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ABSTRACT The 5= untranslated region (UTR) of hepatitis C virus (HCV), which is
composed of four domains (I, II, III, and IV) and a pseudoknot, is essential for transla-
tion and viral replication. Equine nonprimate hepacivirus (EHcV) harbors a 5= UTR
consisting of a large 5=-terminal domain (I); three additional domains (I=, II, and III),
which are homologous to domains I, II, and III, respectively, of HCV; and a pseudo-
knot, in the order listed. In this study, we investigated the roles of the EHcV 5= UTR
in translation and viral replication. The internal ribosome entry site (IRES) activity of
the EHcV 5= UTR was lower than that of the HCV 5= UTR in several cell lines due to
structural differences in domain III. Domains I and III of EHcV were functional in the
HCV 5= UTR in terms of IRES activity and the replication of the subgenomic replicon
(SGR), although domain II was not exchangeable between EHcV and HCV for SGR
replication. Furthermore, the region spanning domains I and I= of EHcV (the 5=-
proximal EHcV-specific region) improved RNA stability and provided the HCV SGR
with microRNA 122 (miR-122)-independent replication capability, while EHcV domain
I alone improved SGR replication and RNA stability irrespective of miR-122. These
data suggest that the region spanning EHcV domains I and I= improves RNA stability
and viral replication regardless of miR-122 expression. The 5=-proximal EHcV-specific
region may represent an inherent mechanism to facilitate viral replication in nonhe-
patic tissues.

IMPORTANCE EHcV is the closest viral homolog to HCV among other hepaciviruses.
HCV exhibits a narrow host range and liver-specific tropism, while epidemiological
reports suggest that EHcV infects the liver and respiratory organs in horses, donkeys,
and dogs. However, the mechanism explaining the differences in host or organ tro-
pism between HCV and EHcV is unknown. In this study, our data suggest that the 5=
untranslated region (UTR) of EHcV is composed of an internal ribosome entry site
(IRES) element that is functionally exchangeable with HCV IRES elements. Further-
more, the 5=-proximal EHcV-specific region enhances viral replication and RNA stabil-
ity in a miR-122-independent manner. Our data suggest that the region upstream of
domain II in the EHcV 5= UTR contributes to the differences in tissue tropism ob-
served between these hepaciviruses.
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Hepatitis C virus (HCV), which is an enveloped, hepatotropic, positive-sense, single-
stranded RNA virus, belongs to the genus Hepacivirus in the family Flaviviridae.

HCV is well known as a causative agent of chronic hepatitis, cirrhosis, and hepatocel-
lular carcinoma in humans (1). HCV naturally infects humans and experimentally infects
chimpanzees but does not infect other animals (reviewed by Ding et al. [2]). Diverse
types of hepaciviruses were recently identified in nonprimate animals, including dogs
(3, 4), horses (5–10), donkeys (11), bats (12, 13), rodents (14, 15), and cattle (16, 17), and
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were temporarily designated nonprimate hepaciviruses (NPHVs). Equine hepacivirus
(EHcV) is phylogenetically the closest homolog of HCV among reported NPHVs. Horses
are predicted to be a natural host of EHcV. These viral strains are isolated rarely from
donkeys and dogs, but not from humans, and are highly homologous with EHcV (3, 4,
11, 18, 19), suggesting that EHcV crosses the species barrier via horizontal transmission.
EHcV transiently and asymptomatically infects horses, although several groups re-
ported mild liver damage and inflammatory infiltration in horses naturally or experi-
mentally infected with EHcV (20, 21). EHcV infection is also reported to be involved in
canine respiratory disease (3, 4). Thus, EHcV differs from HCV in terms of the course of
infection, pathogenicity, and tissue and host tropism.

HCV genomic RNA possesses an open reading frame (ORF) of a polyprotein flanked
by 5= and 3= untranslated regions (UTRs). The HCV 5= UTR forms highly conserved
secondary and tertiary structures that are termed domains I to IV (22, 23), as shown in
Fig. 1A. Domain III consists of the subdomains IIIa to IIIf. Translation initiation of the ORF
is directed by the internal ribosome entry site (IRES) element in the 5= UTR (24), which
principally comprises domains II and III. Domain IV harbors the initiation codon of the
ORF, and the pseudoknot, consisting of subdomain IIIf and the downstream stem, is
essential for positioning of the initiation codon (25). Translation initiation begins with
specific interaction of the 40S ribosome with the IRES element involving subdomains
IIId and IIIe and the pseudoknot (26–28), followed by recruitment of eukaryotic initia-
tion factor 3 (eIF3) and an eIF2·GTP·tRNA ternary complex (29, 30), resulting in the
formation of the 48S initiation complex. Domain II interacts with the ribosomal S5
protein to induce conformational changes of the 40S ribosome (31–34) and promotes
eIF5-mediated hydrolysis of GTP to release eIF2 (35), which facilitates the recruitment
of the 60S ribosome to the 48S complex. Furthermore, the HCV 5= UTR contains
essential sequences for RNA replication. Domains I and II are required for efficient RNA
replication (36, 37), and the GGG motif in subdomain IIId engages in an essential
long-range interaction with 5BSL3.2 in the NS5B coding region (38, 39). HCV employs
liver-specific microRNA 122 (miR-122) to promote its RNA replication (40). miR-122
binds to two sites upstream of the IRES element, termed S1 and S2 (41). The sequences
of S1 and S2 are ACACUCC and CACUCC, respectively, both of which are complemen-
tary to the seed sequence of miR-122. The seed sequence and several 3= overhang
nucleotides of miR-122 participate in interactions with the HCV 5= UTR (42, 43), which
significantly facilitates but is not essential for viral replication (44, 45). Several reports
suggest that miR-122 function is responsible for the stimulation of IRES activity,
recruitment of the P body protein, protection of HCV RNA against cellular exoribonu-
clease, and displacement of poly(C) binding protein 2 (PCBP2) from HCV RNA (42,
46–53). However, the mechanism by which miR-122 mediates the enhancement of HCV
replication is not fully understood. miR-122 represents the majority of microRNA in
hepatocytes and is expressed rarely in other tissues (54). Nonhepatic cells exogenously
express miR-122, which permits efficient HCV replication (55–57). Expression of miR-122
may contribute to the liver tropism of HCV.

Previous reports showed that the EHcV 5= UTR was predicted to form secondary
structures (domains I, I=, II, and III and a pseudoknot), which are similar to those of HCV
and exhibit IRES activity (58). S1- and S2-like sequences (CACAUUA and CACUCC,
respectively) are located upstream of domain II, while the counterpart to the 3=
overhang nucleotides of miR-122 has not been identified in the 5= UTR of the EHcV
genome (8, 10). In this study, we examined the functions of the EHcV 5= UTR in terms
of IRES activity and RNA replication. Our data suggest that the 5= UTRs of human and
horse hepaciviruses contain a mutual architecture for translation initiation and carry
virus-specific elements for RNA replication in the 5=-proximal region comprising do-
mains I and II. Furthermore, domain I of the EHcV 5= UTR is suggested to be involved
in a miR-122-independent mechanism to enhance RNA replication and stability. The
virus-specific region in the EHcV 5= UTR may contribute to the broad tissue or host
tropism of EHcV infection.
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FIG 1 IRES activities of the EHcV and HCV 5= UTRs in mammalian cell lines. (A) Schematic diagram of the secondary
structures of the HCV and EHcV 5= UTRs. The stem-loop located between domains I and II of EHcV is designated
domain I= in this study. (B) Schematic diagram of the bicistronic reporter RNA transcripts. (C) The reporter plasmid
bearing the indicated transcript was transfected into 293T cells. Total RNA was subjected to Northern blotting using
a specific probe against the RL or FL ORF. 28S and 18S rRNAs were stained with ethidium bromide. In vitro-
transcribed monocistronic RNA for the RL or FL ORF was applied as the control. NC, mock-transfected cells as a
negative control. (D) The bicistronic reporter plasmids were transfected in triplicate into the indicated cell lines. The
cells were harvested at the indicated time points and subjected to a dual-luciferase assay after lysate preparation.
The ratio of FL to RL was normalized to the mean value of cells expressing RL-FL transcripts, whose expression was
defined as 1. RL-HCV-FL-ΔIII is the transcript RL-HCV-FL lacking domain III, as shown in Fig. 3, which was used as
a negative control. (E) Relative translation activities of EHcV IRES versus HCV IRES in mammalian cell lines. The FL/RL
ratio value of RL-EHcV-FL at 48 or 72 h posttransfection was divided by that of RL-HCV-FL to calculate the ratio of

(Continued on next page)
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RESULTS
Efficiency of EHcV IRES activity. Comparison of the complete nucleotide sequence

of the EHcV 5= UTR (strain JPN3; GenBank accession no. AB863589.1) with that of the
HCV 5= UTR (strain JFH1; GenBank accession no. AB047639.1) using Genetyx software
(Nihon Genetyx, Tokyo, Japan) revealed that the EHcV and HCV 5= UTRs share 58.9%
nucleotide homology. Domains II and III of the EHcV 5= UTR show relatively high
homology with those of the HCV 5= UTR, although the domain I region of the EHcV 5=
UTR showed low similarity to that of the HCV 5= UTR (4, 10). A bicistronic reporter
plasmid carrying the Renilla luciferase (RL) gene, a viral 5= UTR sequence, and the firefly
luciferase (FL) gene (RL-HCV-FL or RL-EHcV-FL) was generated to investigate the IRES
activity of the EHcV 5= UTR (Fig. 1B). We detected the transcript bearing both the RL and
FL ORFs in cells transfected with the bicistronic reporter plasmid by Northern blotting
(Fig. 1C), suggesting that the cDNAs of the EHcV and HCV 5= UTRs lack promoter
activity. Furthermore, bicistronic reporter plasmids were introduced into several cell
lines, including 293T, Huh7.5.1, BRL-3A, A549, and Vero cells. Cells transfected with the
bicistronic plasmid bearing the EHcV 5= UTR showed a higher FL/RL ratio than cells
transfected with a bicistronic reporter plasmid lacking a viral UTR, suggesting that the
EHcV 5= UTR exhibited IRES activity in these cell lines (Fig. 1D). However, the IRES
activity of the EHcV 5= UTR was significantly lower than that of the HCV 5= UTR in these
cell lines (Fig. 1D). Although Stewart et al. reported that the EHcV 5= UTR exhibited
higher IRES activity than the HCV 5= UTR in MDCK cells (58), the IRES activity of the EHcV
5= UTR was lower than that of the HCV 5= UTR in MDCK cells and horse fibroblast lines
under our experimental conditions (Fig. 1D). The EHcV 5= UTR tended to exhibit high
IRES activity in A549 and Vero cells (Fig. 1E), which suggests that cellular components
of A549 and Vero cells are adequate for EHcV translation. Next, we synthesized the
capped and polyadenylated bicistronic reporter RNAs from the bicistronic reporter
plasmids to investigate the possibility that a posttranscriptional modification of mRNA
inhibits the IRES activity of the EHcV 5= UTR. However, the bicistronic reporter RNA
carrying the EHcV 5= UTR showed IRES activity lower than that of the HCV 5= UTR in the
293T cells transfected with the bicistronic reporter RNAs (Fig. 1F) and also in the rabbit
reticulocyte lysate incubated with the bicistronic reporter RNAs (Fig. 1G). We employed
293T cells for further analyses because the highest levels of IRES activity were observed
in 293T cells among the tested cell lines. Because the HCV core-coding region was
previously reported to mediate HCV IRES activity (59), the EHcV core-coding region (60
or 120 nucleotides) was inserted in frame upstream of the FL ORF in RL-EHcV-FL (Fig.
2A, B). The EHcV 5= UTR with the core-coding region showed lower activity than the
EHCV 5= UTR lacking the core-coding region (Fig. 2B). The possibility that N-terminal
EHcV core peptides interfered with the enzymatic activity of the FL protein was rejected
because insertion of the porcine teschovirus 1 2A peptide sequence between the core
protein and FL did not affect the enzymatic activity of FL (Fig. 2A and B) (60). In
addition, in trans expression of the EHcV core protein did not affect EHcV IRES activity
(Fig. 2C and D). Taken together, our data suggest that the EHcV 5= UTR includes an IRES,
although the IRES activity is lower than that of the HCV 5= UTR in both host- and
non-host-derived cell lines.

Requirement for 5= UTR domains for IRES activity. The EHcV 5= UTR is predicted
to consist of four domains, designated domains I, I=, II, and III in this study, according

FIG 1 Legend (Continued)
IRES activity. (F) The capped and polyadenylated bicistronic reporter RNAs were in vitro transcribed from the
bicistronic reporter plasmids. The bicistronic reporter RNA was transfected in triplicate into 293T cells. The cells
were harvested at 6 h posttransfection and subjected to a dual-luciferase assay. The ratio of FL to RL in cells
transfected with each RNA was normalized with the mean value of the ratio in cells transfected with RL-FL RNA.
(G) The bicistronic reporter RNA was incubated in a rabbit reticulocyte lysate (RRL) at 30°C for 90 min. Then, the
RRL mixture was subjected to a dual-luciferase assay. The ratio of FL to RL in each RNA-RRL mixture was normalized
with the mean value of the ratio in the RRL incubated with RL-FL RNA. The data are representative of the results
of three independent experiments. *, P � 0.05; **, P � 0.01; n.s., not significant. The error bars indicate standard
deviations (SD).
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to previous reports (8, 10, 24) (Fig. 1A). A structural element corresponding to HCV
domain IV is not predicted in the EHcV 5= UTR (8, 10, 58). To investigate the role of each
EHcV domain in IRES activity, we generated a bicistronic reporter plasmid in which each
domain of the HCV or EHcV 5= UTR was deleted. Deletion of HCV domain II or III, but
not domain I, abolished IRES activity (Fig. 3A, top), and deletion of EHcV domain II or
III abolished IRES activity (Fig. 3A, bottom). Deletion of EHcV domain I, but not I=,
reduced IRES activity (Fig. 3A, bottom). All subdomains of EHcV or HCV domain III were
also indicated to be necessary for IRES activity (Fig. 3B). The pseudoknot downstream
of subdomain IIIf is essential for HCV IRES activity (23). The complementary residue pair
within the pseudoknot of EHcV was disrupted by noncomplementary mutation or was
replaced by another, different complementary pair as a complementary mutation (Fig.
3C). The noncomplementary mutation impaired EHcV IRES activity, while the comple-

FIG 2 Effects of the core-coding region on EHcV IRES activity. (A) The indicated lengths of the EHcV
core-coding region (black boxes) and 2A-cleavage site-coding sequence (hatched boxes) were
N-terminally fused to the FL ORF of RL-EHcV-FL in frame (gray boxes). The arrowhead indicates the
cleavage site of the P2A sequence. (B) The reporter plasmid carrying a transcript, as shown in panel A,
was transfected into 293T cells. The cells were harvested at 48 h posttransfection. (Top) The expression
of FL with or without EHcV core peptides was analyzed by Western blotting. (Bottom) IRES activity was
estimated in triplicate by a dual-luciferase assay. The ratio of FL to RL was normalized to the mean value
of cells expressing RL-EHcV-FL (C0). NC, mock-transfected cells as a negative control. C20 and C40, coding
regions of the N-terminal 20 amino acids and 40 amino acids, respectively, of the EHcV core protein. ΔIII,
RL-HCV-FL-ΔIII as defined in Fig. 1. The statistical significance versus the cells expressing RL-EHcV-FL (C0)
is indicated. **, P � 0.01; n.s., not significant. The error bars indicate standard deviations. (C) The reporter
plasmid carrying RL-EHcV-FL was transfected into 293T cells with the plasmid encoding the EHcV core.
The total amount of DNA was equilibrated with the plasmid encoding green fluorescent protein (GFP).
The transfected cells were harvested at 24 h posttransfection. The EHcV core protein was immunoblotted
with a rabbit polyclonal antibody specific for the EHcV core protein (top) (10), while GFP was detected
using BZ-9000 fluorescence microscopy (Keyence, Osaka, Japan) (bottom). (D) Each lysate prepared from
the transfected cells shown in panel C was subjected to a dual-luciferase assay. The ratio of FL activity
to RL activity was normalized with the mean value of cells cotransfected with both RL-EHcV-FL and GFP
plasmids. The statistical significance versus the cells cotransfected with both RL-EHcV-FL and GFP
plasmids is indicated. The data are representative of the results of three independent experiments.
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FIG 3 Roles of the secondary structures of HCV and EHcV 5= UTRs in IRES activity. (A) Plasmids carrying
RL-HCV-FL with a deleted domain I (ΔI), II (ΔII), or III (ΔIII) or plasmids carrying RL-EHcV-FL with a deleted
domain I (ΔI), I= (ΔI=), II (ΔII), or III (ΔIII) were transfected in triplicate into 293T cells. The resulting cells
were subjected to a dual-luciferase assay. The statistical significance versus the cells transfected with
RL-HCV-FL (top) and RL-EHcV-FL (bottom), respectively, is indicated. (B) Plasmids carrying RL-HCV-FL or
RL-EHcV-FL with a deleted subdomain IIIa (ΔIIIa), IIIb (ΔIIIb), IIIc (ΔIIIc), IIId (ΔIIId), IIIe (ΔIIIe), or IIIf (ΔIIIf)
were transfected in triplicate into the cells. Each lysate prepared from the resulting cells was subjected
to a dual-luciferase assay. The statistical significance versus the cells transfected with RL-HCV-FL (top) and
RL-EHcV-FL (bottom), respectively, is indicated. (C) Schematic diagram of RL-EHcV-FL carrying the WT
pseudoknot and the mutants. Disrupted base pairing in the pseudoknot of the EHcV 5= UTR was
introduced by replacement of C with G (C-G) or G with C (G-C) at the indicated positions. The base pairing
of the C-G and G-C mutations was restored by the compensatory C-G/G-C and G-C/C-G mutations,
respectively, at the indicated positions. Inherent and restored base pairings are indicated by gray lines
and dotted lines, respectively. The boxed nucleotides represent mutated residues. (D) The reporter
plasmids carrying the transcripts illustrated in panel C were transfected in triplicate into 293T cells. The
cells were harvested at 24 h posttransfection and subjected to a dual-luciferase assay. The statistical
significance versus the mean value using RL-EHcV-FL (WT) is indicated (†, P � 0.01). The asterisks indicate
statistical significance between two groups (**, P � 0.01). (E) Schematic diagram of the reporter RNAs

(Continued on next page)
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mentary mutation partially restored IRES activity (Fig. 3D). We previously identified the
3=-extended (3= X) region containing an A-rich region and three stem-loops (the 3= SL
region) downstream of the NS5B-coding region (Fig. 3E). Scheel et al. identified a
further 3=-extended region containing the poly(U) tract and an additional three stem-
loops (the 3= X region) downstream of the 3= SL region (10, 61). The monocistronic
reporter RNAs shown in Fig. 3E were prepared to investigate the role of each EHcV 3=
UTR domain in IRES activity. The complete EHcV 3= UTR enhanced IRES activity, which
was consistent with the report of Scheel et al. (61), although the 3= X region or
NS5B-coding region was not essential for enhancement (Fig. 3F). Deletion of stem-loop
III (SLIII), but not SLI or SLII, of the 3= SL region impaired IRES activity compared to the
original 5= FL-3= SL (Fig. 3G). These data suggested that domains I, II, and III and the
pseudoknot of the EHcV 5= UTR are required for complete IRES activity and that SLIII of
the 3= SL region is responsible for the enhancement of IRES activity.

Cross-species function of the domain structure of hepaciviral 5= UTRs in IRES
activity. We next investigated the functional compatibility of each domain structure in
terms of IRES activity. Each domain of the 5= UTR in RL-HCV-FL was replaced with the
corresponding domain of the EHcV 5= UTR, while each domain of the 5= UTR in
RL-EHcV-FL was replaced with a corresponding domain of the HCV 5= UTR, as shown in
Fig. 4A. The IRES activity of the HCV 5= UTR mutant ESLI, which is composed of EHcV
domain I and other HCV domains, was higher than that of the wild-type (WT) HCV 5=
UTR, while that of ESLII was lower than that of the WT HCV 5= UTR (Fig. 4B). However,
the IRES activity of ESLIII was similar to that of the WT EHcV 5= UTR (Fig. 4B). The IRES
activities of HSLI and HSLIII were similar to that of the WT HCV 5= UTR but higher than
that of the WT EHcV 5= UTR (Fig. 4C). The IRES activity of HSLII was similar to that of the
WT EHcV 5= UTR (Fig. 4C). These data suggest that domains II and III are functionally
compatible between HCV and EHcV in terms of translation initiation and that domain
III contributes to species-specific IRES activity.

Functional compatibility of the EHcV 5= UTR in RNA replication of HCV. The
HCV-based replicon RNA primarily used in this study includes the HCV 5= UTR, a
neomycin resistance gene, the encephalomyocarditis virus (EMCV) IRES, the genetic
region encoding HCV NS3 to NS5B, and the HCV 3= UTR, in that order (HCVSGR).
HCVSGR is derived from the genotype 2a strain JFH1, as reported by Kato et al. (62).
Two reports showed that the HCVSGR mutant including the EHcV 5= UTR instead of the
intrinsic HCV 5= UTR (HCVSGR-EHcV in Fig. 5A) was incapable of replicating in Huh7 cells
(58, 63). Therefore, we generated an HCVSGR mutant that included each EHcV domain
instead of the corresponding domain, as shown in Fig. 5A, to investigate the role of the
EHcV 5= UTR in viral replication. These replicon RNAs were transfected into Huh7.5.1
cells for a colony formation assay. HCVSGR-EHcV and HCVSGR-ESLII were incapable of
replicating in the cells, while the colony formation activity of HCVSGR-ESLIII was slightly
higher than that of the WT HCVSGR (Fig. 5B and C). HCVSGR-ESLI exhibited 10-fold-
higher colony formation activity than WT HCVSGR (Fig. 5B and C). Several colonies were
arbitrarily isolated to evaluate the amounts of intracellular SGR RNAs by quantitative

FIG 3 Legend (Continued)
carrying the EHcV 5= UTR and 3= UTR or its mutant. The transcript bearing the EHcV 5= UTR and FL ORF,
in that order, was designated 5= FL. The transcript 5= FL contains no polyadenylation site. The transcript
5= FL-3= SL is composed of a 5= FL and SLI, SLII, and SLIII (the 3= SL region), in that order, while the
transcript 5= FL-3= X tail is composed of 5= FL-3= SL and an additional 3= X region (GenBank accession no.
KP325401). The transcript 5= FL-5B3= SL contains the region after nucleotide 9093 but not the 3= X region.
(F) The in vitro-transcribed RNA shown in panel E was cotransfected in triplicate into 293T cells with the
in vitro-transcribed capped and polyadenylated RNA including the RL ORF. The cells were harvested at
6 h posttransfection and subjected to a dual-luciferase assay. The ratio of FL to RL was normalized with
the mean of that of the 5= FL RNA. The statistical significance versus the cells expressing 5= FL is indicated.
(G) The 5= FL-3= SL transcript or a mutant lacking SLI (ΔI), SLII (ΔII), or SLIII (ΔIII) of the 3= SL region was
cotransfected into 293T cells with the RL mRNA. The cells were harvested at 6 h posttransfection and
subjected to a dual-luciferase assay. The relative ratios of FL to RL were normalized with that of the 5=
FL-3= SL RNA (WT). The statistical significance versus the cells expressing 5= FL-3= SL-WT is indicated. The
data are representative of the results of three independent experiments. *, P � 0.05; **, P � 0.01; n.s., not
significant. The error bars indicate standard deviations.
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reverse transcription (qRT)-PCR analysis using a primer pair targeting the HCV NS3
region (Table 1), and NS5A protein levels were evaluated by Western blotting. Intra-
cellular SGR RNA and NS5A protein levels were comparable among the WT and mutant
SGRs (Fig. 5D and E). We carried out RT-PCR analyses using a forward primer specific for
HCV or EHcV domain I and a reverse primer specific for HCV or EHcV domain III in
combination (Table 1) to confirm whether the chimera structures in the 5= UTRs of the
mutant SGRs were maintained. The RNA of HCVSGR-ESLI was successfully amplified by
RT-PCR analysis using forward and reverse primers for EHcV domain I and HCV domain
III, respectively, while the RNA of HCVSGR-ESLIII was amplified with forward and reverse
primers for HCV domain I and EHcV domain III, respectively (Fig. 5F). Each clone was
passaged 10 times to determine the sequence of the 5= UTR, resulting in no mutations
in the 5= UTRs of HCVSGR-ESLI and HCVSGR-ESLIII (data not shown). These data suggest
that domain III, but not domain II, shares functional similarity between HCV and EHcV
and that domain I of EHcV enhances the colony formation efficiency of HCVSGR.

Involvement of EHcV domain I in miR-122-independent replication. The EHcV 5=
UTR contains S1- and S2-like sites in domain I= and the upstream tract of domain II,
respectively (Fig. 6A) (4, 10). The role of miR-122 in EHcV replication is controversial. To
investigate whether the region upstream of domain II in the EHcV 5= UTR contributes
to viral replication, we generated additional HCVSGR mutants, called HCVSGR-ESLI-I=
and HCVSGR-ESLI= (Fig. 6B). HCVSGR-ESLI and -ESLIII carry intact S1 and S2 HCV sites,
while HCVSGR-ESLI-I= and -ESLI= carry S1- and S2-like EHcV sequences (Fig. 6B). WT and
mutant SGR RNAs were electroporated into Huh7.5.1 cells, Huh7-derived cells deficient
in miR-122 (Huh-122KO), and Huh-122KO cells exogenously expressing miR-122 (Huh-
122KOR). miR-122 was expressed in the Huh7.5.1 and Huh7-122KOR cell lines but not
in the Huh-122KO cell line (Fig. 6C). The colony formation activities of WT HCVSGR and

FIG 4 Functional compatibility of each domain structure in the EHcV and HCV 5= UTRs in terms of its IRES
activity. (A) Schematic diagram of the bicistronic reporter transcripts including the chimeric 5= UTRs.
Domain I, II, or III of RL-HCV-FL was replaced with EHcV domain I (ESLI), II (ESLII), or III (ESLIII), respectively.
Domains I, II, and III of RL-EHcV-FL were replaced with HCV domains I (HSLI), II (HSLII), and III (HSLIII),
respectively. (B and C) The bicistronic reporter plasmids bearing the transcripts shown in panel A were
transfected in triplicate into 293T cells. The resulting cells were harvested at 24 h posttransfection and
subjected to a dual-luciferase assay. The ratio of FL to RL was normalized with the mean of that of
RL-HCV-FL carrying WT HCV IRES. The statistical significance versus the cells transfected with RL-HCV-FL
is indicated. *, P � 0.05; **, P � 0.01; n.s., not significant. The data are representative of the results of three
independent experiments. The error bars indicate standard deviations.
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FIG 5 Replication of the subgenomic replicon harboring the HCV-EHcV chimeric 5= UTR. (A) Schematic
diagram of HCVSGR and mutants. Domains I, II, and III-IV of the intrinsic HCVSGR 5= UTR were replaced
with domains I (ESLI), II (ESLII), and III (ESLIII), respectively, of the EHcV 5= UTR. The domain structures of
HCV and EHcV are indicated with gray and black lines, respectively. (B) The WT or mutant HCVSGR RNAs
were subjected to a colony formation assay. The HCVSGR RNA carrying inactivated polymerase mutations
(GND) was also subjected to the assay as a negative control. (C) Colony counts for the colony formation
assay shown in panel B were estimated using ImageJ software to calculate CFU. ND, not detected. **, P �
0.01. (D) The amount of replicon RNA in each clone was estimated by qRT-PCR and normalized with the
amount of GAPDH mRNA. The average value of each group is indicated as the mean (thick horizontal
line) � SD. (E) The cell lysates extracted from 4 clones in each group were subjected to Western blotting.
Clone numbers are indicated at the top. NC indicates the lysate of nontransfected cells. (F) Total RNA
extracted from the 4 clones in each group was subjected to RT-PCR analysis using the indicated primer
pairs (Table 1). Clone numbers are indicated at the top. In vitro-transcribed RNAs including the HCV 5=
UTR (lane H) or EHcV 5= UTR (lane E) were used as positive controls. The total RNA extracted from the
nontransfected cells (NC) was used as a negative control. The data are representative of the results of
three independent experiments. The error bars indicate standard deviations.
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HCVSGR-ESLIII were significantly reduced in the absence of miR-122 (Fig. 6D and E). The
colony formation activity of HCVSGR-ESLI was significantly lower in Huh-122KO cells
than in Huh7.5.1 cells, while the colony formation activity of HCVSGR-ESLI in Huh-
122KO cells was similar to that of WT HCVSGR or HCVSGR-ESLIII in Huh7.5.1 cells (Fig.
6D and E). In contrast, the colony formation activity of HCVSGR-ESLI-I= was not affected
by miR-122 expression (Fig. 6D and E). HCVSGR-ESLI= did not exhibit any colony
formation activity in the absence or presence of miR-122 (Fig. 6D and E). A transient
replicon assay revealed that replicon RNA levels of WT HCVSGR, HCVSGR-ESLI, and
HCVSGR-ESLIII were decreased by miR-122 depletion, while HCVSGR-ESLI-I= was not
affected by miR-122 depletion (Fig. 6F). Intracellular RNA of HCVSGR-ESLI-I= was de-
tected by RT-PCR analysis with the forward and reverse primers for EHcV domain I and
HCV domain III and with the forward and reverse primers for EHcV domain I= and HCV
domain III (Table 1 and Fig. 6G). These data suggest that the S1- and S2-like sites of
EHcV are not involved in miR-122-dependent viral replication and that EHcV domain I
maintains colony formation efficiency in a miR-122-independent manner.

Next, we further investigated the role of EHcV domain I in improved colony
formation activity. The precise mechanism of miR-122 in enhancing HCV RNA replica-
tion remains controversial, although miR-122 binding was reported to improve trans-
lation efficiency and RNA stability (48, 50, 51). A minigenome RNA including the HCV 5=
UTR (or its chimera mutant), FL gene, and HCV 3= UTR, in that order (HCVmg), was
prepared as shown in Fig. 7A. HCVmg or individual mutant RNAs were transfected into
Huh-122KO or Huh-122KOR cells together with the RL mRNA. Expression of miR-122
enhanced the IRES activities of WT HCVmg and HCVmg-ESLI, but not those of HCVmg-
EHcV and -ESLI-I= (Fig. 7B), suggesting that the HCV 5= UTR, but not the EHcV 5= UTR,
functionally maintains IRES activity in a miR-122-dependent manner. Because the
translational activity of HCVmg-ESLI tended to be higher than that of WT HCVmg,
irrespective of miR-122 expression (Fig. 7B), improved IRES activity may contribute to
enhancement of the colony formation efficiency of HCVSGR-ESLI. To investigate the
stability of WT HCVmg or the chimeric mutant, an RNA decay assay was conducted
using Huh-122KO and Huh-122KOR cells (48). WT HCVmg was more stable in the
presence of miR-122 than in the absence of miR-122 (Fig. 7C and D). In contrast, the
stability of HCVmg-ESLI-I= or -ESLI was not affected by miR-122 expression (Fig. 7C and
D). Additionally, HCVmg-ESLI-I= or -ESLI exhibited higher RNA stability than WT HCVmg
RNA in Huh-122KO cells (Fig. 7C). These data suggest that EHcV domain I stabilizes RNA
in a miR-122-independent manner. Taken together, the data show that EHcV domain I
may cooperatively facilitate the colony formation of HCVSGR via miR-122-independent
enhancement of IRES activity and RNA stability.

DISCUSSION

Recent studies have shown similarities and differences between HCV and EHcV. The
core proteins of HCV and EHcV share structural and functional similarities in terms of
their maturation and intracellular localization. The HCV and EHcV core proteins are
similarly processed by signal peptide peptidase and then translocated on the surfaces
of lipid droplets near the endoplasmic reticulum (ER) membrane to assemble as a

TABLE 1 Primers used for RT-PCR and qRT-PCR

Name Target Orientation Sequence (5=–3=) Purpose

HSLI-F HCV domain I Forward GACGCGACCTGCCCCTAATAG RT-PCR
HSLIII-R HCV domain III Reverse ACCCAGTCTTCCCGGCAA RT-PCR
ESLI-F EHcV domain I Forward TACGACACCTCCGTGCTATGCA RT-PCR
ESLI=-F EHcV domain I= Forward GGAGGGATTCTTCCACATTA RT-PCR
ESLIII-R EHcV domain III Reverse TCGGCTCCGAAGGTCACG RT-PCR
NS3-F HCV NS3 Forward CTGCTTATGCCCAGCAAACA RT-PCR or qRT-PCR
NS3-R HCV NS3 Reverse AACGTCGAGTGTCTCAACGG RT-PCR or qRT-PCR
GAP-F GAPDH Forward GAAGGTGAAGGTCGGAGTC RT-PCR or qRT-PCR
GAP-R GAPDH Reverse GAAGATGGTGATGGGATTTC RT-PCR or qRT-PCR
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FIG 6 Role of miR-122 in viral replication. (A) (Left) Schematic diagram of the interaction between the
HCV 5= UTR (black letters) and two miR-122 molecules (gray letters). The gray lines indicate the S1 and
S2 regions. (Right) Schematic diagram of a putative model for the interaction between the EHcV 5= UTR
(black letters) and two miR-122 molecules (gray letters). The gray lines indicate S1- and S2-like regions.

(Continued on next page)
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nucleocapsid (10). EHcV p7, certain domains of which are functionally compatible with
the individual domains of HCV p7 viroporin, exhibits ion channel activity (64). Addi-
tionally, EHcV NS3/4A cleaves mitochondrial antiviral signaling protein (MAVS) in a
manner similar to that of HCV NS3/4A (65). These findings imply that EHcV not only is
genetically related to HCV but also employs common strategies for viral particle
formation and innate immune evasion. In this study, the EHcV 5= UTR exhibited IRES
activity (Fig. 1), which is partially consistent with the data reported by Stewart et al. (58).
The HCV and EHcV IRES regions comprise domains II and III and the pseudoknot, which
were responsible for IRES activity (Fig. 3A to D). Domains II and III of the EHcV 5= UTR
were functionally substituted for domains II and III-IV of the HCV 5= UTR, respectively,
in the HCV 5= UTR (Fig. 4), suggesting that these domains share common translation
initiation functions in both species. GB virus B (GBV-B) and pestiviruses also carry similar
IRES structures (66–68), which suggests that the fundamental architecture required
for IRES-mediated initiation is conserved among the IRES elements of flaviviruses. The
EHcV IRES exhibited lower activity than the HCV IRES (Fig. 1). The HCV and EHcV 5= UTRs
exhibited high IRES activities in 293T cells and Huh7.5.1 cells (Fig. 1D), and the EHcV 5=
UTR tended to show high IRES activity in A549 and Vero cells compared to the other
cell lines (Fig. 1E). Different cellular components may affect the IRES activity of each
hepacivirus. In addition, RL-EHcV-FL-HSLIII exhibited IRES activity at levels similar to that
of RL-HCV-FL-WT, and vice versa (Fig. 4). HCV domain IV facilitates translation by
positioning initiation codons in the ribosome-decoding center (69), while the EHcV 5=
UTR is thought to lack such a stem-loop domain just behind subdomain IIIf. Indeed, the
EHcV core-coding region downstream of the pseudoknot impaired the IRES activity of the
EHcV 5= UTR (Fig. 2), which indicates a similar relationship between the HCV core-coding
region and HCV IRES (59). Alternatively, the IRES of classical swine fever virus (a pestivirus)
was reported to exhibit higher activity than the HCV IRES due to the potent interaction of
domain III with eIF3 and/or the 40S ribosome (66). Thus, domain III and/or IV may contribute
to differences between HCV and EHcV in terms of IRES activity.

HCV SGR replication was abolished by replacing the whole 5= UTR with the EHcV 5=
UTR (Fig. 5B). This region, including domains III and IV of the HCV 5= UTR, was
completely replaced with the corresponding region derived from EHcV and underwent
RNA replication, while the mutant SGRs that contained EHcV domains I= and II instead
of HCV domains I and II, respectively (HCVSGR-ESLI= and HCVSGR-ESLII) lost their colony
formation activity (Fig. 5B and C and 6D). This result suggests that the 5=-terminal
region containing domains I and II of the HCV 5= UTR plays a specific role in RNA
replication. This region contains sequences responsible for interactions with host
factors, including miR-122 and PCBP2 (37, 47). HCVSGR-ESLI showed significantly higher
colony formation activity than WT HCVSGR (Fig. 5B and C). The depletion of miR-122
impaired the replication of HCVSGR-ESLI, which harbors intact miR-122 binding se-

FIG 6 Legend (Continued)
The 5= UTR nucleotides binding to miR-122 are in boldface. (B) Schematic diagram of the WT HCV
subgenomic replicon (HCVSGR-WT) and mutants. The region spanning from the 5= terminus to the S2 site
of HCVSGR-WT was replaced with the region spanning from domains I to I= of the EHcV 5= UTR
(HCVSGR-ESLI-I=) or with domain I= of the EHcV 5= UTR (HCVSGR-ESLI=). The domain structures of HCV and
EHcV are illustrated with gray and black lines, respectively. The open stars indicate the S1 and S2 sites
of HCV, while the filled stars indicate the S1- and S2-like sites of the EHcV 5= UTR. (C) Total RNAs were
extracted from Huh7.5.1, Huh-122KO, Huh-122KOR, and 293T cells. miR-122 levels were quantified by
qRT-PCR and standardized to U6 small nuclear RNA levels. ND, not detected. (D) HCVSGR-WT and each
mutant were electroporated into the indicated cell lines. The resulting cells were subjected to colony
formation assays. (E) Colony counts were estimated using ImageJ software to calculate the CFU. (F)
HCVSGR-WT and the mutant RNAs were electroporated into the indicated cell lines. The resulting cells
were harvested at 48 h posttransfection. Total RNAs were extracted from the cells and subjected to
qRT-PCR. The amount of intracellular HCVSGR RNA was estimated and normalized to the amount of
GAPDH mRNA. (G) Total RNA extracted from the cells was subjected to RT-PCR analysis using the
indicated primer pairs (Table 1). Clone numbers are indicated at the top. In vitro-transcribed RNAs
including the HCV 5= UTR (lane H) or EHcV 5= UTR (lane E) were used as positive controls. The total RNA
extracted from the nontransfected cells (NC) was used as a negative control. The data are representative
of the results of three independent experiments. *, P � 0.05; **, P � 0.01; n.s., not significant. The error
bars indicate standard deviations.
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quences of HCV (Fig. 6D). When the miR-122 binding sequences in HCVSGR-ESLI
were replaced with EHcV-derived S1- and S2-like sequences, the mutant SGR (HCVSGR-
ESLI-I=) showed colony formation activity levels similar to those of WT HCVSGR in the
presence of miR-122 and was resistant to miR-122 depletion (Fig. 6D and E). It remains
unclear whether the S1- and S2-like sequences in the EHcV 5= UTR play a role in the
replication of EHcV. HCVSGR-ESLI-I= showed replication levels similar to those of
HCVSGR-ESLI in the absence of miR-122 (Fig. 6D and E), suggesting that the S1- and
S2-like sequences in the EHcV 5= UTR have no significant effects on replication of the

FIG 7 Effects of miR-122 on IRES activity and RNA stability. (A) Schematic diagram of HCVmg RNA carrying
the HCV (WT), EHcV, ESLI, or ESLI-I= 5= UTR. The domain structures of HCV and EHcV are illustrated with gray
and black lines, respectively. The open stars indicate the S1 and S2 sites of HCV, while the filled stars
indicate the S1- and S2-like sites of the EHcV 5= UTR. (B) HCVmg RNA or each mutant was transfected into
Huh-122KO or Huh-122KOR cells with the capped and polyadenylated RNA including the RL ORF. The
resulting cells were harvested at 6 h posttransfection and subjected to a dual-luciferase assay or total RNA
extraction. The amount of intracellular HCVmg RNA was estimated by qRT-PCR. The ratio of FL to RL was
normalized to the amount of HCVmg RNA (WT). (C) Each HCVmg RNA was transfected into Huh-122KO or
Huh-122KOR cells. The transfected cells were harvested at the indicated time points and then subjected to
Northern blotting. The data are representative of the results of three independent experiments. (D)
Quantification of HCVmg RNAs from Northern blotting (C) by densitometric analysis. The intensities of the
bands of HCVmg RNA and actin mRNA were quantified from three separate experiments with ImageJ
software. Each intensity of HCVmg RNA was normalized with that of actin mRNA. The relative amount of
remaining HCVmg RNA is indicated as the mean and SD. *, P � 0.05; **, P � 0.01; n.s., not significant.
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HCVSGR mutant. A recent report by Yu et al. (63) showed that an HCV chimera including
the region upstream of domain II of EHcV propagated in a miR-122-independent manner
(63), which supports our data. The tissue tropism of HCV is likely determined by miR-122,
because exogenous expression of miR-122 enhanced the replication of HCV in nonhepatic
cells (55–57). Although the liver tropism of EHcV is observed in horses (20), the involvement
of miR-122 in liver tropism remains debatable, because infection of canine respiratory
organs by EHcV has been reported. Thus, the prediction of miR-122-independent EHcV
replication is plausible to explain the differences in tissue and host tropism observed
between HCV and EHcV. Unfortunately, a robust EHcV in vitro replicon or infection system
has not yet been established. Therefore, additional research will be required to elucidate
miR-122-independent EHcV replication. Furthermore, the precise mechanism by which
miR-122 binding enhances HCV replication remains unclear. Thus, the HCV chimera and our
replicon system provide a loss-of-function system that will allow us to investigate the
role of miR-122 binding in replication.

EHcV domain I, whose nucleotide sequence is not similar to that of HCV domain I (4,
10), augmented IRES activity, although HCV domain I and EHcV domain I= were entirely
dispensable for IRES activity (Fig. 3A). The S1- and S2-like sequences of EHcV are located
between domains I= and II. These data suggest that EHcV domain I= is homologous to
HCV domain I and EHcV domain I is a unique structure within the EHcV 5= UTR. The 5=
UTR of rodent hepacivirus contains domain III, which is similar to those of the HCV and
EHcV 5= UTRs, while the region upstream of domain II is structurally unique in the 5=
UTR of rodent hepacivirus (14). The region upstream of domain II in the hepacivirus 5=
UTR may be specific for individual hepaciviruses and may act as a determinant of host
specificity and/or organ tropism rather than viral gene expression. GBV-B SGR in Hep3B
cells, in which miR-122 is expressed at low levels, was reported to lose miR-122 binding
sites during its replication (70). Additionally, adaptive mutations were found in the
miR-122 binding sites of HCV RNA during replication in miR-122-deficient cells, result-
ing in the establishment of miR-122-independent viral replication (45). Several reports
noted the involvement of miR-122 in the enhancement of IRES activity and RNA
stability (50, 51, 53). Our data showed that EHcV domain I enhanced IRES activity and
RNA stability (Fig. 7). Scheel et al. reported that miR-122 enhanced the activity of the
EHcV IRES (61). However, our findings suggest that the activity of the EHcV IRES is not
affected by miR-122 expression (Fig. 7), which is supported by data recently reported
by Yu et al. (63). The interaction of the HCV 5= UTR with PCBP2 facilitates the long-range
interaction between the 5= UTR and the 3= X tail, resulting in the enhancement of IRES
activity (47). Thus, the EHcV 5= UTR may interact with the 3= UTR of EHcV, but not that
of HCV, for circularization in the presence of miR-122. The interaction of miR-122 with
the HCV 5= UTR inhibited Xrn1-mediated degradation of the viral RNA by sequestering
the 5= end of the viral RNA (48). It is reasonable to postulate that EHcV domain I
facilitates replication by blocking the 5= terminus of the viral RNA from the exoribo-
nuclease, because EHcV domain I is located in the 5= terminus of the EHcV 5= UTR.
Alternatively, EHcV domain I may interact with one or more host factors other than
miR-122 to mediate RNA replication.

In conclusion, our data suggest that the 5= UTR of hepacivirus is broadly divided into
two components: a cross-species element for IRES-dependent translation and a virus-
specific cis-acting element upstream of domain II. IRES structure and function are
substantially conserved among hepaciviruses, but a virus-specific structure or sequence
is likely involved in determining the organ or host tropism of a specific hepacivirus.

MATERIALS AND METHODS
Cells. Human embryonic kidney 293T, human lung carcinoma A549, human hepatoma Huh7.5.1,

miR-122-knockout Huh7 (Huh-122KO) and the miR-122-rescued derivative (Huh-122KOR) (45), canine
kidney MDCK, monkey kidney Vero, and rat hepatoma BRL-3A cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine
serum (Gibco, Gaithersburg, MD), 0.1 mM sodium pyruvate (Sigma-Aldrich), and nonessential amino acids
(Sigma-Aldrich). Horse fibroblasts were isolated from fresh horse liver using liver digestion medium
(Invitrogen, Carlsbad, CA), cultured in the culture medium described above, and immortalized by the
exogenous expression of human telomerase reverse transcriptase and the E6 and E7 proteins of human
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papillomavirus type 16. Tissue sampling for fibroblast preparation was approved by the Institutional
Committee of Laboratory Animal Experimentation (University of Yamanashi, Yamanashi, Japan) and was
performed in accordance with the guidelines for the care and use of laboratory animals (University of
Yamanashi). All cell lines were cultured at 37°C in a 5% CO2 humidified atmosphere.

Plasmid construction. Bicistronic reporter plasmids containing HCV or the EHcV 5= UTR were
constructed as follows. The PCR product encoding RL, which was amplified from pGL4, was fused
upstream of an inactive EMCV IRES (ΔEMCV) sequence (71) by overlap PCR. The ΔEMCV sequence is
known to prevent IRES-independent reinitiation of the ribosomes in the intercistronic region (72). The
overlap PCR product was cloned into the AflII/BamHI site of the pcDNA4h complete HCV 5= UTR, and the
N-terminal 20 amino acids (aa) of the HCV core (nucleotides 1 to 400; GenBank accession no. AB047639.1)
was obtained from pSGR-JFH1 (62) by PCR. The DNA fragments corresponding to the complete EHcV 5=
UTR (strain JPN3; accession no. AB863589.1) or the complete EHcV 5= UTR flanked by the N-terminal 25
or 50 aa of the EHcV core were amplified by PCR from the previously described subcloning vectors of the
EHcV genome (10). Subsequently, these DNA fragments containing HCV or the EHcV 5= UTR were fused
in frame upstream of the FL gene by overlap PCR and inserted at the XbaI site of the pcD4-RL vector
using an In-Fusion HD cloning kit (TaKaRa Bio, Shiga, Japan) to prepare pcD4-RL-HCV-FL or pcD4-RL-
EHcV-FL. We introduced nucleotide deletion or substitution into the intercistronic sequences of pcD4-
RL-HCV-FL and pcD4-RL-EHcV-FL using a KOD Plus mutagenesis kit (Toyobo, Osaka, Japan). The fragment
corresponding to each stem-loop in the HCV or EHcV 5= UTR was amplified from the bicistronic reporter
plasmid by PCR and inserted into the EHcV or HCV 5= UTR by overlap PCR to generate a mutant 5= UTR
in which each domain of the EHcV or HCV 5= UTR was replaced with its counterpart from the EHcV or HCV
5= UTR. Subsequently, the fragment was fused to FL and inserted into pcD4-RL as described above.

Monocistronic reporter plasmids were prepared as follows. The DNA fragment corresponding to the
RL gene or the FL gene flanked by the EHcV or HCV 5= UTR was amplified from the bicistronic reporter
plasmid and inserted into the XhoI/HindIII sites of pBluescript II SK(�). The DNA fragment corresponding
to the 3= UTR of EHcV strain JPN3 or HCV strain JFH1 was amplified from the plasmid including the EHcV
genome (10) or pSGR-JFH1. The DNA fragment corresponding to the 3= UTR of EHcV strain NZP1 was
synthesized by Thermo Scientific (Rockford, IL, USA). Then, the fragment containing the EHcV 3= UTR was
inserted into the HindIII site of pBluescript II SK(�). The excess sequence between the T7 promoter and
the EHcV 5= UTR sequence was deleted using a KOD Plus mutagenesis kit. The resulting T7 promoter-
driven transcript had a precise EHcV 5= UTR. Each stem-loop region in the EHcV 3= UTR was deleted using
a KOD Plus mutagenesis kit.

The plasmids carrying mutants of the HCV subgenomic replicons were prepared as follows. pSGR-
JFH1 was digested with EcoRI and PmeI to remove the fragment spanning from the T7 promoter to the
neomycin resistance gene. The PCR product containing only the 5= UTR mutant was amplified from the
corresponding plasmid and flanked by the T7 promoter using overlap PCR. The resulting PCR product
was fused in frame to the PCR-amplified neomycin resistance gene or the fragment spanning from the
neomycin resistance gene to the EMCV IRES. Subsequently, the DNA fragments were inserted into the
EcoRI/PmeI site of pSGR-JFH1 using an In-Fusion HD cloning kit. The sequences of these constructs were
confirmed by DNA sequencing (Fasmac, Kanagawa, Japan).

Transfection and reporter assay. Each bicistronic reporter plasmid was introduced into the 293T,
Huh7.5.1, A549, VeroE6, or BRL-3A cell line using Trans-IT LT1 reagent (Mirus, Madison, WI) or into horse
fibroblasts using Lipofectamine LTX with Plus reagent (Life Technologies, Grand Island, NY). The
bicistronic reporter plasmid was in vitro transcribed using an mMessage mMachine T7 Ultra kit (Ambion,
Austin, TX) to produce a capped and polyadenylated bicistronic reporter RNA. Each bicistronic reporter
RNA was introduced into 293T cells using TransIT-mRNA transfection reagent. The pBluescript II SK(�)
plasmid carrying the FL gene flanked by the EHcV or HCV UTR was digested using HindIII and in vitro
transcribed using a MEGAscript T7 kit (Ambion). The pBluescript II SK(�) plasmid carrying the RL gene
was also digested using HindIII and in vitro transcribed using an mMessage mMachine T7 Ultra kit
(Ambion) to produce a capped and polyadenylated RL mRNA. These monocistronic RNAs were intro-
duced into 293T cells using TransIT-mRNA transfection reagent. The resulting cells were lysed with
passive lysis buffer (Promega, Madison, WI) to evaluate luciferase activities using a dual-luciferase
reporter assay kit (Promega). Luminescence was estimated using Luminescencer-Octa (Atto, Tokyo,
Japan).

In vitro translation. The capped and polyadenylated bicistronic reporter RNA was synthesized as
described above. The bicistronic RNA (0.5 �g) was applied to a rabbit reticulocyte lysate system
(Promega) and incubated at 30°C for 90 min according to the manufacturer’s protocol. The lysate was
then diluted in passive lysis buffer (1:25) and subjected to dual-luciferase assay.

Northern blotting. Total RNA was extracted from the cells using an RNeasy minikit (Qiagen, Valencia,
CA, USA), and 0.8 �g of RNA was applied in a 1.2% agarose gel containing 18% formalin and subjected
to electrophoresis. The resulting separated RNAs in the gel were stained with ethidium bromide and then
transferred onto a positively charged nylon membrane (Roche, Mannheim, Germany) by the capillary
method. The resulting membrane was incubated with DIG-Easy Hyb solution (Roche) containing 500
ng/ml digoxigenin (DIG)-labeled RNA probe at 68°C overnight, followed by incubation with alkaline
phosphatase-conjugated anti-DIG antibody at room temperature for 1 h. The RNA bands were visualized
with a CDP-Star (Roche) and analyzed using LAS-4000 Mini (GE Healthcare, Tokyo, Japan). DIG-labeled
RNA probes were prepared using a DIG RNA labeling kit (Roche).

Transient replicon assay and colony formation assay. The plasmid pSGR-JFH1 and its derivatives
were digested with XbaI. The linearized plasmids were in vitro transcribed into replicon RNAs using a
Megascript T7 kit. The transcribed RNAs were electroporated into Huh7 cells or the derived cell lines
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according to a previously described method (73). For the transient replicon assay, the transfected cells
were seeded in a 12-well plate, washed with phosphate-buffered saline (PBS) at 4 h posttransfection,
incubated in culture medium, and harvested at 48 h posttransfection. For the colony formation assay, the
culture medium was replaced with medium containing 1 mg/ml G418 (Nacalai Tesque, Tokyo, Japan) at
24 h posttransfection. The cell colonies were fixed with ice-cold methanol at 21 days posttransfection,
stained with crystal violet, and counted using ImageJ software.

RT-PCR and quantitative RT-PCR. Total RNA was extracted from cells using an RNeasy minikit and
reverse transcribed using ReverTra Ace qPCR RT master mix reagent (Toyobo, Tokyo, Japan). RT-PCR was
carried out using Ex Taq polymerase (TaKaRa Bio). Quantitative real-time RT-PCR was performed using
Fast SYBR green master mix (Life Technologies, Tokyo, Japan) and a StepOne Plus real-time PCR system
(Life Technologies). The HCV NS3 region was amplified to evaluate the amount of intracellular replicon
RNA, which was standardized to the amount of GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
mRNA. The primer sequences are listed in Table 1. Total RNA was extracted using an RNeasy minikit
(Qiagen) and subjected to quantification of miR-122 using a TaqMan microRNA assay kit (Life Technol-
ogies) according to the method used by Fukuhara et al. (56). The amount of miR-122 was standardized
to the amount of U6 small nuclear RNA.

Western blotting. The cells were lysed with 50 mM Tris-HCl (pH 7.5) containing 150 mM NaCl and
1% Triton X-100 (lysis buffer) supplemented with a complete protease inhibitor cocktail (Roche) for 15
min on ice. The lysate was subjected to Western blotting as described previously (10). Mouse anti-NS5A
monoclonal antibody (Austral Biologicals, San Ramon, CA), mouse anti-�-actin monoclonal antibody
(Sigma-Aldrich), rabbit anti-firefly luciferase polyclonal antibody (Abcam, Cambridge, MA), or rabbit
anti-EHcV core polyclonal antibody (10) was used as the primary antibody. Horseradish peroxidase-
conjugated goat anti-mouse IgG polyclonal antibody or goat anti-rabbit IgG polyclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) was used as a secondary antibody. Immunocomplexes were
detected using a SuperSignal West Femto maximum-sensitivity substrate (Thermo Scientific, Rockford, IL,
USA) and visualized using an LAS-4000 Mini (GE Healthcare, Tokyo, Japan).

RNA decay assay. Each Huh7-derivative cell line was seeded at 1 � 105 cells in a 12-well plate and
incubated at 37°C overnight. We introduced 1 �g of in vitro-transcribed RNA onto the cells using
TransIT-mRNA transfection reagent according to the manufacturer’s protocol. The cells were washed
three times with prewarmed PBS at 37°C and then incubated in culture medium for 1 h. Subsequently,
the cells were collected at the indicated time points to extract total RNA using an RNeasy minikit. The
total RNA was subjected to Northern blotting as described above.

Statistical analysis. The data for statistical analyses are representative of the results of three
independent experiments. Each experiment was carried out in triplicate, and the data are expressed
as the means of the triplicates with standard deviations. Significant differences between two groups
were determined by Student’s t test. Statistical significance for multiple comparisons was deter-
mined by one-way analysis of variance (ANOVA) with the Tukey-Kramer post hoc test. A P value of
less than 0.05 was considered statistically significant. A P value of more than 0.05 was considered not
significant.
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