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Figure 9  Effect of HCV infection on cellular p62 and VDAC1 expression after carbonyl cyanide m-chlorophenylhydrazone (CCCP) treatment and reactive

oxygen species (ROS) production. A: Immunoblots for p62 using whole cell lysates of Huh7 and JFH1-Huh7 cells before and after a 1- and a 2-hour CCCP
treatment (n = 5). B: Immunoblots for p62 using the liver from non-transgenic (non-TgM) and TgM (n = 5) mice and from chimeric mice without or with HCV
infection (n = 5). The p62 expression level was normalized to B-actin. C: Immunoblots for VDACL using whole cell lysates of Huh7 and JFH1-Huh7 cells before
and after a 1- and a 2-hour CCCP treatment (n = 5). The VDAC1 expression level was normalized to B-actin. D: Changes in cellular ROS production after a
1-hour CCCP treatment in Huh7 and JFH1-Huh7 cells (n = 5). *P < 0.05, **P < 0.01.

JFH1-Huh7 cells than in Huh7 cells (Figure 8D). These
results were consistent with a previous study that showed an
essential role of mitophagy in reducing mitochondrial ROS
production® and, therefore, may reflect the suppressed
mitophagy in the presence of HCV infection.

Discussion

Mitophagy may likely be induced in HCV-JFH1—infected
cells in the context of mitochondrial depolarization, and in
transgenic mice expressing the HCV polyprotein or in
HCV-infected chimeric mice, both of which showed the
decreased mitochondrial GSH content. Our results suggest
that the HCV core protein inhibits mitophagy during
HCV infection and that the molecular mechanisms by
which this suppression occurs include the interaction of the
HCV core protein with Parkin and the inhibition of Parkin
translocation to the mitochondria. This inhibition leads to
the failure of mitochondrial ubiquitination, mitophagosome
formation, and autophagic degradation (Figure 10). Because
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Parkin 1 to 215 contains one of the critical amino acids
required for mitochondrial localization, the specific inter-
action of Parkin 1 to 215 with the HCV core protein
strongly suggests that the core protein represses mitophagy
by inhibiting Parkin translocation to the mitochondria. We
know that PINK1 accumulates in the mitochondria and
phosphorylates Parkin after CCCP treatment and that the
suppression of the mitochondrial Parkin signal occurs by
blocking PINK1 via siRNA. Therefore, we could exclude
the possibility that PINK1 plays a role in suppressing the
recruitment of Parkin to the mitochondria. To our knowl-
edge, this is the first report to demonstrate a suppressive
effect of a viral protein on mitophagy via an interaction with
Parkin. Interestingly, silencing Parkin via siRNA inhibited
HCV core expression, which was consistent with the results
of a recent study.”® These results suggest that HCV poten-
tially uses Parkin for its replication through the interaction
between the HCV core protein and Parkin. Parkin may be
post-transcriptionally involved in HCV replication, because
Parkin silencing did not affect HCV core mRNA levels.
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Figure 10 A schematic diagram depicting the mechanisms underlying mitophagy suppression by the HCV core protein. The HCV core protein interacts with
the Parkin N-terminal fragment containing the RINGO domain (designated Parkin 1 to 215) and inhibits Parkin translocation to the mitochondria, which leads
to the failure of mitochondrial ubiquitination, autophagosome formation, and autophagic degradation. Ub, ubiquitin.
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Further studies are required to clarify the mechanisms un-
derlying this speculation.

Two types of autophagy have been identified: nonselec-
tive and selective. For nonselective autophagy related to
HCYV infection, previous studies have reported the enhanced
accumulation of autophagosomes without any effect on
autophagic protein degradation,™ the requirement of LC3
for efficient HCV replicat;i.(.)n,3”L and the occurrence of
HCV RNA replication on autophagosomal membranes. ™
Mitophagy is selective and is induced by mitochondrial
membrane depolarization, followed by Parkin recruitment to
the mitochondria.”'” Herein, mitophagosome accumula-
tion was suppressed because of mitophagy inhibition,
whereas HCV infection enhanced the expression of LC3-II
and autophagosome accumulation under nonselective
autophagy-inducible conditions. Therefore, the present re-
sults are consistent with the previously characterized HCV-
induced nonselective autophagic response.”"*>** However,
a recent report has shown that HCV induces the mito-
chondrial translocation of Parkin and subsequent mitoph-
agy,”” which contrasts with the present results, except for
the inhibitory effect of Parkin silencing on HCV replication.
One of the significant differences in the method between the
two studies was the presence or absence of CCCP treatment.
Whether HCV-induced mitophagy was preceded by mito-
chondrial depolarization was unknown because AW was not
measured in the previous report of HCV-induced mitoph-
agy.*® However, we need to be careful that the mitochon-
drial depolarization by CCCP treatment is not a
pathophysiological condition observed in HCV infection
and that CCCP causes the depolarization of the entire
mitochondrial network.*' It is currently unknown whether
CCCP treatment caused paradoxical results on mitophagy in
HCV-infected cells between our study and a previous one.”®
Although suppressed mitophagy was also found in FL-N/
35-transgenic mice and HCV-infected chimeric mice
without any treatment, these mice may not be simply
compared with HCV-JFH1—infected cells in terms of
extremely low levels of viral proteins in FL-N/35-transgenic
mice or spontaneous oxidized mitochondrial glutathione in
both mice. Another difference between two studies was
postinfection time from infection to assessment of mitoph-
agy in HCV-JFH1—infected cells (21 versus 3 days).
However, further studies are required to clarify whether
postinfection time of HCV-JFH1—infected cells affects the
interaction of HCV with Parkin. Oxidative stress and/or
hepatocellular mitochondrial alterations are present in
chronic hepatitis C to a greater degree than in other in-
flammatory liver diseases, *® and mitophagy is important for
maintaining mitochondrial quality by eliminating damaged
mitochondria. Therefore, our results that the HCV core
protein suppresses mitophagy appear reasonable in the
context of what is known about the pathophysiological
characteristics of chronic hepatitis C.

HCV-induced mitochondrial injury, ROS production, and
subsequent oxidative stress contribute to HCC development
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in FL-N/35-transgenic mice that receive modest iron sup-
plementation.” The relatively long period (12 months)
required for HCC development suggests that mitochondrial
injury, as a source of oxidative stress, must continue for a
prolonged period. Mitochondrial DNA mutations are also
relevant to HCC development in patients with chronic HCV
infections.™ Indeed, mitophagy plays an essential role in
reducing mitochondrial ROS production and mitochondrial
DNA mutations in yeast’’ and eliminating oxidative
damaged mitochondria.** In addition to the directly induced
generation of ROS by HCV proteins, the suppression of
mitophagy by the HCV core protein has the potential to
generate an additional long-lasting ROS burden and may
offset or overwhelm the physiological antioxidative activity
in mitochondria. Therefore, the suppressive effect of the
HCV core protein on mitophagy may be an important
mechanism of HCV-induced hepatocarcinogenesis.

In conclusion, results indicate that HCV core protein
suppresses mitophagy by inhibiting Parkin translocation to
the mitochondria via a direct interaction with Parkin in the
context of mitochondrial depolarization. These findings
have implications for the amplification and sustainability of
mitochondria-induced oxidative stress observed in patients
with HCV-related chronic liver disease and an increased risk
of hepatocarcinogenesis.
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Hallmarks of Hepatitis C Virus in Equine Hepacivirus
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ABSTRACT

Equine hepacivirus (EHcV) has been identified as a closely related homologue of hepatitis C virus (HCV) in the United States, the
United Kingdom, and Germany, but not in Asian countries. In this study, we genetically and serologically screened 31 serum
samples obtained from Japanese-born domestic horses for EHcV infection and subsequently identified 11 PCR-positive and 7
seropositive serum samples. We determined the full sequence of the EHcV genome, including the 3’ untranslated region (UTR),
which had previously not been completely revealed. The polyprotein of a Japanese EHcV strain showed approximately 95% ho-
mology to those of the reported strains. HCV-like cis-acting RNA elements, including the stem-loop structures of the 3' UTR and
kissing-loop interaction were deduced from regions around both UTRs of the EHcV genome. A comparison of the EHcV and
HCV core proteins revealed that Ile'”° and Phe'®! of the EHcV core protein could be important for cleavage of the core protein by
signal peptide peptidase (SPP) and were replaced with Ala and Leu, respectively, which inhibited intramembrane cleavage of the
EHcV core protein. The loss-of-function mutant of SPP abrogated intramembrane cleavage of the EHcV core protein and bound
EHcV core protein, suggesting that the EHcV core protein may be cleaved by SPP to become a mature form. The wild-type EHcV
core protein, but not the SPP-resistant mutant, was localized on lipid droplets and partially on the lipid raft-like membrane in a
manner similar to that of the HCV core protein. These results suggest that EHcV may conserve the genetic and biological proper-
ties of HCV.

IMPORTANCE

EHcV, which shows the highest amino acid or nucleotide homology to HCV among hepaciviruses, was previously reported to
infect horses from Western, but not Asian, countries. We herein report EHcV infection in Japanese-born horses. In this study,
HCV-like RNA secondary structures around both UTRs were predicted by determining the whole-genome sequence of EHcV.
Our results also suggest that the EHcV core protein is cleaved by SPP to become a mature form and then is localized on lipid
droplets and partially on lipid raft-like membranes in a manner similar to that of the HCV core protein. Hence, EHcV was iden-
tified as a closely related homologue of HCV based on its genetic structure as well as its biological properties. A clearer under-
standing of the epidemiology, genetic structure, and infection mechanism of EHcV will assist in elucidating the evolution of
hepaciviruses as well as the development of surrogate models for the study of HCV.

he Flaviviridae family is composed of four genera: Flavivirus,
| Pestivirus, Pegivirus, and Hepacivirus. Flaviviridae family vi-
ruses are enveloped and contain a single-stranded, positive-sense
RNA genome, which encodes a single large precursor polyprotein
composed of approximately 2,800 to 3,000 amino acids. The ge-
nus Hepacivirus had included only two species, hepatitis C virus
(HCV) and GB virus B (GBV-B), until 2010. GBV-B was isolated
from serum samples obtained from laboratory tamarins by 11
passages of serum obtained from a human patient with idiopathic
hepatitis (1). Although GBV-B experimentally infects tamarins
and common marmosets, but not chimpanzees, in vivo (2, 3), the
natural host of GBV-B has not yet been clarified. Several hepaci-
virus species were recently detected in dogs, horses, bats, and ro-
dents and tentatively designated nonprimate hepaciviruses
(NPHVs). Bat hepaciviruses have been isolated from some species
of bats in Kenya (4), while rodent hepaciviruses have been isolated
from several species of rodents in Germany, the Netherlands,
South Africa, and Namibia (5, 6). GBV-B is phylogenetically more
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similar to rodent hepacivirus than to HCV (5). Several strains of
equine hepacivirus (EHcV) have been isolated from domestic
horses in the United States, the United Kingdom, and Germany
(5, 7, 8). The canine hepacivirus was isolated from dogs in the
United States (9) but has not yet been genetically or serologically
detected in any dogs other than those from the first report (5, 7, 8).
The polypeptides of canine hepacivirus show approximately 95%
amino acid homology to those of the EHcV strains, suggesting that
canine hepacivirus may belong to the same species as EHcV and
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that infections may be rare in dogs (5, 7, 8, 10). Recent phyloge-
netic analyses identified EHcV as the most closely related viral
homologue of HCV among the reported NPHYV strains; however,
epidemiological and virological information on EHcV is limited.
The open reading frames of EHcV strains show approximately
95% homology to one another, suggesting that previously re-
ported EHcV strains may be classified into one species. Several
genome sequences of rodent hepacivirus have already been com-
pletely determined (5). The 3 untranslated region (UTR) of HCV
was found to include three stem-loop (SL) structures, while vari-
able stem-loop structures were found in that of rodent hepacivirus
and GBV-B (5). However, the nucleotide sequence of the EHcV 3’
UTR has not yet been determined completely because the ade-
nine-rich [(A)-rich] sequence downstream of the stop codon in
the EHcV genome interrupts an ordinary 3'-rapid amplification
of cDNA ends (RACE) reaction (8). The RNA secondary structure
of the hepacivirus 3" UTR may indicate species specificity (5).

On the basis of amino acid similarities among the polyproteins
of NPHVs and HCV, the N-terminal one-fourth of the NPHV
polyprotein has been predicted to be cleaved by signal peptidase
into mature structural proteins and a viroporin (core, E1, E2, and
p7), while the C-terminal three-fourths has been predicted to be
cleaved by viral proteases into maturated nonstructural proteins
(NS2,NS3, NS4A, NS4B, NS5A, and NS5B) (6). Core, E1, and E2
have been predicted to form viral particles with host lipids, al-
though it remains unclear whether p7 is incorporated into a viral
particle. Signal peptide peptidase (SPP) was shown to further
cleave the C-terminal transmembrane region of HCV and GBV-B
core protein after signal peptidase-dependent cleavage (11, 12).
However, whether SPP cleaves the C-terminal transmembrane re-
gion of the NPHYV core protein remains unknown.

The mature core proteins of HCV and GBV-B are localized
mainly on lipid droplets (LDs) (13, 14). The core proteins of den-
gue virus are also localized on LDs but are not cleaved by SPP (15),
suggesting that localization of the core protein on LDs may be one
of the common characteristics of the Flaviviridae family. The HCV
core protein is known to be partially localized in the detergent-
resistant membrane (DRM), which originates from lipid raft-like
membranes (16, 17). The DRM is composed of cholesterol and
sphingolipids, which are included in the replication compart-
ment known as the membranous web (18, 19). Therefore, LDs
and DRM are considered to be the intracellular compartments
for the replication and viral assembly of HCV, but it is cur-
rently unknown whether NPHV core proteins are localized on
LDs and DRM.

Epidemiological information on EHcV is still limited. The re-
sults of the present study demonstrated that Japanese-born do-
mestic horses were infected with EHcV, which showed high ho-
mology to the reported strains on the basis of its nucleotide and
amino acid sequences. We predicted the RNA secondary struc-
tures around the 5’ and 3’ UTRs of the EHcV genome and ana-
lyzed the biological properties of the EHcV core protein in relation
to the HCV core protein.

MATERIALS AND METHODS

Samples. Serum samples 1 to 13 were collected from Japanese-born do-
mestic horses raised on one farm, farm A, located in Hokkaido, Japan,
while groups of serum samples numbered 14 to 18 and 19 to 31 were from
horses on farms B and C, respectively, located in Tokyo, Japan (Fig. 1).
The distance between Hokkaido and Tokyo is about 1,000 km. All sample
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collections conformed to guidelines for the care and use of laboratory
animals (Yamanashi University) and were approved by the Institutional
Committee of Laboratory Animal Experimentation (Yamanashi Uni-
versity). All samples were divided into small aliquots and stored at
—80°C until nucleic acid extraction.

RT-PCR. Total RNAs were prepared from horse sera using a Qiagen
viral RNA extraction kit (Qiagen, Valencia, CA). RNAs were converted to
c¢DNA using a PrimeScript reverse transcription-PCR (RT-PCR) kit
(TaKaRa, Shiga, Japan) with random primers. The viral gene was ampli-
fied by PCR using PuReTaq Ready-To-Go PCR beads (GE Healthcare,
Piscataway, NJ) with three pairs of primers: NPHV-F1 (5'-TGTCACCT
ACTATCGGGG-3') and NPHV-R1 (5'-TCAAGCCTATACAGCAAAG
G-3'), NPHV-F2 (5'-ATCATTTGTGATGAGTGCC-3') and NPHV-R2
(5"-CATAAGGGCGTCCGTGGC-3"),and NPHV-F3 (5'-GTGGTCGCC
ACGGATGCC-3') and NPHV-R3 (5'-ACCCTATGAAGACGCTCTCC-
3'). PCR was carried out as follows: one cycle at 92°C for 5 min; 35 repeats
of one cycle at 94°C for 0.5 min, 58°C for 0.5 min, and 72°C for 0.5 min, in
that order; and one cycle at 72°C for 1 min followed by holding at 4°C. The
PCR products were electrophoresed on 1.5% agarose gels, stained with
ethidium bromide, and visualized using the BioDoc-It imaging system
(UVP, Upland, CA).

Determination of the EHcV genomic sequence. The viral genome of
EHcV was segmentally amplified by PCR using the primers listed in Table
1. The PCR products were cloned into T vectors prepared from pBlue-
script I SK(—) (20). The DNA sequences of the PCR products were de-
termined using an ABI Prism BigDye Terminator version 1.1 cycle se-
quencing kit and an ABI Prism 310 genetic analyzer (Life Technologies,
Tokyo, Japan). More than three colonies were picked up among the trans-
formants of Escherichia coli with regard to the accuracy of the sequence.
The nucleotide sequences of the PCR products were determined in for-
ward and reverse directions. The junction of two adjacent PCR products
was confirmed by PCR using primers that overlapped two close regions.
The 5'-terminal sequence upstream of the open reading frame was deter-
mined with a 5'-RACE core set (TaKaRa) using the 5’ phospholyrated RT
primer for the NPHV 5’ UTR (5'-CATCCTATCAGACCG-3"). The 3’-
terminal region downstream of the (A)-rich region was determined by the
3’-RACE method (21, 22), modified as follows: Total RNAs were prepared
from horse serum using TRIzol LS reagent (Invitrogen, Carlsbad, CA)
with 40 pg of glycogen (Nacalai Tesque, Kyoto, Japan). The poly(U) tail
was added to the 3’ end of the RNA preparation using Escherichia coli
poly(U) polymerase (New England BioLabs, Ipswich, MA) and was incu-
bated for 45 min at 37°C. The resulting preparation was reverse tran-
scribed by the SuperScript First-Strand Synthesis system (Life Technologies)
using an oligo(dA) adapter primer (5'-TTGCGAGCACAGAATTAATACG
ACTCACAAAAAAAAAAAAVN-3'). The sequence of each region was deter-
mined by sequencing more than 3 clones. The primers for PCR amplifica-
tion and the RACE methods are listed in Table 1. The whole sequence of
the EHcV strain isolated from serum sample 3 (GenBank accession num-
ber AB863589) was determined by the method described above. The
EHcV strain was designated JPN3/JAPAN/2013 in this study. The partial
NS5B-coding regions and 3’ UTRs were amplified from serum samples 5
and 1. The nucleotide sequences of samples 5 and 1 (GenBank accession
numbers AB921150 and AB921151, respectively) were determined by the
method described above. The neighbor-joining trees of the nucleotide
sequences from the NPHV, HCV, and GBV-B strains were predicted by
the method of Saitou et al (23). Trees were constructed by the maximum
composite likelihood method calculated by using the program MEGAS5
(24) (see Fig. 3). The secondary protein structures were predicted by the
method of Garnier et al. (25) (see Fig. 6). Hydrophobicity plots of the
EHcV and HCV core proteins were prepared by the method of Kyte and
Doolittle (26) and drawn using the software Genetyx (Nihon Genetyx,
Tokyo, Japan) (see Fig. 5).

Quantification of viral genomic RNAs in horse sera. Total RNA was
prepared from equine serum using a Qiagen viral RNA extraction kit and
was then reverse transcribed into cDNA by using a PrimeScript RT-PCR
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FIG 1 Detection and genetic analyses of NPHV genomic RNA in sera of Japanese domestic horses. (A) Total RNAs extracted from 31 equine sera and normal
rabbit serum (Rb) as a negative control were subjected to RT-PCR analysis. Hokkaido Farm A, Tokyo Farm B, and Tokyo Farm C indicate the farms where the
individual horses were reared. Three sets of primers, NPHV-F1 and NPHV-R1, NPHV-F2 and NPHV-R2, and NPHV-F3 and NPHV-R3, were used to amplify
NPHV-specific gene regions. The PCR products were electrophoresed and stained with ethidium bromide. (B) Total RNAs were isolated from sera, reverse-
transcribed, and estimated as a copy number per ml. Normal rabbit serum was used as a negative control. The dashed line indicates the cutoff level.

kit with random primers. The amount of targeted viral RNA was esti-
mated using SYBR GreenER qPCR SuperMix (Life Technologies) and the
ABI StepOnePlus real-time PCR system (Life Technologies). The region
encoding NS3 was targeted with the primer pair NPHV-F3 (5'-GTGGTC
GCCACGGATGCC-3") and NPHV-R3 (5'-ACCCTATGAAGACGCTC
TCC-3"). Total RNAs extracted from conventional rabbit serum were
used as a negative control to determine the analytical threshold line. The
in vitro-transcribed RNA of EHcV was utilized for the standard curve.
Prediction of RNA secondary structures. The 5'-UTR sequences of
EHcV strains were aligned with the MUSCLE program and subjected to a
manual search for covariant nucleotide substitutions. The RNA folding
structure upstream of domain I1I in the 5" UTR was predicted using the
Mfold web server (27) with conventional phylogenetic conservation anal-
ysis due to the lack of sufficient homology to the 5" UTR sequences of
HCV strains. The NS5B-coding regions and 3’ UTRs of EHcV strains were
aligned with the program MUSCLE. Conserved secondary structures were
predicted as described above. The secondary structures of the 3° UTR in
BHcV were predicted by the Mfold web server without confirming phy-

13354 jvi.asm.org

logenetic data because of the absence of additional available sequences of
the EHcV 3’ UTR and the lack of sufficient homology to the HCV X-tail
sequences.

Plasmids. The PCR product encoding the EHcV core protein was
amplified from serum sample 3 and was then cloned into the BamHI and
Xhol sites of pcDNA3.1-Flag/HA, which encodes the FLAG and hemag-
glutinin (HA) epitope tags, as reported previously (28). Ala®®* was re-
placed with Lys to prevent signal peptidase-dependent cleavage. The
translated EHcV core protein was added to the FLAG and HA epitope tags
at the N and C termini (EHcVc), respectively. A point mutation was gen-
erated using a KOD mutagenesis kit (Toyobo, Osaka, Japan). The PCR
products encoding EHcVc or the mutant in which Ile’*® and Phe'®! were
replaced with Ala and Leu (EHcVc-mt), respectively, were introduced
into the Aflll and EcoRYV sites of pPCAGGS using an In-Fusion HD cloning
kit (TaKaRa). The introduced fragments of all plasmids were confirmed
by sequencing using an ABI Prism 310 genetic analyzer (Applied Biosys-
tems). The plasmid encoding the N-terminally FLAG-tagged and C-ter-
minally HA-tagged HCV core protein (HCVc) and the mutant in which
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TABLE 1 List of PCR primers used in this study

HCV-Like Characteristics of Equine Hepacivirus

Nucleotide Genome

Primer position location ForR* Sequence (5'—3")

Primer for cloning of the NPHV genome 92-111 5" UTR F ATGTGTCACTCCCCCTATGG
367-386 5" UTR R CTATGGTCTACGAGACCGGC
268-285 5" UTR F AGCCGAAATTTGGGCGTG
1207-1224 El R AAACAGAAGCCATAGCGG
1116-1132 E1 F AGTGCTTGTTGGGTGCC
1697-1713 E2 R GTCCTTTGCACTTCGGG
1605-1623 E2 F ACTGTTAAGCAGATGTGGG
2103-2121 E2 R CACAGAGTTGGTAAGTAGC
2007-2023 E2 F AAGCAGTGTGGTGCTCC
2526-2545 E2 R AAACAGAACCAGAGAATTGC
2375-2392 E2 F CCCTGCCTTCACTACTGG
2898-2913 NS2 R CGAGATAGCGCCAAGC
2847-2867 N§2 F TTTATGCTAGTAAAGTGGTGG
3396-3415 NS2 R GGTGATAAAAGTCTCCATCC
3318-3334 NS2 F ATCCTCCATGGCTTGCC
3819-3835 NS3 R GGGCCACCTGAACTACC
3732-3750 NS3 F ACCAGGACGGGTCAGGTCG
42544270 NS3 R ATAATGTCATAAGCACC
4177-4195 NS3 F CTAGTTGCAAGACAACGGG
4682-4700 NS3 R AGTGTTGCAGTCAGTGACG
4574-4591 NS3 F TGTCACCTACTATCGGGG
5199-5218 NS3 R TCAAGCCTATACAGCAAAGG
4574~4591 NS3 F TGTCACCTACTATCGGGG
5199-5218 NS3 R TCAAGCCTATACAGCAAAGG
5134-5152 NS3 F CTCCCAGCAAAGATGAACG
5997-6014 NS4B R AGCACCCACACCAACAGC
5919-5934 NS4B F AAGATCTTGAGTGGTG
6651-6632 NS5A R GCCGATAACTCTGACAGC
65476564 NS5A F ACACCTGGAAAACAGCCG
7293-7310 NS5A R AGATTCCGTGGCCGAAGG
7235-7252 NS5A F AGCTCTCGTTTCCGGGTG
75737590 NS5B R TAGCTGACGCTGTTGTGG
7511-7527 NS5B F ACGCCACCCTATAGGCC
8027-8046 NS5B R GTTGACGGGGAGTGTATTGG
7926~7943 NS5B F ATCGTTTACCCCGATTTG
8528-8545 NS5B R CAAGATGTTATCTGCTCC
8457-8474 NSsB F CGTGACTTCACTAATGCC
9069-9086 NS5B R GTCAATCGAGTTTACGCC

Primer for 5 RACE 235-252 5" UTR F AATCGCGGCTTGAACGTC
213-230 5" UTR R TGTACTCACGGATTCACG

Primer for 3’ RACE 8979-8999 NS5B F CTTAAAGTACGTGGTGGTCGC

Adapter primer R GCGAGCACAGAATTAATACGAC

“F, forward; R, reverse.

Ile!”% and Phe'”” were replaced with Ala and Leu (HCVc-mt), respec-
tively, were described previously (28). The gene encoding human signal
peptide peptidase (SPP) or its mutant was introduced into pcDNA3.1-
myc/His C (Invitrogen) instead of the plasmids described previously (28).
The resulting plasmids encoded C-terminally myc-His, -tagged wild-
type SPP (SPP-wt) or the mutant protein in which Asp®'® was replaced
with Ala (SPP-D219A).

Cell culture and transfection. The human embryonic kidney cell line
293FT and the human hepatoma cell line Huh7OK1 (29) were maintained
in Dulbecco’s modified Eagle’s minimal essential medium (DMEM) sup-
plemented with 100 U/ml penicillin, 100 pg/ml streptomycin, nonessen-
tial amino acids (Sigma, St. Louis, MO), sodium pyruvate (Sigma), and
10% fetal bovine serum (FBS) and were then cultured at 37°C under the
conditions of a humidified atmosphere and 5% CO,. Plasmids were trans-
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fected into cell lines using XtremeGene 8 (Roche) according to the man-
ufacturer’s protocol.

Western blot analysis. 293FT cells were cultured in 6-well plates and
transfected with the appropriate plasmids. The transfected cells were har-
vested at 18 h posttransfection, washed with cold phosphate-buffered sa-
line (PBS), and suspended in 50 pl of the lysis buffer consisting of 20 mM
Tris-HCI (pH 7.5), 135 mM NaCl, 10% glycerol, 1% Triton X-100, and
protease inhibitor cocktail (Merck Bioscience, Calbiochem, San Diego,
CA). The lysates were centrifuged at 19,000 X g for 5 min at 4°C. The
supernatants were mixed with 16 pl of 4X SDS sample buffer and then
boiled at 60°C for 20 min. The resulting mixtures were subjected to SDS-
PAGE. The proteins in a gel were transferred to polyvinylidene difluoride
(PVDF) membranes and incubated with mouse anti-FLAG antibodies
(Sigma), mouse anti-HA antibodies (Covance, Princeton, NJ), mouse
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anti-c-myc antibodies (BD Pharmingen, San Diego, CA), or mouse anti-
beta-actin antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) and
were then incubated with the appropriate horseradish peroxidase (HRP)-
conjugated secondary antibodies. Immunocomplexes were visualized
with SuperSignal West Femto substrate (Thermo Scientific, Rockford, IL)
and detected using an LAS-4000 Mini image analyzer (GE Healthcare,
Buckinghamshire, United Kingdom).

Detection of antibodies against EHcV. To detect anti-EHcV antibod-
ies in horse sera, we subjected lysates prepared from 293FT cells express-
ing EHc V¢, which is an N-terminally FLAG-tagged and C-terminally HA-
tagged EHcV core protein (a positive reference), or cells transfected with
an empty plasmid (a negative reference) to Western blotting, as described
above. The resulting PYDF membranes were incubated with Blocking
One solution (Nacalai Tesque) for blocking at room temperature for 30
min and then incubated with 1,000-fold-diluted horse serum in 10-fold-
diluted Blocking One. Mouse anti-FLAG or rabbit anti-EHcV core anti-
body was used as a positive serum control. The resulting membrane was
incubated with an HRP-conjugated antibody to mouse, rabbit, or horse
1gG (Abcam, Cambridge, UK) at room temperature for 1 h. Protein bands
with a molecular mass of 28 kDa were detected in the positive reference,
but not in the negative reference, using positive serum or an antibody to
the FLAG epitope tag or EHcV core protein. The rabbit polyclonal anti-
body against the EHcV core protein was generated by immunization using
peptides of the residues from 2 to 15, GNKSKNQKPQPQRG (Scrum Inc.,
Tokyo, Japan).

Pulldown assay for SPP binding. Human embryonic kidney 293FT
cells expressing EHcVe or HCVe with or without SPP-D219A were har-
vested at 18 h posttransfection, washed with cold PBS, suspended in 100
wl of the lysis buffer, and centrifuged at 14,000 Xg for 5 min at 4°C.
Twenty microliters of the lysate was mixed with 20 pl of 2X SDS sample
buffer. The remaining lysate was adjusted to 250 pl with the lysis buffer
and incubated for 2 h at 4°C after the addition of 20 pl of His-Select nickel
affinity gel (Sigma) equilibrated 50% (vol/vol) with lysis buffer. The nickel
beads that included SPP-wt or SPP-D219K were washed five times with
500 jul of lysis buffer by centrifugation at 5, 000 X g for 1 min at 4°C and
then suspended in 40 pl of 1X SDS sample buffer. After being boiled at
60°C for 20 min, the supernatant was subjected to Western blotting to
detect the coprecipitated core proteins.

Immunofluorescence microscopy. Huh70K1 cells were incubated
with fresh DMEM containing Bodipy 558/568 (2 wg/ml; Molecular
Probes) for 1 h at 37°C to visualize lipid droplets (LDs). The cells were
washed once with prewarmed DMEM and incubated for 30 min at 37°C.
The treated cells were then fixed in 4% paraformaldehyde for 30 min at
room temperature. After two washes with PBS, the cells were permeabil-
ized with permeabilization buffer containing 0.1% saponin (eBioscience,
San Diego, CA) for 30 min at 37°C and blocked with PBS containing 2%
FBS (blocking buffer) for 30 min at room temperature. The cells were
incubated with an appropriate antibody, as indicated in the figure legends.
The cells were washed three times with PBS. The mounted cells were
observed with a FluoView FV1000 laser scanning confocal microscope
(Olympus, Tokyo, Japan). Nuclei were stained with 4’,6’-diamidino-2-
phenylindole (DAPI).

Flotation assay. A flotation assay was carried out according to the
method described previously (17). Briefly, 293FT cells expressing EHcVe
or EHcVe-mt were cultured on a 10-cm dish. The transfected cells were
washed once with cold PBS at 18 h posttransfection and harvested using a
cell scraper. The cells were suspended in 1.2 ml of 25 mM Tris-HCI (pH
7.5) containing 150 mM NaCl, 5 mM EDTA, and protease inhibitor cock-
tail (Merck, Calbiochem) (TNE buffer) and were then homogenized by 10
passes through a 26-gauge needle. Each 0.6-ml aliquot of the homogenates
was incubated for 30 min on ice with or without 1% Triton X-100 and was
then mixed with 0.4 ml of OptiPrep (Axis-Shield, Oslo, Norway). An
appropriate concentration of OptiPrep was adjusted with TNE buffer.
This mixture was overlaid with 1.2 ml of 30% OptiPrep, 1.2 ml of 25%
OptiPrep, and 0.8 ml of 5% OptiPrep, in that order, and was centrifuged
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at 42,000 rpm for 5 h at 4°C in an SW50.1 rotor (Beckman Coulter,
Fullerton, CA). Each fraction, with a volume of 0.4 ml, was collected from
the top of the centrifugation tube and was then precipitated by mixing
with 4 volumes of cold acetone at —30°C. The resulting pellet was resolved
in 50 pl of 1 X sample buffer and then subjected to Western blot analysis
using a mouse anti-FLAG antibody (Sigma), a rabbit anti-calreticulin
antibody (Sigma), and a rabbit anti-caveolin-1 antibody (Sigma). The
fractions containing calreticulin in the absence and presence of Triton
X-100 were defined as the membrane and detergent-soluble membrane
fractions, respectively. In the presence of the detergent, fractions 3 to 5,
which contained caveolin-1 but only small amounts of calreticulin, were
defined as the detergent-resistant membrane fractions.

Nucleotide sequence accession numbers. The whole sequence of the
EHcV strain isolated from serum sample 3 was deposited in GenBank
under accession number AB863589. The nucleotide sequences of the par-
tial NS5B-coding regions and 3" UTRs from samples 5 and 1 were regis-
tered as AB921150 and AB921151, respectively.

RESULTS

Detection of the EHcV genome and antibody to EHcV in sera of
Japanese-born horses. To clarify whether NPHVs were distrib-
uted in Japan, we collected 31 horse serum samples and examined
them in order to detect the EHcV genome and antibody to the core
protein. We prepared total RNAs from horse sera and screened
them using RT-PCR analyses with three sets of PCR primers
(NPHV-FI/NPHV-R1, NPHV-F2/NPHV-R2, and NPHV-F3/
NPHV-R3) that targeted the NS3-coding region that is relatively
conserved among NPHVs. Total RNA prepared from conven-
tional rabbit serum was used as a negative control. PCR products
with the expected sizes were found in horse serum samples 1, 3, 25,
26, 27, and 29 to 31 using NPHV-FI/NPHV-RI, in horse serum
samples 3 and 5 using NPHV-F2/R2, and in horse serum samples
1, 3, 5, 20, and 25 to 31 using NPHV-F3/R3 (Fig. 1A). The EHcV
genome was detected in 11 of 31 (35%) serum samples by RT-PCR
(Fig. 1A and B). Copy numbers of the EHcV genome in horse sera
varied from 10* to 10° copies per ml of sera (Fig. 1B). Although a
PCR product was slightly amplified from serum sample 19 by PCR
using the primer pair NPHV-F1/R1, the copy number of the virus
genome in serum sample 19 was estimated to be low, at a level
similar to that of the negative control. Thus, we could not deter-
mine whether serum sample 19 included a viral genome. We then
immunologically surveyed horse sera by Western blotting. West-
ern blotting analyses using horse sera to detect antibodies to the
EHcV core protein (Fig. 2) showed that the sera of samples 1, 2, 3,
5, 14, 20, and 25 were immunoreactive to the EHcV core protein
(7 positive serum samples of a total of 31 samples; 22.6%). The sera of
samples 1, 3, 5, and 20 were PCR positive and seropositive. Serum
samples 2 and 14 were PCR negative and seropositive, whereas sam-
ples 26 to 31 were PCR positive and seronegative. These results sug-
gest that EHcV has infected Japanese-born domestic horses.
Genetic analysis of EHcV. PCR products corresponding to the
5" UTR and the open reading frame were segmentally amplified
from serum sample 3 by 5" RACE and RT-PCR, respectively. In
the present study, we successfully determined the 3'-terminal se-
quence downstream of a stop codon using the 3'-RACE method
with poly(U) polymerase. We determined the nucleotide se-
quence of the putative full genome, which was designated JPN3/
JAPAN/2013 (GenBank accession number AB863589). The full-
length genome of strain JPN3/JAPAN/2013 is composed of 9,355
nucleotides, consisting of the 5’ UTR with a nucleotide length of
389, the 3" UTR with a nucleotide length of 134, and an open
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FIG 2 Serological screening of Japanese-born domestic horses. Lysates of 293FT cells transfected with an empty plasmid (a negative reference, N) or the plasmid
encoding EHcVc (a positive reference, P) were subjected to Western blotting using serum from each horse. The serum response “+” indicates that the protein
band with the same molecular size as the EHcV core protein was specifically detected in the “P” lane, but not in the “N” lane, while the serum response “—”
indicates that the protein band with the same molecular size as the EHcV core protein was detected in neither the “P” lane nor the “N” lane. Both antibodies to
the FLAG tag and to the EHcV core protein were used as serum positive controls, while protein amounts were standardized with blotting using the antibody to
beta-actin. “No serum” indicates the membrane was incubated without primary antibodies but with HRP-conjugated anti-horse IgG antibodies as a background

of the secondary antibody.

reading frame with a nucleotide length of 8,832. The open reading
frame encodes 2,943 amino acids. Table 2 summarizes the amino
acid homology of the JPN3/JAPAN/2013 polyprotein with the
polyproteins of the other EHcV strains. The polyprotein of JPN3/
JAPAN/2013 shared more than 94% homology with the other

November 2014 Volume 88 Number 22

EHcV polyproteins and exhibited the highest homology, 97.8%,
with NPHV-H10-094 (GenBank accession number JQ434007),
which wasisolated from a horse in the United States (8). The NS3-
and NS5B-coding regions of the EHcV strains were phylogeneti-
cally analyzed by the neighbor-joining method. The phylogenetic
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TABLE 2 Amino acid sequence homologies of the polyproteins

Non-primate hepaciviruses

H10-094 B10-022 NZPL AAK-2011 H3-011 A6-066
(JQ434007) (JQ434004) (JQ434001) (JF44991) (JQ434008) (JQ434003)
IPN3/JAPAN/2013 a .
(ABS63589) 97.8 96.7 95.7 95.7 95.6 95.3
Non-primate hepaciviruses HCV
G1-073 F8-068 HCVla HCVIb JFH1 GBV-B
(1Q434002) (JQ434005) (NC004102)  (AB779362)  (AB047639)  (NC001655)
IPN3/JAPAN/2013 . )
(AB863589) 94.9 94.1 46.5 45.6 44.5 289
Non-primate hepaciviruses
IPN3/JAPAN/2013 AAK-2011 GBV-B
(ABR63589) (JF44991) (NC001655)
HCVia N
(NCO04102) 46.1 46.0 333

¢, percent identity,

trees of the NS3 (Fig. 3A) and NS5B regions (Fig. 3B) showed that
JPN3/JAPAN/2013 was included in the clade comprising the U.S.
strains NPHV-H10-094 (GenBank accession number JQ434007)
and B10-022 (GenBank accession number JQ434004).

Putative RNA secondary structures around the UTRs of
EHcV. The 5'-terminal region of JPN3/JAPAN/2013 was com-
pared with those of the EHcV genomes (Fig. 4A). The HCV inter-
nal ribosome entry site (IRES)-like structure was embedded in the
5" UTRs of NPHVs (5, 6). The 5'-UTR region was well conserved
among the EHcV strains and showed a mean diversity of approx-
imately 4% among the EHcV strains (Fig. 4A). The 3'-terminal
sequence downstream of the (A)-rich region in the EHcV genome
had not been reported because the (A)-rich region downstream of
the stop codon of EHcV interrupted the reaction in the ordinary
3'-RACE method (5, 6). In the present study, we determined the
nucleotide sequences downstream of the (A)-rich region from se-
rum sample 3 (JPN3/JAPAN/2013; GenBank accession number
AB863589), sample 5 (JPN5/JAPAN/2015; GenBank accession
number AB921150), and sample 1 (JPN1/JAPAN/2015; GenBank
accession number AB921151) by the modified 3'-RACE method
using poly(U) polymerase, although the region in serum sample 1
was incompletely amplified (Fig. 4B). The regions downstream of
the (A)-rich region were conserved between serum samples 3
and 5, whereas the (A)-rich regions varied among the three
strains (Fig. 4B).

The secondary structure of 5" UTR in strain JPN3/JAPAN/
2013 was predicted according to the method described previously
(8) (Fig. 4C). The stem-loops in the 5" UTR were designated ac-
cording to the stem-loops of the HCV 5'-UTR structures (30).
Stem-loops (SLs) I, II, I1Ia to IIIf, and the pseudoknot interaction
were predicted within the 5" UTR of strain JPN3/JAPAN/2013.
These structures were the same as that of the strain reported pre-
viously (9), although several nucleotide insertions and deletions
were more predominant in the apical loop of subdomain IIIb than
in the other strains reported previously (Fig. 4A and C). Two seed
sites of the microRNA miR-122 (Fig. 4A and C) were found in the
5" UTR of strain JPN3/JAPAN/2013 at nucleotide residues 81 to
89 (UCCACAUUA) and 98 to 103 (CACUCC), which also corre-
sponded to the predicted miR-122 seed sites in the 5" UTRs of the
other EHCV strains (9).
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The HCV 3’ UTR, which is generally 200 to 300 nucleotides in
length, consists of a short variable region, the poly(U/UC) stretch
sequence, and the 3’-X-tail region, in that order (31-33). Al-
though the EHcV 3" UTR, which is composed of 138 nucleotides,
is shorter than the HCV 3’ UTR, the 3’ UTR of EHcV consists of
the (A)-rich sequence and 3'-X-tail region, in that order. The
(A)-rich sequence of EHcV may vary in length (Fig. 4B). We sub-
sequently predicted the secondary structure of the EHcV 3’ UTR.
Although the EHcV 3" UTR, which is composed of 138 nucleo-
tides, is shorter than the HCV 3’ UTR, the 3" UTR includes three
predicted SL structures (Fig. 4C). Based on the SL structures in the
HCV 3’ X-tail, these SL structures in the EHcV 3" UTR were des-
ignated 3'SL I, 3'SL II, and 3'SL III, in that order from the 3’
terminus (Fig. 4C). Interestingly, the (A)-rich sequence was par-
tially incorporated into the 3'SL III, although the poly(U/UC)
stretch sequence in the HCV 3’ UTR is separated from any 3’SL
structures (31-33). Furthermore, the two SL structures in the 3’
side of the EHcV NS5B-coding region were predicted to corre-
spond to 5BSL3.2 and 5BSL3.3 in the NS5B-coding region of
HCV. HCV 5BSL3.2 was previously shown to interact with 3'SL II
to form the kissing-loop interaction, which is required for HCV
replication (33). The secondary structure prediction shown in Fig.
4C suggests that the kissing-loop interaction may be conserved
between 5BSL3.2 and the 3’SL II of the EHcV genome through
their complementary sequences. The long-range RNA-RNA in-
teraction between the apical loop of subdomain I1Id in HCV IRES
and the bulge of 5BSL3.2 supports IRES-dependent translation
and viral RNA replication (34-36). In the case of the EHcV ge-
nome, the complement sequences were detected in the apical
loops of subdomain and the 5BSL3.2-like subdomain (Fig. 4C),
suggesting that the long-range RNA-RNA interaction may reside
in the EHcV genome. These results indicated that HCV-like RNA
secondary structures may be conserved around both UTRs of the
EHcV genome.

Cleavage of the EHcV core protein by SPP. The C-terminal
transmembrane region of the HCV core protein was previously
shown to be cleaved by SPP following the cleavage of the core-E1
junction by signal peptidase (11, 28, 37). The core protein is
known to be released from the precursor polyprotein embedded
in the endoplasmic reticulum (ER) membrane, and it then moves
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FIG 3 Phylogenetic analysis of the EHcV gene. Neighbor-joining trees of the
nucleotide sequences from the NS3 (A) and NS5B (B) regions of the NPHV,
HCV, and GBV-B strains are shown (23). Trees were constructed by the max-
imum composite likelihood method calculated using the program MEGAS5
(24). The percentage of replicate trees in which the associated taxa were clus-
tered together in the bootstrap test (1,000 replicates) is indicated next to the
branches. Analyses were carried out using 10 strains of EhcV, JPN3/JAPAN/
2013, A6-066 (GenBank accession no. JQ434003), B10-022 (GenBank acces-
sion no. JQ434004), F8-068 (GenBank accession no. JQ434005), G1-073
(GenBank accession no. JQ434002), G5-077 (GenBank accession no.
JQ434006), H3-011 (GenBank accession no. JQ434008), H10-094 (GenBank
accession no. JQ434007), NZP1 (GenBank accession no. JQ434001), and
AAK-2011 (canine hepacivirus; GenBank accession no. JF744991); 4 strains of
HCV, H77 (genotype 1a; GenBank accession no. NC004102), LyHCV (geno-
type 1b; GenBank accession no. AB779562), HC-J6CH (genotype 2a; GenBank
accession no. NC009823), and JFH1 (genotype 2a; GenBank accession no.
AB047639); 3 strains of bat hepacivirus, PDB-112 (GenBank accession no.
KC796077), PDB-445 (GenBank accession no. KC796091), and PDB-829
(GenBank accession no. KC796074); 3 strains of rodent hepacivirus, RMU10-
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mainly to lipid droplets (LDs) (13, 14). Although SPP-dependent
cleavage and LD translocation of the capsid protein are features
common to HCV and GBV-B (13), it currently remains unknown
whether the EHcV core protein shows these properties. The EHcV
core protein shared 49.5% amino acid homology with the HCV
core protein (genotype 1b) (Fig. 5A) and exhibited a hydropho-
bic/hydrophilic pattern similar to that of the HCV core protein
(Fig. 5B). The EHcV core protein was predicted to be composed of
domains 1, 2, and 3 relative to the HCV core protein. The trans-
membrane region of the EHcV core protein was predicted to span
from Asn'”’ to Val'®® by TMHMM2.0 (http://www.cbs.dtu.dk
/servicess TMHMMY/). The transmembrane region of the EHcV
core protein was 65% identical to that of the HCV core proteins
(Fig. 5A). The C-terminal residue of the mature HCV core protein
was found to be Phe'”” in human and insect cell lines (17, 38). Our
previous findings suggest that Ile'”® and Phe'”” of the HCV core
protein may be responsible for SPP-dependent cleavage, because
the replacement of Tle'’® and Phe'”” with Ala and Leu, respec-
tively, abrogated intramembrane cleavage by SPP and impaired
virus production (17, 28, 39). Weihofen et al. reported that SPP
cleaved a peptide bond of the alpha-helix-breaking structure in a
transmembrane region of the membrane protein (40). The re-
placement of Tle'’® and Phe'”” with Ala and Leu, respectively, in
the HCV core protein converted the beta-sheet structure (alpha-
helix-breaking structure) to an alpha-helix structure in the trans-
membrane region, as reported previously (28) (Fig. 6A and B).
Tle'*° and Phe'®! of the EHcV core protein, which correspond to
1le'”® and Phe'”’, respectively, of the HCV core protein, reside in
the alpha-helix-breaking structure of the transmembrane region
(Fig. 6A and B). In contrast, the replacement of Ile'*® and Phe'**
with Ala and Leu, respectively, in the EHcV core protein were
predicted to convert the beta-sheet to an alpha-helix structure in a
manner similar to that for the HCV core protein (Fig. 6A and B).
To investigate the involvement of SPP in the maturation of the
EHcV core protein, we expressed EHcVc or HCVcin 293FT cells
with an SPP or SPP mutant. These core proteins were expected to
be resistant to signal peptidase-dependent processing because the
C-terminal residue Ala of both core proteins was replaced with
Arg, resulting in the detection of an immature core protein by the
anti-HA antibody (Fig. 6A) (28). The core proteins with molecu-
lar masses of 23 kDa and 28 kDa were detected mainly with the
anti-FLAG antibody in 293FT cells expressing HCVc and HCVec-
mt, respectively (Fig. 6C, lanes 2 and 3); however, the 23-kDa
band was not detected with the anti-HA antibody (Fig. 6C, lane 2).
When EHcVc was expressed in 293FT cells, it was detected at a
molecular mass of 27 kDa with the anti-FLAG antibody, but not
with the anti-HA antibody (Fig. 6C, lane 4). In contrast, EHcV-
mt, in which the 190th and 191st residues were Ala and Leu in-
stead of Ile and Phe, respectively, was detected mainly at a molec-
ular mass of 30 kDa with the anti-FLAG and anti-HA antibodies
(Fig. 6C, lane 5). A loss-of-function SPP mutant (SPP-D219A) in
which the 219th residue was Ala instead of Asp was shown to have
a dominantly negative effect on SPP-dependent cleavage of the

3382 (GenBank accession no. KC411777), NLR-AP-70 (GenBank accession
no. KC411784), and SAR-46 (GenBank accession no. KC411807); and another
primate hepacivirus, GBV-B (GenBank accession no. NC001655). The Japa-
nese strain JPN3/JAPAN/2013 (GenBank accession no. AB863589) is under-
lined.
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FIG 4 RNA structure analysis of the 5" and 3’ ends of EHcV. (A) Alignment of the 5" UTRs of the EHCV strains. Asterisks and black lines indicate variable residues and
miRNA-targeting regions, respectively. SL structures are enclosed in rectangles. GenBank numbers are listed in the legend to Fig. 3. (B) Alignment of the 3' UTRs of the
EHcV strains. The 3'-terminal sequences with GenBank numbers AB921150 and AB921151 were determined using serum samples 5 and 1, respectively, and were aligned

with that of JPN3/JAPAN/2013 (GenBank accession no. AB863589). (C) The

secondary structures of the 5" UTR, NS5B-coding region, and 3’ UTR were predicted on

the basis of minimum free energy predictions. The stem loops in the 5" UTR (left) were designated according to the stem loops of the HCV 5'-UTR structures (30). A gray
line, double line, and single line indicate a pseudoknot structure, miR-122-target region, and complementary sequence, respectively. The stem loops in the NS5B-coding
region and 3’ UTR (right) were designated to correspond to the stem loops embedded in the HCV 3'-terminal region (32, 33). The NS5B-coding region, (A)-rich region,
and 3'-X-tail sequence are indicated under the schematic structure. Start and stop codons are enclosed by rectangles.
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FIG 5 Amino acid alignment and hydrophoblaty of EHcV and HCV core proteins (A) Alignment of the core proteins of EHcV (JPN3/JAPAN/2013) and HCV
genotypelb (Conl; GenBank accession number AJ238799). Asterisks indicate identical amino acid residues. Bars indicate gaps to achieve maximum amino acid
matching. The black and white arrowheads indicate the predicted cleavage site of the core protein of HCV by SPP and signal peptidase, respectively. The EHcV
core protein was composed of three domains, domain 1 (a black line, residues 2 to 132), domain 2 (a broken black line, residues 133 to 187), and domain 3 (a gray
line, residues 188 to 204), relative to those of the HCV core protein (42). (B) Hydrophobicity plots of the EHcV and HCV core proteins were prepared by the
method of Kyte and Doolittle (26). The horizontal and vertical axes represent amino acid position and hydrophobicity, respectively.

HCV core protein and to be coprecipitated with the immature
core protein (28). HCVc had a molecular mass of 23 kDa in the
presence of wild-type SPP (SPP-wt) and was detected with the
anti-FLAG antibody, but not with the anti-HA antibody (Fig. 6D,
lane 2), suggesting that the 23-kDa protein band may be a mature
core protein. HCVc¢ mainly had a molecular mass of 28 kDa in the
presence of SPP-D219A and was detected with the anti-FLAG and
anti-HA antibodies (Fig. 6D, lane 3), which corresponds to the
mobility of HCVc-mt (Fig. 6D, lane 4). These results suggest that
SPP-D219A may abrogate the intramembrane cleavage of HCVc.
In a manner similar to that for the HCV core protein, EHcVc was
detected mainly at a molecular mass of 27 kDa in the presence of
SPP-wt with the anti-FLAG antibody, but not with the anti-HA
antibody (Fig. 6D, lane 6). EHcVc was detected mainly at a mo-
lecular mass of 30 kDa in the presence of SPP-D219A with anti-
FLAG and anti-HA antibodies (Fig. 6D, lane 7), corresponding to
the mobility of EHcVe-mt (Fig. 6D, lane 8). When SPP-D219A
was coexpressed with either HCVc or EHcVe, immature HCVc
and EHcVc were coprecipitated with SPP-D219A (Fig. 6E, lanes 3
and 5). These results suggest that the EHcV core protein may be
cleaved by SPP and that Ile’*® and Phe'®" of the EHcV core protein
are critical for SPP-dependent cleavage.

The intracellular localization of the hepacivirus core protein.
The HCV core protein is known to be localized mainly on the
surface of LDs and is partially fractionated in the detergent-resis-
tant membrane (DRM) close to the budding sites on the ER (13,
14, 16, 17). The core protein is considered to encompass the viral
genome on the ER membrane, followed by budding into the lu-

November 2014 Volume 88 Number 22

men side (13, 14, 16, 17). To examine the intracellular localization
of the EHcV core protein, we expressed HCVc or EHcVc in the
Huh70K1 cell line and stained the core proteins with the anti-
FLAG antibody after staining LDs. Consistent with the findings of
previous studies (14, 41, 42), HCV¢ was localized mainly on LDs
(Fig. 7, row 3), whereas HCV-mt was not (Fig. 7, row 4). In a
manner similar to that for the HCV core protein, EHcVc was
localized mainly on LDs (Fig. 7, top row), whereas EHcVc-mt was
not (Fig. 7, second row). These results suggest that the EHcV core
protein may be localized mainly on LDs after SPP-dependent
cleavage.

The DRM is defined as the cholesterol/sphingolipid-rich mi-
crodomain, which is resistant to nonionic detergents such as Tri-
ton X-100, considered to be a characteristic of lipid rafts. HCV was
previously shown to be propagated in lipid raft-like compart-
ments, including the membranous web (43-45). Furthermore, the
HCV core protein is known to be associated with lipid raft-like
compartments as well as LDs (16, 17, 41, 42). Therefore, we deter-
mined whether the EHcV core protein could be detected in the
DRM fractions. EHcVe or EHcVe-mt was expressed in 293FT
cells. The resulting cells were lysed on ice in the presence or ab-
sence of 1% Triton X-100. The DRM fractions were separated
from the soluble proteins by a flotation assay with a stepwise den-
sity gradient in the presence or absence of Triton X-100. Serial
fractions were collected after ultracentrifugation and were then
subjected to Western blot analysis after being concentrated.
EHcVc and EHcVe-mt were fractionated broadly from fractions
of samples 3 to 11 without Triton X-100, and the fraction from
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protein was replaced with Arg (R) to prevent signal peptidase-dependent cleavage for the detection of the SPP-uncleaved core protein with the anti-HA antibody.
Bars indicate the amino acids that were the same as those of the wild-type residues. (B) The secondary protein structures in the C-terminal transmembrane
regions of the HCV and EHcV core proteins and mutants were predicted by the method of Garnier et al. (25). Arrows indicate putative SPP cleavage sites. (C)
HCVc¢, HCVc-mt, EHcVe, and EHcVe-mt were expressed in 293FT cells and immunoblotted with the anti-FLAG and -HA antibodies. (D) HCVc or EHcVc was
expressed with SPP-wt or SPP-D219A in the 293FT cell line. HCVc-mt and EHcVe-mt were expressed in the absence of SPP-wt and SPP-D219A as uncleavable
controls. (E) HCVc or EHcVe was coexpressed with or without SPP-D219A. SPP-D219A was pulled down with Ni beads. Coprecipitated proteins were

immunoblotted with the anti-FLAG antibody.

sample 8 contained the largest amount of the core protein (Fig. 8,
left panels). The distributions of the core proteins were roughly
consistent with that of calreticulin, a marker protein of the ER
membrane. When the cells expressing EHcVc were lysed in the
presence of Triton X-100, a large amount of the core protein was
localized in fractions 9 to 11 (Fig. 8, top three panels on the right).
These fractions were enriched in calreticulin, corresponding to the
detergent-soluble fractions (Fig. 8, fractions 7 to 11, top three
panels on the right). However, EHcVc was partially detected in
fractions 3 to 6 together with caveolin-1, a marker protein of the
lipid raft (Fig. 8, fractions 3 to 6, top three panels on the right),
suggesting that the EHcV core protein may have been partially
distributed in the DRM fractions. In contrast, EHcVc-mt was lo-
calized in the detergent-soluble fractions (Fig. 8, fractions 9 to 11,
bottom three panels on the right), but not in the DRM fractions
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(Fig. 8, fractions 3 to 6, bottom three panels on the right), in the
presence of Triton X-100. EHcVc-mt was resistant to SPP-depen-
dent processing, as described above (Fig. 6). These results suggest
that the EHcV core protein may have been partially localized in
the DRM and also that SPP-dependent processing may be re-
quired for DRM localization of the EHcV core protein.

DISCUSSION

The results of the present study indicate that EHcV infects Japa-
nese-born domestic horses. Previous studies suggested that EHcV
infected mainly horses and rarely dogs (5, 7-9). Our results dem-
onstrate that EHcV commonly infects Japanese-born domestic
horses (35.6% PCR positive and 22.6% seropositive). Several
groups reported a prevalence of less than 10% PCR positivity in
horses raised in the United States, the United Kingdom, and Ger-
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FIG 7 Intracellular localization of hepacivirus core proteins. HCV¢, HCVc-
mt, EHcVc, or EHcVe-mt was expressed in the Huh7OK1 cell line. The result-
ing cells were stained with Bodipy 558/568 (red) and then fixed with 4% para-
formaldehyde at 24 h posttransfection, permeabilized, and subjected to
indirect immunofluorescence staining. Each core protein was detected using
mouse anti-FLAG antibodies and then Alexa 488-conjugated anti-mouse IgG
(green). Cell nuclei were stained with DAPI after fixation (blue).

EHcVe-mt

HCVe:

HCVe-mt:

many (5, 7-9). Although the infection route of EHcV remains
unknown, horses that were previously imported to Japan may be
highly infected with EHcV. The serological prevalence in the pres-
ent study appeared to be lower than that reported previously (8). A
specific signal of the viral protein may be selected by Western
blotting, used herein, rather than by the luciferase immunopre-
cipitation system, as reported previously (8), since the serum of
each horse reacted to different proteins irrespective of the EHcV
core protein (Fig. 2). The predicted full sequence of the EHcV
strain amplified from serum sample 3 had high homology to those
of the previously reported strains (Table 2). The polyproteins of
previous strains had approximately 95% amino acid homology to
one another irrespective of the area in which the horses originated,

Triton X-100 untreated
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suggesting that these strains may belong to the same virological
species. The parents of horse number 3 were born in Japan, while
its grandparents were imported from the United States and Can-
ada. Unfortunately, the sera of the parents and grandparents were
not obtained in the present study. The EHcV strains obtained
from Japanese-born horses may have originated from the United
States or Canada. Another possibility is that one species of EHcV
may have recently been distributed worldwide.

The primary and secondary structures of both UTRs are con-
served among HCV strains and are essential for replication and
translation. Four major stem-loop (SL) motifs have been detected
in the 5" UTR of the HCV genome, three SL structures of which
are known to be required for IRES activity (46). Domain IIId plays
a crucial role in anchoring of the 40S ribosome for IRES activity
(47). Domain IlIb and the four-way helical junction of domains
IITa, I1Ib, and Illc bind eukaryotic initiation factor 3 (eIF3) and
form a ternary complex, thereby forming the 48S preinitiation
complex on HCV RNA (48). Moreover, domain II is known to be
required to enhance elF5-mediated GTP hydrolysis and the re-
lease of eIF2 from the 48S complex (48). These equivalent motifs
were observed in the predicted secondary structures of the 5’ UTR
of the reported EHcV strains (49), as well as in strain JPN3/
JAPAN/2013 in the present study (Fig. 4C). A recent study dem-
onstrated that the EHcV 5’ UTR exhibited IRES-dependent trans-
lation activity (50); however, further studies are needed to fully
understand the IRES activity of the EHcV 5'UTR.

SL motifs embedded in the NS5B-coding region and UTRs of
the HCV genome are known to be associated with viral replica-
tion. Several studies found that the mutational disruption of the
complement sequence between 5BSL3.2 and 3’SL2 inhibited HCV
RNA replication (33, 51). Additionally, the apical loop of domain
I11d in the HCV 5" UTR was shown to interact with the bulge of
5BSL3.2, supporting IRES-dependent translation and viral RNA
replication (34—36). The RNA secondary structures of the 3’ UTR
in the EHcV genome remained unknown due to limited informa-
tion on its nucleotide sequence. 3’ RACE using poly(U) polymer-
ase was employed in the present study because the ordinary
3’-RACE reaction using poly(A) polymerase was stopped at the
(A)-rich region of the EHcV 3’ UTR. The nucleotide sequence of
the EHcV 3’ UTR was determined, and its RNA secondary struc-
ture was then predicted (Fig. 4B and C). The results of the present

Triton X-100 treated

[ (kDa) — Unprocessed
26.8 — processed
EHcV core
EHcVe . — calreticufin
45.1 -~
26.8 — "
- caveolin-1
g —unprocessed
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EHeVe-mt= 451 | calreticulin
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FIG 8 The EHcV core protein partially migrated to the DRM fraction after SPP-dependent processing. 293FT cells expressing either EHcVc or EHcVe-mt were
homogenized with or without 1% Triton X-100 and then subjected to a flotation assay. Proteins in each fraction were concentrated with cold acetone and then
subjected to Western blotting using the anti-FLAG, anti-calreticulin, or anti-caveolin-1 antibody.
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study revealed that the 3’ UTR of the EHcV genome consists of the
(A)-rich sequence and relatively shorter 3'-X-tail sequence. The
three SL structures of the EHcV 3’ UTR were similar to those of
the HCV 3’ UTR but were markedly different from the 3’ UTRs of
GBV-B and rodent hepaciviruses. Drexler et al. described the
structural characteristics of the 5" and 3" UTRs in rodent hepaci-
virus as well as phylogenetic information, liver tropism, and the
pathogenicity of the virus (5). The SL motifs embedded in the 3’
X-tails of rodent hepacivirus and GBV-B varied, The structures of
the 3" UTRs appeared to correspond to the phylogenetic relation-
ship of the hepaciviruses (5). Figure 4C shows that there were two
stem-loop structures within the NS5B-coding region of EHcV
corresponding to 5BSL3.2 and 5BSL3.3 of HCV RNA. Comple-
mentary regions were observed between the 5BSL3.2-like domain
and 3’SL2, as well as between the 5BSL3.2-like domain and do-
main I11d of the EHcV genome (Fig. 4B and C). The kissing-loop
and long-range RNA-RNA interactions may be structurally con-
served between EHcV and HCV. Functional analyses of the cis-
acting elements of the EHcV genome will contribute to the estab-
lishment of an EHcV infection system.

The mature HCV core protein was previously shown to be
generated from the viral precursor polyprotein by signal peptidase
followed by SPP-dependent processing of the transmembrane re-
gion (52). The core proteins of HCV and GBV-B are known to be
cleaved by SPP (12, 37). The transmembrane regions of both the
HCV and EHcV core proteins were found to be structurally con-
served, based on their amino acid sequences and hydrophobicity
plots (Fig. 5A and B and Fig. 6B). The replacement of Ile'*® and
Phe'®! with Ala and Leu, respectively, in the EHcV core protein
abrogated the intramembrane processing of the EHcV core pro-
tein (Fig. 6C). The loss-of-function mutant of SPP inhibited in-
tramembrane processing of the EHcV core protein (Fig. 6D). Fur-
thermore, the loss-of-function mutant of SPP specifically
interacted with an uncleaved form of the EHcV core protein (Fig.
6E). These results indicate that the transmembrane region of the
EHcV core protein may have been cleaved by SPP. The mature
HCV core protein is known to be translocated into LDs and par-
tially on lipid raft-like membranes. Previous studies reported that
the HCV core protein on the LDs may be recruited near the rep-
lication complex in the membranous web, which consists of cho-
lesterol- and sphingolipid-rich lipid components (43-45). Viral
assembly was shown to occur on the ER membrane close to LDs
and the membranous web (14). In addition to the HCV core pro-
tein, the nonstructural proteins and viral RNA of HCV were de-
tected in the DRM fractions. The HCV RNA polymerase NS5B
was previously reported to interact with sphingomyelin (53). Fur-
thermore, a serine palmitoyltransferase inhibitor suppressed
HCV replication by disrupting the replication complex (53, 54).
These findings indicate that the DRM is provided as a scaffold for
the formation of the HCV replication complex (45, 54). In the
present study, we showed that the mature EHcV core protein was
localized mainly on LDs and partially on the DRM (Fig. 7 and 8).
A mutational analysis of the EHcV core protein indicated that
SPP-dependent cleavage may be required for the localization of
the EHcV core protein on LDs and the DRM in a manner similar
to that for the HCV core protein. In addition, the assembly mech-
anism of EHcV may be similar to that of HCV.

In conclusion, the results of the present study show that EHcV
shares common features with the HCV genomic structure and the
biological properties of the capsid protein. In vivo and ex vivo

13364 jviasm.org

infection systems for EHcV have not yet been successfully estab-
lished. SCID mice carrying chimeric human livers are currently
employed as a small animal model for in vivo infection with HCV
(55) but are not suitable for studies on immunity and pathogenic-
ity due to an immunodeficiency. Chimpanzees are not yet avail-
able for in vivo HCV research. Further studies on the mechanisms
underlying EHcV infection will contribute to the development of
an in vivo surrogate model system for studying HCV immunity
and pathogenicity.
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EFdA, a Reverse Transcriptase Inhibitor, Potently
Blocks HIV-1 Ex Vivo Infection of Langerhans Cells

within Epithelium
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TO THE EDITOR

Despite increasing access to antiretro-
viral drugs, sexual transmission of HIV-1
remains a significant public health
threat. A recent clinical trial, CAPRISA
004, of a vaginally administered micro-
bicide using a nucleoside reverse tran-
scriptase  inhibitor (NRTI), tenofovir
(TDF), has demonstrated that 1% TDF
gel reduced HIV-1 acquisition by an
estimated 39% overall (Abdool Karim
et al, 2010), indicating a potential
utility of NRTIl-based microbicides. In
the VOICE study, however, a once-daily
dosing regimen with TDF gel failed to
demonstrate protective effects in at-risk
women. These studies demonstrate the
need to develop additional more potent
microbicide candidates to potentially
increase the activity to protect women
from HIV-1 transmission.

We previously reported that a series
of 4'-substituted NRTIs have excellent
antiviral properties (Ohrui, 2006), and
through optimization of such 4-
substituted NRTIs, 4'-ethynyl-2-fluoro-
2’'-deoxyadenosine (EFdA) was found to
exert extremely potent activity against a
wide spectrum of HIV-1 strains inclu-
ding highly multidrug-resistant clinical
HIV-1 isolates, with favorable in vitro
cell toxicities (Nakata et al., 2007; Ohrui
et al., 2007). EFdA inhibited HIV-1 repli-
cation in activated peripheral blood
mononuclear cells with an ECsg of
0.05 nm, a potency several orders of mag-
nitude greater than any of the current
clinically available NRTIs (Michailidis
et al., 2009). As the prevalence of new
infections  with  drug-resistant HIV-1

variants could increase in the coming
years (Nichols et al., 2011), EFdA may be
useful as a topical microbicide.

Langerhans cells (LCs) are dendritic
cells located, among other sites, within
genital skin and mucosal epithelium
(Lederman et al, 2006). In female
rhesus macaques exposed intravaginally
to simian immunodeficiency virus, up to
90% of initially infected target cells were
LCs (Hu et al, 2000). Ex vivo ex-
periments with human foreskin explants
show that epidermal LCs in inner fore-
skin are primary target cells for HIV-1
infection, providing a plausible explana-
tion for why circumcision greatly reduces
the probability of acquiring HIV-1
(Ganor et al.,, 2010; Zhou et al., 2011).
LCs also express CD4 and CCR5, but not
CXCR4, and demonstrate the distinctive
characteristics of emigrating from tissue
to draining lymph nodes in order to
interact with T cells following contact
with pathogens (Lederman et al., 2006).
Indeed, epidermal LCs are readily infec-
ted ex vivo with R5-HIV-1, but not with
X4-HIV-1, and initiate and promote high
levels of infection upon interactions with
cocultured CD4* T cells (Kawamura
et al., 2000; Ogawa et al., 2009, 2013),
consistent with previous epidemiologic
observations that the majority of HIV-1
strains isolated from newly infected
patients are R5-HIV-1 strains (Zhu
et al, 1993). Thus, LCs likely have an
important role in disseminating HIV-1
soon after exposure to the virus.

To understand how HIV-1 traverses
skin and genital mucosa, an ex vivo
model was developed in which resident

Abbreviations: EFdA, 4'-ethynyl-2-fluoro-2' -deoxyadenosine; LC, Langerhans cell: mLC, monocyte-derived
LC: MVC, maraviroc; NRTI, nucleoside reverse transcriptase inhibitor; TDF, tenofovir
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LCs within epithelial tissue explants
obtained from suction blisters are
exposed to HIV-1 and then allowed to
emigrate from the tissue, thus mimicking
conditions that occur following mucosal
exposure to HIV (Kawamura et al,
2000; Ogawa et al, 2009, 2013). In
this model, although relatively few pro-
ductively infected LCs are identified,
these cells induce high levels of HIV-1
infection when cocultured with resting
autologous CD4* T cells (Kawamura
et al., 2000; Ogawa et al., 2013). As ex-
pected, when epidermal tissue explants
were pretreated with various concentra-
tions of TDF, EFdA, and CCR5 inhibitor,
maraviroc (MVC), prior to R5-tropic
HIV-1g,. exposure, HIV-1 infection of
resident LCs within epidermis as well as
subsequent virus transmission from
emigrated LCs to cocultured CD4* T
cells was decreased in a dose-depen-
dent manner (Figure 1a and c¢; for
detailed methods, see Supplementary
Material). The blocking was confirmed
by repeated experiments using skin ex-
plants from three additional randomly
selected individuals (Figure 1b and d).
Strikingly,  although  the  blocking
efficiency of TDF or MVC even at
5,000nm was partial, EFdA demon-
strated complete blocking of R5-HIV-1
replication in LCs as well as subsequent
virus transmission from emigrated LCs
to CD4* T cells at doses of 100-
5,000nm (Figure 1Ta-d). Furthermore,
EFdA blocked ex vivo virus infection of
LCs as well as subsequent virus trans-
mission when two strains of R5-HIV-1,
HIV-Tjp.eL and HIV-1aps, were utilized
in experiments (n=3, Supplementary
Figure S1 online).

Similar to the results in epidermal
LCs, preincubation of monocyte-derived
LCs (mLCs) with 100-5,000 nm of EFdA
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Figure 1. Preincubation of skin explants with EFdA blocks R5-HIV-T infection in LCs and subsequent virus transmission to cocultured CD4 ™" T cells. LCs within
skin explants were preincubated with no drug (O) or the indicated concentrations of EFdA (@), TDF (A), and MVC (M) for 30 minutes, exposed to HIV-1g,, for
2 hours, and then floated on culture medium to allow migration of LCs from the explants. Emigrating cells from the epidermal sheets were collected 3 days
following HIV-1 exposure. HIV-1-infected LCs were assessed by HIV-1 p24 intracellular staining in langerin® CD11c™ LCs (a, b), or further cocultured with
autologous CD4™ T cells and culture supernatants were assessed for p24 content by ELISA on the indicated days (c, d). Summary of percent inhibition of LC
infection (b) and virus transmission to CD4™ T cells (d) of 12 experiments using skin explants from 12 individuals with the indicated each concentration of
EFdA (@), TDF (A), and MVC (M) are shown. Mean values obtained from different donors are shown as horizontal marks (b, d). EFdA, 4'-ethynyl-2-fluoro-2’-
deoxyadenosine; LCs, Langerhans cells; MVC, maraviroc; TDF, tenofovir.

completely blocked HIV-1 replication
in mLCs as well as subsequent virus
transmission from mLCs to cocultured
CD4™ T cells, whereas both TDF and
MVC at the same doses only partially
inhibited the transmission (Figure 2a
and b; for detailed methods, see
Supplementary Material online). Intri-
guingly, even in 1-3 days following
the removal of EFdA (1,000 nm), EFdA
completely blocked HIV-1 infection of
mLCs as well as subsequent virus
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transmission from mLCs to cocultured
CD4* T cells, whereas TDF and MVC
rapidly lost their anti-HIV-1 activity
within days (Figure 2c-f). No cellular
toxicity was noted for any of these
drugs at the doses used in these
experiments  (Supplementary Figure
S2 online). When similar experiments
were conducted using peripheral
blood mononuclear cell as target cells,
virtually identical favorable persis-
tency of EFdA in antiviral activity
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compared with that of TDF was
observed (data not shown).

In the present work, we demon-
strated that EFdA exerted extremely
more potent anti-HIV-1 activity in
LCs than did TDF and MVC, and the
potent anti-HIV-1 activity of EFdA per-
sisted for at least 3 days. Of note, the
efficacy of TDF gel in CAPRISA 004
has been linked to its fong intracellular
half-life (Abdool Karim et al., 2010;
Rohan et al., 2010). Our data strongly



