels of mRNA
are shown, when the expression level of each
receptor in HuH-7 was assigned to be 1.
GAPDH was used as an internal control.
Experiments were done in triplicate.

cells (Fig. S1b). The susceptibility of the HCV reporter-
assay system to HCV infection was examined using HuH-
7- and Li23-derived cells. Supernatants from RSc cells
replicating JR/C-5B with AS-3 or BX-2 mutations were
used as inocula. The supernatant from authentic JFH-1-
replicating RSc cells was used as a positive control. RSc and
D7 cells were inoculated with each HCV-containing super-
natant and f.f.u. ml™! were determined 48 h after infec-
tion. As shown in Fig. 4(d), the values of f.f.u. ml™" for AS-
3 were 2.5%x10* and 1.0x10* in RSc and D7 cells,
respectively; those for BX-2 were 3.1 x 10* and 1.8 x 10* in
RSc and D7 cells, respectively; and those for authentic JFH-
1 were 2.9x10° and 1.2x10° in RSc and D7 cells,
respectively. These results indicate that the infectivities of
these three inocula were almost equal in RSc and D7 cells.

Next we examined Core expression after infection of RSc
and D7 cells with HCV, as D7 cells exhibited the highest
infectivity among the Li23-derived cell lines (Fig. 4e).
Core was detected 2, 3 and 4 days after infection of the
supernatant from RSc cells infected by JR/C-5B with BX-
2. Although Core expression in D7 cells was slightly
weaker than that in RSc cells, the signal of Core in HCV-
infected D7 cells was equal to that in stable ORLS cells.
These results suggest that the JFH-1 reporter-assay system
in Li23 cells is useful not only for the RL assay, but also
for Core expression.

Expression of HCV receptors in parental and
subclonal hepatoma cell lines

We tested expression of the HCV receptors CDS8I,
scavenger receptor class B member I (SR-BI), claudin-1
(CLDN1) and occludin (OCLN). We also examined the
expression of the recently reported HCV entry factor
Niemann—Pick Cl-like 1 (NPCIL1) (Sainz et al, 2012).
Expression levels of CD81 in Li23 and its subclonal cells
were higher than those in HuH-7 and RSc cells (Fig. 5a).
Although expression of CD81 in Li23-derived cell lines
was lower than that in parental Li23 cells, interestingly
the expression levels of CD81 increased during the rounds
of selection. There is no difference in the expression of
SR-BI among the cell lines tested (Fig. 5b). The ex-
pression of CLDN1 in Li23-derived cells was higher than
that in parental Li23 cells (Fig. 5c). Expression levels of
OCLN in Li23 and its subclonal cells were higher than
those in HuH-7 and RSc cells (Fig. 5d). Finally, the
expression of NPCIL1 in Li23-derived cell lines was
higher than that in parental Li23 cells (Fig. 5e). It is
noteworthy that the expression level of NPCIL1 in RSc
cells was approximately 2 log;o lower than that in
parental HuH-7 cells. Taken together, these results
indicate that the expression levels of CLDN1 and
NPCIL1 in Li23-derived cells were higher than those in
parental Li23 cells.
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Life cycle of the HCV reporter-assay system in
Li23-derived cells

We investigated whether D7 cells produce infectious HCV.
First, D7 cells were inoculated using the supernatant from
RSc cells replicating JR/C5B with BX-2, and the supernatant
was stored at 17 days after infection. Then, the supernatant
derived from the D7 cells was used as an inoculum for
reinfection of naive D7 cells. RL activities were determined
2,6, 10 and 14 days after reinfection (Fig. 6). RL activity was
increased after reinfection in D7 cells and reached a plateau
10 days after reinfection. These data indicate that the JFH-1
reporter-assay system is also useful for monitoring the HCV
life cycle in Li23-derived cell lines.

DISCUSSION

In this study, we developed an HCV production reporter-
assay system using two distinct hepatoma cell lines, HuH-7
and Li23. Robust HCV RNA replication and virus
production were achieved by the introduction of REMs
into the structural region or the NS5B region. These REMs
were obtained from JFH-1-infected long-term-cultured
cells. The two REMs in NS5B (H2505Q and V2995L
substitutions) derived from JFH-1 had different effects on
replication of genotype 1b HCV-O RNA and genotype 2a
JFH-1 RNA. Furthermore, the subcloned Li23-derived D7
cells produced by serial limiting dilution supported this
HCV production reporter-assay system.

Several groups have reported JFH-1 reporter virus sys-
tems (Koutsoudakis ef al, 2006; Marcello et al, 2006;
Pietschmann et al., 2002; Wakita et al,, 2005). However,
robust reporter virus production was limited within the
study using HuH-7-derived cells. Therefore, we attempted
to developed a JFH-1 reporter virus assay system using our
previously reported line of Li23 cells (Kato et al., 2009).

100 0004

10 000+

1000

100+

Luciferase activity (RLU)

10+

2 6 10 14

Time after infection (days)

Fig. 6. HCV life cycle in Li23-derived D7 cells. D7 cells were
inoculated with the supernatant from D7 cells after infection with
JFH-1 with BX-2 mutants. RL activities were tested 2, 6, 10 and
14 days after infection.

The introduction of RL and EMCV-IRES genes into the
HCV gene lengthened the genome of HCV by approxi-
mately 1.9 kb and led to a reduction in the efficiency of
HCV RNA replication. To overcome this disadvantage, we
adopted the following strategies: (i) introduce the REMs;
(ii) select cloned Li23-derived cells with a highly permissive
host condition by the serial limiting-dilution method. For
the first purpose, we performed sequence analyses for HCV
RNA from JFH-1-infected RSc cells. Mutations in the
region from Core to NS2 or NS5B enhanced HCV RNA
replication. However, combination of mutations from two
different regions reduced HCV RNA replication (Fig. S2).
The reason for this may be that these two mutation clusters
were obtained from distinct RT-PCR-amplified clones
and they were not necessarily located on the same viral ge-
nome. It has been reported that the combination of REMs
exhibited an antagonistic effect on HCV RNA replication
(Lohmann et al, 2001). For the second purpose, we
selected highly permissive Li23-derived clonal cells by the
limiting-dilution method. We obtained three Li23-derived
subclonal cell lines, L8c15, C22 and D7, in order from
parental Li23-derived ORL8c cells. The efficiency of
infectivity was highest in D7 cells, followed in order by
C22, L8cl15 and Li23 cells. D7 cells were highly permissive
for infection of HCV with NS5B mutations.

As shown in Fig. 3(a), the histidine at aa 2505 in JFH-1 was
conserved in the replication-competent O, 1B-4 and KAH5
strains at the corresponding position, aa 2482. The valine
at aa 2995 in JFH-1 was alanine in strains O, 1B-4 and
KAHS5 at the corresponding position, aa 2972. The REMs
in genotype 1b HCV were usually obtained by selec-
tion with neomycin after HCV RNA electroporation.
Pietschmann et al. (2009) reported that REMs impaired
infectious virus production. Most REMs are located in the
NS3 and NS5A regions (Abe et al., 2007; Blight et al., 2002;
Lohmann et al, 2001; Pietschmann et al.,, 2002). NS5A is a
key molecule for virus production, and REMs affect the
phosphorylation status of NS5A and the interaction with
Core (Kato et al., 2008; Masaki et al., 2008; Tellinghuisen et
al., 2008). In contrast, our REMs in NS5B were obtained in
JFH-1-infected long-term cell culture without drug selec-
tion. Taking this information into account, we considered
that H2505Q in NS5B might not interfere with genotype 1b
virus production. We attempted to apply this REM from
genotype 2a to genotype lb and found that H2505Q
enhanced replication of the genotype 1b HCV-O replicon.
We are currently investigating whether our NS5B REM
could enhance genotype 1b HCV production. As for the
substitution at aa 2995 in JFH-1 (aa 2972 in genotype 1b),
we should be careful in interpretation, because the back-
grounds at this position are different between genotypes 2
and 1. Analysis of an HCV database (http://s2as02.genes.
nig.ac.jp/) revealed that the consensus amino acids at
position 2995 in genotype 2 and at 2972 in genotype 1 were
valine and alanine, respectively. Furthermore, alanine and
valine are not found at position 2995 in genotype 2 or
at 2972 in genotype 1, respectively. These observations
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indicate that amino acid substitution between alanine and
valine at these positions may be lethal for HCV of both
genotypes. The amino acid at position 2995 in genotype 2
(2972 in genotype 1) is just upstream of a cis-acting
replication element in NS5B. Therefore, the nucleotide at
this position may affect the HCV RNA replication. To
clarify this issue, further study will be needed.

A comparative study using HuH-7- and Li23-based JFH-1
reporter-assay systems would be expected to reveal new
information on virus entry and release steps, because the
backgrounds of these cells are different. Our recent study of
these cells revealed the difference in sensitivities to anti-
HCV reagents including ribavirin and methotrexate (Mori
et al., 2011; Ueda et al, 2011). Furthermore, the IL28B
genotype was different between HuH-7 and Li23 cells. The
IL28B genotype (rs8099917) of HuH-7 cells renders them
resistant to pegylated IFN and ribavirin, and Li23 cells are
sensitive to pegylated IFN and ribavirin (M. Ikeda and N.
Kato, unpublished data).

Recently, it was reported that stable expression of miR122
enhanced JFH-1 HCV production in Hep3B and HepG2
(Kambara et al., 2012; Narbus et al., 2011). It is noteworthy
that the expression of miR122 in Li23-derived cells was
almost the same as that in HuH-7 cells (Fig. S3). High-level
expression of miR122 in Li23 cells may be one of the reasons
that Li23 cells can support HCV production as robust as that
in HuH-7 cells among the hepatocyte-derived cell lines.
Interestingly, the expression levels of miR122 are higher in
ORL8c, L8c15 and D7 cells, but not in C22 cells, than those
in parental Li23 cells (Fig. S3). This result suggests that the
expression level of miR122 may partly contribute to the
fitness of HCV replication and production.

So far, we have only little information regarding the mecha-
nism by which subclonal cells support HCV replication and
production more efficiently than the parental cells. In this
study, we found that the expression levels of CLDN1 and
NPCIL1 in Li23-derived subclonal cells were higher than
those in the parental Li23 cells. These results suggest that a
high expression level of these entry factors in Li23-derived
subclonal cells may contribute to enhanced virus entry. In the
course of the experiment to determine the expression levels
of NPC1L1 in HuH-7- and Li23-derived cell lines, we found
that RSc cells expressed a very low level of NPCILI compared
with the parental HuH-7 cells. Possible mechanisms for this
are: (i) very low-level expression of NPC1LLI is sufficient for
HCV entry; (ii) an unknown entry factor compensates for
NPCILI in the entry step in RSc cells. Further study will be
needed to clarify this issue.

In summary, we have developed JHF-1 reporter-assay
systems using HuH-7-derived RSc and Li23-derived D7
cells. Expression levels of CLDN1 and NP1C1L were higher
than those in the parental Li23 cells. We found different
effects of REMs (V2995L and H2505Q) in NS5B on virus
RNA replication in genotype 2a and 1b HCV strains. These
findings will become useful tools for the study of the life
cycle of HCV.

METHODS

Cell cultures. RSc and ORLS8c cells were derived from the cell lines
HuH-7 and Li23, respectively, as described previously (Kato et al.,
2009). L8c15, D7 and C22 cells were selected from ORLS8c, L8c15 and
C22 cells, respectively, by limiting dilution. HuH-7 and RSc cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Life
Technologies) supplemented with 10% FBS (Life Technologies).
Li23-derived cell lines were maintained in F12 medium (Life
Technologies) and DMEM (1:1 in volume) supplemented with 1%
FBS and epidermal growth factor (50 ng ml™"; PeproTech, Inc.) as
described previously (Kato et al., 2009).

RT-PCR and sequencing analysis. RSc cells were infected with cell-
culture-grown HCV (HCVcc) and cultured for 130 days. Total RNAs
from these cells were prepared using an RNeasy extraction kit
(Qiagen). These RNA samples were used for RT-PCR in order to
amplify the Core to NS2 (4.0 kb), NS3 to NS5A (3.6 kb) and NS5B to
3'X (1.9 kb) regions. Reverse transcription was performed with an
oligo(dA),; primer. The following primer pairs were employed: to
amplify the Core to NS2 region, JFH-1/Agel (5'-CCCAAGCTTAC-
CGGTGAGTACACCGGAATTGC-3") and JFH-1/SpelR (5'-TGCCA-
TGTGCCTTGGATAGGTACG-3"); for the NS3 to NS5A region, JFH-
1/Spel  (5'-CCCAGGGGTACAAAGTACTAGTGC-3’) and JFH-1/
BsrGIR (5'-CCCAAGCTTTACCTTTTTAGCCCTCTGTGAGGC-3");
for the NS5B to 3’X region, JFH-1/BsrGI (5'-CCGCTCGAGACCC-
TTTGAGTAACTCGCTGTTGC-3') and JFH-1/XbalR (5'-GCTCTA-
GACATGATCTGCAGAGAGACCAGTTAC-3"). SuperScript III reverse
transcriptase (Invitrogen) and KOD-plus DNA polymerase (TOYOBO)
were used for reverse transcription and PCR, respectively. PCR
products were ligated into pBluescript II (Fermentas) and three in-
dependent clones were subjected to sequencing analysis.

Plasmid construction. pJR/C-5B plasmid is a dicistronic HCV JFH-
1 construct. The RL gene and HCV ORF were introduced into the
first and second cistrons, respectively. To construct this plasmid, we
fused the JFH-1 5'UTR with the RL gene by overlap PCR, and the
PCR products were ligated into pFGR-JFH-1 (GenBank accession no.
AB237837) at the Agel and Pmel sites. For the first PCR, the primer
pair 5'-GCGCCTAGCCATGGCGTTAGTATG-3" (J5dC) and 5'-
AAGCCATGGCCGGCCCTGGGCGACGGTTGGTGTTTCTTITTGG-
3’ (J5dCR) was employed to amplify the 5'UTR, and the primer pair
5'-AACCGTCGCCCAGGGCCGGCCATGGCTTCCAAGGTGTACG-
ACCCC-3' (JRL) and 5'-TCGAAATCTCGTGATGGCAGGTTGG-3’
(JRLR) was employed to amplify the RL region. These first PCR
products were used in the second PCR as the templates. For the second
PCR, the primer pair J5dC and JRLR was employed to amplify the
5'UTR and RL. KOD-plus DNA polymerase was used for PCR.

The H2505H and/or A29951 mutations were introduced into the HCV-
O replicon by QuikChange mutagenesis (Stratagene) as described
previously (Ikeda et al., 2002).

Luciferase reporter assay. For the luciferase assay, approximately
1.0-1.5 x 10* HCV-harbouring cells were plated onto 24-well plates in
triplicate and were cultured for 24-96 h after electroporation or
infection, as described previously (Ikeda et al., 2005). The cells were
harvested with Renilla lysis reagent (Promega) and subjected to RL
assay according to the manufacturer’s protocol.

Western blot analysis. Preparation of cell lysates, SDS-PAGE and
immunoblotting were performed as described previously (Kato et al,
2003). The antibodies used in this study were Core (CP11; Institute of
Immunology, Tokyo, Japan) and f-actin (AC-15; Sigma) antibodies.
Immunocomplexes were detected with a Renaissance enhanced
chemiluminescence assay (PerkinElmer Life Science).
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HCV infection and determination of f.f.u. To determine
ffu. ml™', 6 x 10% cells were plated onto a 96-well plate 24 h before
infection. The supernatant of HCV RNA-replicating cells was diluted
serially and was used as an inoculum. Forty-eight hours after
infection, the cells were fixed and Core was stained with anti-Core
antibody and HRP-conjugated mouse anti-IgG antibody. Then, the
expression of Core was visualized with a DAB substrate kit (DAKO).
Culture supernatants and cells were collected for quantification of
Core by ELISA (Mitsubishi Kagaku Bio-Clinical Laboratories).

Quantitative RT-PCR analysis. Quantitative RT-PCR analysis for
HCV receptors was performed using real-time LightCycle PCR
(Roche Diagnostics) as described previously (Ikeda et al., 2005). The
primer pairs for CD81, SR-BI, CLDN1 and OCLN were reported
previously (Nakamuta et al, 2011). The primer pair NPCIL1 (5’-
AGATCTTCTTCTTCCGCCTCCA-3") and NPCILIR (5'-TGCCAG-
AGCCGGGTTAAC-3') was used for NPCILI.

Statistical analysis. Luciferase activities were compared statistically
between the various treatment groups using Student’s #-test. P-values
of <0.05 were considered statistically significant. The mean +5D was
determined from at least three independent experiments.
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