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Table 2. Area Under the ROC Curves, Sensitivity, Specificity, and Negative as Well as Positive Predictive Values of
Nonvirological Responses

Variables AUC 95% Cl Cutoff Sensitivity Specificity NPV PPV
RIG-I (copies/int. control) 0.712 0.584-0.840 0.573 0.679 0.733 0.830 0.543
ISG15 (copies/int. control) 0.782 0.666-0.899 0.347 0.714 0.833 0.862 0.667
RIG-I/IPS-1 {copies/int. control) 0.732 0.611-0.852 0.651 0.679 0.750 0.833 0.559
IL28B genotype 0.662 0.537-0.787 TG*/CTt 0.607 0.717 0.796 0.500

AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive value.
*Genotype at rs8099917.
tGenotype at rs12979860.

associated with NVR (Table 3). Among these, multivari- IPS-1 and RIG-I Protein Expression in the Liv-
ate analysis identified old age, HCV core double mutant, er. Western blotting revealed that full-length and
and higher hepatic expressions of RIG-I and ISGI5 as cleaved IPS-1 were variably present in all the samples
factors independently associated with NVR (Table 3). from CH-C patients (Fig. 5A). Similar to mRNA

Table 3. Factors Associated with Nonvirological Response

Univariate Analysis Multivariate Analysis*
Factors Risk Ratio (95% CI) P-value Risk Ratio (95% CI) P-value
Age (by every 10 year) 1.84 (1.10-3.14) 0.027 3.76 (1.19-11.7) 0.023
Sex
Male 1
Female 1.62 (0.59-4.42) 0.350
BMI (by every 5 kg/m?) 0.87 (0.46-1.85) 0.672
Fibrosis stage
F1/F2 1
F3/F4 1.82 (0.69-4.85) 0.228
Degree of steatosis
<10% 1
>10% 1.46 (0.43-5.03) 0.544
Albumin (by every 1 g/dL) 0.41 (0.11-1.56) 0.190
AST (by every 40 1U/L) 0.89 (0.53-1.56) 0.681
ALT (by every 40 1U/L) 0.85 (0.57-1.32) 0.481
v-GTP (by every 40 1U/L) 1.32 (0.82-2.07) 0.235
Fasting blood sugar (by every 100 mg/dL) 1.35 (0.74-2.45) 0.340
Hemoglobin (by every 1 g/dlL) 0.93 (0.67-1.31) 0.683
Platelet counts (by every 10%/pL) 0.90 (0.82-0.99) 0.037 0.92 (0.78-1.08) 0.296
HCV load (by every 100 KiU/mL) 1.00 (1.00-1.00) 0.688
Core 70 & 91 double mutation
Wild 1 1
Mutant 3.92 (1.14-13.5) 0.030 11.1 (1.40-88.7) 0.023
ISDR
Nonwildtype 1
Wildtype 1.38 (0.13-3.61) 0.513
1L28B genotype
Major allelet 1 1
Minor allele: 3.91 (1.52-10.0) 0.005 1.53 (0.20-11.9) 0.684
Hepatic gene expression (by every 0.1 copy/int. control)
RIG- 1.28 (1.10-1.50) 0.002 1.53 (1.07-2.22) 0.021
MDA5 1.53 (1.12-2.00) 0.001
LGP2 1.34 (1.04-1.74) 0.026
IPS-1 0.90 (0.78-1.04) 0.143
RNF125 0.93 (0.83-1.04) 0.204
1SG15 1.37 (1.16-1.62) <0.001 1.28 (1.04-1.58) 0.021
USP18 1.67 (1.27-2.20) <0.001
IFNA 1.02 (0.99-1.05) 0.170
RIG-I/IPS-1 ratio (by every 0.1) 1.21 (1.07-1.36) 0.002

Risk ratios for nonvirological response were calculated by the logistic regression analysis. BMI, body mass index; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; y-GTP, gamma-glutamy! transpeptidase; HCV, hepatitis C virus; ISDR, IFN sensitivity determining region.

*Multivariate analysis was performed with factors significantly associated with nonvirological response by univariate analysis except for MDAS, LGP2, USP18,
and RIG-1/IPS-1 ratio, which were significantly correlated with RIG-l and ISG15.

1rs8099917 TT and rs12979860 CC.

$rs8099917 TG and rs12979860 CT.
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Fig. 5. (A) Western blotting for IPS-1 and RIG-! protein expression levels. Eight lanes contain samples from /L28B minor patients (lanes 1-8)
and six lanes contain samples from /L28B major patients (lanes 9-14). Four lanes contain samples from nonvirological responders (NVR, lanes
1-4) and 10 lanes contain samples from sustained virological responders (SVR, lanes 5-14). Specific bands for RIG-I, full-length IPS-1, cleaved
IPS-1, and f-actin are indicated by arrows. Naive Huh7 cells were used for a positive control for full-length IPS-1 (lane Huh7), and cells trans-
fected with HCV-1b subgenomic replicon (Reference #20) were used for a positive control for cleaved IPS-1 (lane Huh7 Rep). (B) Total IPS-1
protein expression levels normalized to f-actin according to IL28B genotype. Error bars indicate standard error. P-value was determined by
Mann-Whitney U test. (C) Percentage of cleaved IPS-1 products in total IPS-1 protein according to treatment responses stratified by IL28B geno-
type. Error bars indicate standard error. (D) RIG-I protein expression levels normalized to f-actin according to /IL28B genotype. Error bars indicate

standard error.

expression, total hepatic IPS-1 protein expression was
significantly lower in /L28B minor patients than in
IL28B major patients (Fig. 5B). With regard to /L28B
minor patients, the percentage of cleaved IPS-1 protein
in total IPS-1 in SVR was lower than that in NVR
(Fig. 5C). In contrast to IPS-1 protein expression, he-
patic RIG-I protein expression was higher in /L28B
minor patients than that in /L28B major patients
(Fig. 5D).

Discussion

In the present study we found that the baseline
expression levels of intrahepatic viral sensors and
related regulatory molecules were significantly associ-
ated with the genetic variation of /L28B and final viro-
logical outcome in CH-C patients treated with PEG-
IFNa/RBV combination therapy. Although the rela-
tionship between the /L28B minor allele and NVR in
PEG-IFNo/RBV  combination therapy is evident,
mechanisms responsible for this association remain
unknown. /n vitro studies have suggested that cytoplas-
mic viral sensors, such as RIG-I and MDAS, play a

pivotal role in the regulation of IFN production and
augment IFN production through an amplification cir-
cuit.”® Our results indicate that expressions of RIG-I
and MDAS5 and a related amplification system may be
up-regulated by endogenous IFN at a higher baseline
level in /ZL28B minor patients. However, HCV elimi-
nation by subsequent exogenous IEN is insufficient in
these patients, as reported,’® suggesting that /L28B
minor patients may have adopted a different equilib-
rium in their innate immune response to HCV. Our
data are further supported by recent reports of an asso-
ciation between intrahepatic levels of IFN-stimulated
gene expression and PEG-IFNo/RBV response as well
as with 7.28B genotype.>' >

In contrast to cytoplasmic viral sensor (R/G-I,
MDA5, and LGP2) and modulator (ISGI5 and
USP18) expression, the adaptor molecule (/PS-I)
expression was significantly lower in /L28B minor
patients. Moreover, western blotting further confirmed
IPS-1 protein downregulation in /Z28B minor patients
by revealing decreased protein levels. Because IPS-1 is
one of the main target molecules of HCV evasion,”!®
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transcriptional and translational /PS-1 expression are
probably suppressed by HCV with resistant phenotype,
which may be more adaptive in /L28B minor patients
than in /L28B major patients. When we analyzed the
proportion of full-length or cleaved IPS-1 to the total
IPS-1 protein in a subgroup of /L28B minor patients,
cleaved IPS-1 product was less dominant in SVR than
in NVR, whereas uncleaved full-length IPS-1 protein
was more dominant in SVR than in NVR. Therefore,
the ability of HCV to evade host innate immunity by
cleaving IPS-1 protein and/or host capability of pro-
tection from IPS-1 cleavage is probably responsible for
the variable treatment responses in /L28B minor
patients.

Our results indicated a close association between
IL28B minor patients with higher y-GTP level and
higher frequency of HCV core double mutants, which
are known factors for NVR. In contrast, no significant
association was observed between /L28B genotype and
age, gender, or liver fibrosis, which are also known to
be unfavorable factors for virological response to PEG-
[FNa/RBV. Therefore, certain factors other than the
IL28B genotype may independently influence virologi-
cal response. To elucidate whether gene expression
involving innate immunity independently associates
with a virological response from the IL28B genotype,
we performed further analysis in a subgroup and con-
ducted a multivariate regression and ROC analyses.
Our multivariate and ROC analyses demonstrate that
higher expressions of RIG-I and ISG15 as well as a
higher ratio of RIG-I/IPS-1 are independently associ-
ated with NVR, and quantification of these values is
more useful in predicting final virological response to
PEG-IFNo/RBV than determination of /L28B geno-
type in each individual patients. However, the SVR
rates in our patients were similar among /L28B geno-
types, which suggests more SVR patients with the
1L28B minor allele were included in the present study
than those in the general CH-C population. Hence,
our data did not necessarily exclude the possibility of
the /L28B genotype in predicting NVR, although our
multivariate analysis could not identify the IL28B
minor allele as an independent factor for NVR. Inter-
estingly, an association between /L28B genotype and
expressions of R/G-I and ISGI5 as well as RIG-I/IPS-1
expression ratio is still observed even in patients with
the same subgroup of virological response (Fig. 3).

In the present study, although hepatic /FNA expres-
sion was observed to be higher in /L28B minor and
NVR patients, it was not statistically significant.
Because 7L28B shares 98.2% homology with 7L284,
our primer could not distinguish the expression of

HEPATOLOGY, January 2012

IL28B from that of /L284, and moreover, we could
not specify which cell expresses /FIN/ (i.e., hepatocytes
or other immune cells that have infiltrated the liver).
Therefore, the precise mechanisms underlying /228B
variation and expression of /FNZ in relation to treat-
ment response need further clarification by specifying
type of IFNA and uncovering the producing cells.

In the present study we included genotype 1b
patients because it is imperative to designate a virologi-
cally homogenous patient group to associate individual
treatment responses with different gene expression pro-
files that direct innate immune responses. We have
reported that the RIG-I/IPS-1 ratio was significantly
higher in NVR with HCV genotype 2.'” However,
our preliminary results indicated that baseline hepatic
RIG-I and ISGI5 expression and the RIG-I/IPS-1
expression ratio is not significanty different among
IL28B genotypes in patients infected with genotype 2
(Supporting Figure). This may be related to the rarity
of NVR with HCV genotype 2 and the lower effect of
IL28B genotype on virological responses in patients
infected with HCV genotype 2.** The association
among treatment responses in all genotypes, the differ-
ent status of innate immune responses, and /L28B ge-
notype needs to be examined further.

Differences in allele frequency for /L28B SNPs
among the population groups has been reported. The
frequency of /L28B major allele among patients with
Asian ancestry is higher than that among patients with
European and African ancestry.”> Because 7L28B poly-
morphism strongly influences treatment responses
within each population group,” our data obtained
from Japanese patients can be applied to other popula-
tion groups. However, the rate of SVR having African
ancestry was lower than that having European ancestry
within the same /L28B genotype.” Hence, further
study is required to clarify whether this difference
among the population groups with the same /L28B ge-
notype could be explained by differences in expression
of genes involved in innate immunity.

In a recent report, an SVR rate of telaprevir with
PEG-IFNa/RBV was only 27.6% in /L28B minor
patients.”® Because new anti-HCV therapy should still
contain PEG-IFNo/RBV as a platform for the therapy,
our findings regarding innate immunity in addressing
the mechanism of virological response and predicting
NVR remain important in this new era of directly act-
ing ant-HCV agents, such as telaprevir and
boceprevir.

In conclusion, this clinical study in humans demon-
strates the potential relevance of the molecules
involved in innate immunity to the genetic variation
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of /L28B and clinical response to PEG-IFNa/RBV.
Both the /L28B minor allele and higher expressions of
RIG-I and ISGI5 as well as higher RIG-I/IPS-1 ratio

are

Innate

independently associated with NVR.

immune responses in /L28B minor patients may have
adapted to a different equilibrium compared with that

in

IL28B major patients. Our data will advance both

understanding of the pathogenesis of HCV resistance
and the development of new antiviral therapy targeted
toward the innate immune system.

References

1.

10.

11.

Kiyosawa K, Sodeyama T, Tanaka E, Gibo Y, Yoshizawa K, Nakano Y,
et al. Interrelationship of blood transfusion, non-A, non-B hepatitis
and hepatocellular carcinoma: analysis by detection of antibody to hep-
atitis C virus. HEpaTOLOGY 1990;12:671-675.

. Zeuzem S, Pawlotsky JM, Lukasiewicz E, von Wagner M, Goulis I,

Lurie Y, et al. DITTO-HCV Study Group. International, multicenter,
randomized, controlled study comparing dynamically individualized
versus standard treatment in patients with chronic hepatitis C. ] Hepa-
tol 2005;43:250-257.

. Tanaka Y, Nishida N, Sugiyama M, Kurosaki M, Matsuura K, Saka-

moto N, et al. Genome-wide association of IL28B with response to
pegylated IFN-alpha and ribavirin therapy for chronic hepatitis C. Nat
Genet 2009;10:1105-1109.

. Suppiah V, Moldovan M, Ahlenstiel G, Berg T, Weltman M, Abate

ML, et al. IL28B is associated with response to chronic hepatitis C
IFN-alpha and ribavirin therapy. Nat Genet 2009;10:1100-1104.

. Ge D, Fellay J, Thompson AJ, Simon ]S, Shianna KV, Urban TJ, et al.

Genetic variation in IL28B predicts hepatitis C treatment-induced viral
clearance. Nature 2009;461:399-401.

. Biron CA. Initial and innate responses to viral infections—pattern set-

ting in immunity or disease. Curr Opin Microbiol 1999;2:374-381.

. Yoneyama M, Kikuchi M, Natsukawa T, Shinobu N, Imaizumi T,

Miyagishi M, et al. The RNA helicase RIG-I has an essential function
in double-stranded RNA-induced innate antiviral responses. Nat
Immunol 2004;5:730-737.

. Yoneyama M, Kikuchi M, Matsumoto K, Imaizumi T, Miyagishi M,

Taira K, et al. Shared and unique functions of the DExD/H-box heli-
cases RIG-1, MDAS, and LGP2 in antiviral innate immunity. ] Immu-
nol 2005;175:2851-2858.

. Meylan E, Cutran ], Hofmann K, Moradpour D, Binder M, Bar-

tenschlager R, et al. Cardif is an adaptor protein in the RIG-I antiviral
pathway and is targeted by hepatitis C virus. Nature 2005;437:
1167-1172.

Kawai T, Takahashi K, Sato S, Coban C, Kumar H, Kato H, et al.
IPS-1, an adaptor triggering RIG-I- and Mda5-mediated type I inter-
feron induction. Nat Immunol 2005;6:981-988.

Seth RB, Sun L, Ea CK, Chen ZJ. Identification and characterization
of MAVS, a mitochondrial antiviral signaling protein that activates NF-
kappaB and IRF 3. Cell 2005;122:669-682.

— 126 —

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

ASAHINA ET AL, 29

Xu LG, Wang YY, Han KJ, Li LY, Zhai Z, Shu HB. VISA is an
adapter protein required for virus-triggered IFN-beta signaling. Mol
Cell 2005;19:727-740.

Rothenfusser S, Goutagny N, DiPerna G, Gong M, Monks BG, Schoe-
nemeyer A, et al. The RNA helicase Lgp2 inhibits TLR-independent
sensing of viral replication by retinoic acid-inducible gene-I. ] Immunol
2005;175:5260-5268.

Arimoto K, Takahashi H, Hishiki T, Konishi H, Fujita T, Shimotohno
K. Negative regulation of the RIG-I signaling by the ubiquitin ligase
RNF125. Proc Natl Acad Sci U S A 2007;104:7500-7505.

Zhao C, Denison C, Huibregtse JM, Gygi S, Krug RM. Human
ISG15 conjugation targets both IFN-induced and constitutively
expressed proteins functioning in diverse cellular pathways. Proc Nat
Acad Sci U S A 2005;102:10200-10205.

Schwer H, Liu LQ, Zhou L, Little MT, Pan Z, Hetherington CJ, et al.
Cloning and characterization of a novel human ubiquitin-specific prote-
ase, a homologue of murine UBP43 (Uspl8). Genomics 2000;65:
44-52.

Malakhov MP, Malakhova OA, Kim KI, Ritchie KJ, Zhang DE.
UBP43 (USP18) specifically removes ISG15 from conjugated proteins.
] Biol Chem 2002;277:9976-9981.

Li XD, Sun L, Seth RB, Pineda G, Chen ZJ. Hepatitis C virus prote-
ase NS3/4A cleaves mitochondrial antiviral signaling protein off the mi-
tochondtria to evade innate immunity. Proc Natl Acad Sct U S A 2005;
102:17717-17722.

Asahina Y, Izumi N, Hirayama 1, Tanaka T, Sato M, Yasui Y, et al.
Potential relevance of cytoplasmic viral sensors and related regulators
involving innate immunity in antiviral response. Gastroenterology
2008;134:1396-1405.

Tanabe Y, Sakamoto N, Enomoto N, Kurosaki M, Ueda E, Maekawa
S, et al. Synergistic inhibition of intracellular hepatitis C virus replica-
tion by combination of ribavirin and interferon-alpha. J Infect Dis
2004;189:1129-1139.

Honda M, Sakai A, Yamashita T, Nakamoto Y, Mizukoshi E, Sakai Y,
et al. Hepatic ISG expression is associated with genetic variation in
interleukin 28B and the outcome of IFN therapy for chronic hepatitis
C. Gastroenterology 2010;139:499-509.

Urban TJ, Thompson AJ, Bradric SS, Fellay J, Schuppan D, Cronin
KD, et al. /L28B genotype is associated with differential expression of
intrahepatic interferon-stimulated genes in patients with chronic hepati-
tis C. HepaToLOGY 2010;52:1888-1896.

Dill MT, Duong FHT, Vogt JE, Bibert S, Bochud PY, Terracciano L,
et al. Interferon-induced gene expression is a stronger predictor of treat-
ment response than /L28B genotype in patients with hepatitis C. Gas-
troenterology 2011;140:1021-1031.

Yu ML, Huang CE Huang JE Chang NC, Yang JE Lin ZY, et al. Role
of interleukin-28B polymorphism in the treatment of hepatitis C virus
genotype 2 infection in Asian patients. HepATOLOGY 2011;53:7-13.
Thomas DL, Thio CL, Martin MP, Qi Y, Ge D, O’hUigin C, Kidd ],
et al. Genetic variation in /L28B and spontaneous clearance of hepatitis
C virus. Nature 2009;461:798-802.

Akuta N, Suzuki F, Hirakawa M, Kawamura Y, Yatsuji H, Sezaki H,
et al. Amino acid substitution in hepatitis C virus core region and
genetic variation near the interleukin 28B gene predict viral response to
teraprevir with pegIFN and ribavirin. HepaToLOGY 2010;52:421-429.



Cell. Mol. Life Sci.
DOI 10.1007/s00018-012-0940-6

Cellular and Molecular Life Sciences

Let-7b is a novel regulator of hepatitis C virus replication

Ju-Chien Cheng - Yung-Ju Yeh - Ching-Ping Tseng -
Sheng-Da Hsu ¢ Yu-Ling Chang - Naoya Sakamoto *
Hsien-Da Huang

Received: 29 September 2011/Revised: 28 January 2012/ Accepted: 9 February 2012

© Springer Basel AG 2012

Abstract The non-coding microRNA (miRNA) is
involved in the regulation of hepatitis C virus (HCV)
infection and offers an alternative target for developing
anti-HCV agent. In this study, we aim to identify novel
cellular miRNAs that directly target the HCV genome with
anti-HCV therapeutic potential. Bioinformatic analyses
were performed to unveil liver-abundant miRNAs with
predicted target sequences on HCV genome. Various cell-
based systems confirmed that let-7b plays a negative role in
HCV expression. In particular, let-7b suppressed HCV
replicon activity and down-regulated HCV accumulation
leading to reduced infectivity of HCVecc. Mutational
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analysis identified let-7b binding sites at the coding
sequences of NS5B and 5'-UTR of HCV genome that were
conserved among various HCV genotypes. We further
demonstrated that the underlying mechanism for let-7b-
mediated suppression of HCV RNA accumulation was not
dependent on inhibition of HCV translation. Let-7b and
IFNa-2a also elicited a synergistic inhibitory effect on
HCYV infection. Together, let-7b represents a novel cellular
miRNA that targets the HCV genome and elicits anti-HCV
activity. This study thereby sheds new insight into under-
standing the role of host miRNAs in HCV pathogenesis and
to developing a potential anti-HCV therapeutic strategy.

Keywords microRNA - Let-7b - HCV

Abbreviations

miRNA  microRNA

HCV Hepatitis C virus

MRE MicroRNA responsive element
IFNa-2a  Peginterferon alpha-2a

IFN Interferon
LF2000 Lipofectamine 2000

DMEM  Dulbecco’s modified Eagle’s medium
FITC Fluorescein isothiocyanate

DAPI 4’ 6-diamidino-2-phenylindole
Introduction

Hepatitis C virus (HCV) frequently causes chronic infec-
tion, leading to hepatic fibrosis and hepatocellular
carcinoma [1]. Due to the lack of viral vaccine, the popu-
lation affected by HCV infection is increased substantially
[2]. With the strong side-effects and the moderate successful
rate associated with the first-line interferon (IFN)-based
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treatment [3], development of effective therapeutic regi-
mens is still an emerging focus in the control of HCV
infection.

Small molecules such as telaprevir have been developed
to alleviate disease progression. However, the infidelity of
HCV RNA polymerase constantly causes mutation and
genome instability that result in the generation of drug-
resistant viral strain [4, 5]. Targeting the host factors with
important roles in viral infection offers an alternative
strategy for development of anti-HCV regimen [6]. Apart
from host proteins, a new class of small non-coding
endogenous RNA molecule microRNA (miRNA) has been
recently unveiled [7]. Although it is not yet fully clarified,
miRNA is involved in various biological functions,
including the response to HCV infection [7-10]. For
example, miR-122 enhances whereas mir-199a* suppresses
HCYV replication and viral production [11-13]; interferon f
(IFN-f)-mediated attenuation of viral replication is asso-
ciated with an increase in miRNAs that have predicted
target sequences within the HCV genome [14]. In addition,
miRNA effectors including Argonaute 2 (Ago2) and DDX6
were found to positively regulate HCV replication [15, 16].
These findings suggest that cellular miRNAs regulate HCV
gene expression and play roles in the host response against
HCYV infection.

In this study, bioinformatic analyses were performed to
identify liver miRNAs targeting the HCV genome. Various
cellular and viral systems were used to confirm bioinfor-
matic prediction and to investigate the functional effects of
the selected miRNAs. Our data reveal for the first time that
let-7b is a negative regulator of HCV replication with the
effective target sequences located on the 5'-untranslation
region (UTR) and NS5B coding region of the HCV gen-
ome. The suppressive effect of let-7b on HCV RNA is not
through translation inhibition. Besides, let-7b and Pegin-
terferon alpha-2a (IFN«-2a) elicit a synergistic inhibitory
effect on HCV infection. The roles of let-7b in the regu-
lation of HCV pathogenesis and in the development of
novel anti-HCV therapeutic strategy are discussed.

Materials and methods
Materials

The plasmid pRep-Feo and the replicon cells Huh7/
Rep-Feo were obtained from Dr. Naoya Sakamoto (Tokyo
Medical and Dental University). The plasmids pFL-J6/JFH,
pJ6/JFH(p7-Rlu2A), and pJ6/JFH(p7-RIuZA)GNN, the
Conl replicon cells and Huh7.5 [17, 18], were kindly
provided by Professor Charles Rice (The Rockefeller
University, NY). The plasmid JC1-Luc2A, which replaced
the Rluc gene of pJ6/JFH(p7-RIu2A) to firefly luciferase

@ Springer

(Luc) gene was kindly provided by Professor Robert T.
Schooley (University of California San Diego, CA). Pre-
miRNA, miRNA inhibitors and negative control for
miRNA and miRNA inhibitors were purchased from
Ambion (Austin, TX). The pLKO.1-shGFP control plasmid
(clone ID: TRCNO0000072197) and the two pLKO.
1-shHMGA?2 plasmids (clone ID: TRCN0000021965 and
TRCN0000021968) were purchased from National RNAi
Core Facility (Academia Sinica, Taiwan). The Lipo-
fectamine 2000 (LF2000) and RNAIMAX transfection
reagents were purchased from Invitrogen (Carlsbad, CA).
The anti-HCV NS5A antibody was purchased from Bio-
Design (Carmel, NY). The anti-HCV Core antibody was
purchased from Affinity BioReagents (Golden, CO). The
anti-f-actin antibody was purchased from Sigma (St.
Louis, MO). The IFNa-2a was purchased from Roche
(Mannheim, Germany). The 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)- 2H-tetra-
zolium (MTS) reduction assay and the luciferase assay
reagents were purchased from Promega (Madison, WI).

Identification of liver miRNAs targeting the HCV
genome

Bioinformatic strategy for the identification of liver
miRNAs targeting the HCV genome is presented in Fig. 1.
Briefly, two published miRNAs expression profiles [19, 20]
were used to select for liver-abundant miRNAs. The
miRNA is defined as liver abundance when the expression
level of a specific liver miRNA divided by the average
expression level of the total liver miRNAs is greater than
one. The 23 miRNAs (Supplementary Table 1) that were
identified as liver abundant in the two profiling databases
were subject to bioinformatic analyses using miRanda,
RNAhybrid, TargetScan, and PITA [21-24] to predict their
target sequences on all six HCV genotypes (Supplementary
Table 2). According to the calculation of miRanda, a filter
was set to select for miRNAs of which the prediction
scores for at least four genotypes were higher than 155.
These miRNAs were considered as the candidate liver
miRNAs targeting the HCV genome.

Cell culture and viability assay

Human hepatoma Huh7 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum (FBS). The
Huh7.5 cells that represent a Huh7 subline and are highly
permissive for HCV replication were maintained in DMEM
with 1% non-essential amino acid (NEAA). The Conl cells
were cultured in DMEM supplemented with 10% FBS and
750 pg/ml G418. The Huh7/Rep-Feo subgenome replicon
cells were maintained in the same medium except that 1%

— 128 —



Let-7b suppresses HCV replication

Fig. 1 Bioinformatic strategy

for identifying liver miRNAs
with target sites on HCV
genome. Two published normal
liver tissue miRNA expression
profiles were used to select
liver-abundant miRNAs for
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NEAA was added and only 250 pg/ml G418 was used [25].
Viable cells were determined by the CellTiter 96 Aqueous
One Solution Cell Proliferation Assay Kit.

Plasmid construction

For luciferase (luc) reporter plasmids, the predicted
miRNA responsive element (MRE) for let-7b, as listed in
Table 1, was inserted into the EcoR1/Xbal site downstream
of the luciferase gene in phDab2-luc [26] to generate pluc-
c-let-7b, pluc-MRE]1, pluc-MRE2, pluc-MRE3, and pluc-
MRE4. For generation of HCV subgenome mutants with
nucleotide mismatch at the “‘seed region’” of let-7b or “S1
binding site” of miR-122, site-directed mutagenesis was
performed by QuickChange (Stratagene, CA) using pRep-
Feo as the template [25] and the primer sets for mMRE],
mMRE2, mMRE3, and miR-122-mut as listed in Table 1.
To generate a capped RNA transcript encoding firefly
luciferase (FLuc) for use as an internal control in the
transient translation assay, the FLuc gene from the plasmid
pGL3-Promoter (Madison, WI) was first digested by the
restriction enzyme Ncol. The nucleotides at the sticky end
were filled up as blunt end by Klenow DNA polymerase
and the FLuc gene was then excised by the restriction
enzyme Xbal. On the other hand, pRL-TK plasmid was
digested by Nhel and the sticky end was filled up by
Klenow DNA polymerase followed by Xbal restriction
enzyme digestion to remove the Renilla luciferase gene
(RLuc). The Fluc gene fragment was then cloned into pRL-
TK to replace RLuc to generate pLUC-TK. This plasmid

and confirmation

contains a T7 promoter and can transcribe mRNA after
linearization by BamHI.

Transient transfection and luciferase activity assay

For transient transfection, Huh7/Rep-Feo cells were seeded
at a density of 1 x 10" cells/well for 24 h and the miRNA
precursor or inhibitor was transfected into cells by LF2000.
At 72 h after transfection, the luciferase activity was
quantified using the Bright-Glo luciferase assay reagent.
On the other hand, 293T cells were seeded at a density of
2 x 10* cells/well and the reporter plasmid, pRL-TK and
miRNA precursor (100 nM) were cotransfected into cells
by LF2000. At 24 h after transfection, the firefly and
Renilla luciferase activities were quantified using the Dual-
Glo luciferase assay reagent.

For RNA transfection, the Xbal-digested wild-type
pRep-Feo or the mutant subgenome plasmid was subject to
in vitro transcription for RNA synthesis. The Huh7.5 cells
were transfected with 10 pg HCV RNA, 100 pmol
miRNA, and 10 pg pRL-TK by electroporation using Gene
Pulser II (Bio-Rad) at 260 V and 950 pF.

For permissive assay, Huh7 cells were seeded at a
density of 2 x 10 cells/well and were transfected with the
miRNA precursor (100 pmol) by RNAIMAX (Invitrogen)
for 24 h. The transfected cells were subsequently infected
with HCVce (6 x 10° copies/ml) for 4 h. After washing
away the virus, the cells were cultured for 72 h and the
HCV RNA was detected from the infected cells by real-
time reverse transcription-PCR (RT-PCR).
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Table 1 The sequences for the primers used in this study

Primer name Primer sequences Size (mer)

For luciferase reporter constructs®

c-let-7b S:5'-CTAGAAACCACACAACCTACTACCTCAG-3 22
AS:5-AATTCTGAGGTAGTAGGTTGTGTGGTTT-3

MRE!1 S:5-CTAGACACCATGAGCACGAATCCTAAACCTCAG-3 27
AS: 5-AATTCTGAGGTTTAGGATTCGTGCTCATGGTGT-3’

MRE2 S: 5-CTAGAGGCAAAAGGGTGTACTACCTCAG-3 22
AS: 5-AATTCTGAGGTAGTACACCCTTTTGCCT-3’

MRE3 S: 5'-CTAGAAGCCACTTGACCTACCTCAG-3' 19
AS: 5-AATTCTGAGGTAGGTCAAGTGGCTT-3

MRE4 $:5-CTAGAGCCGCATGACTGCAGAGAGTGCTGATACTGGCCTCTG-3' 38
AS: 5-AATTCAGAGGCCAGTATCAGCACTCTCTGCAGTCATGCGGCT-3'

For in vitro mutagenesisb

mMRE1 F: 5-GAGCACGAATCCTAATGGAGTAAGAAAAACCAAAGG-3¥ 36
R: 5-CCTTTGGTTTTTCTTACTCCATTAGGATTCGTGCTC-3

mMRE2 F: 5'-CTGGCAAAAGGGTGTATTATCTCACTCGCGATCCCAC-3’ 47
R: 5-GTGGGATCGCGAGUGAGATAATACACCCTTTTGCCAG-3'

mMRE3 F: 5-CATTGAGCCACTTGACCTTCCGCAGATCATTGAACGACTC-3 40
R: 5-GAGTCGTTCAATGATCTGCGGAAGGTCAAGTGGCTCAATG-3'

miR-122 mut F: 5-CCCGATTGGGGGCGACACAGCACCATAGATCACTCCCC-3' 38
R: 5-GGGGAGTGATCTATGGTGCTGTGTCGCCCCCAATCGGG-3

For synthesis of mature miRNA®

7b S: S'UGAGGUAGUAGGUUGUGUGGUU 3’ AS: 22
S'"UUCCACACAACCUACUACCUCA 3’

m7b S: SUGAACUAAUAGGUUGUGUGGUU 3’ AS: 22

5'UUCCACACAACCUAUUAGUUCA 3

S sense strand, AS antisense strand F forward primer, R reverse primer
* The bold letters indicate the predicted sequence while the other sequence was generated for cloning into EcoRI/Xbal restriction enzyme site

5 The bold letters indicate the mutated nucleotides

Ribonucleoprotein immunoprecipitation (RIP) assay

The RIP assay was performed using the miRNA isolation
kit (Wako Laboratory Chemicals, Osaka, Japan) according
to the manufacturer’s instruction. Briefly, 10 pg of Rep-Feo
subgenomic RNA was obtained by in vitro transcription and
was co-transfected with 100 pmol of the indicated miRNA
into Huh7.5 cells by electroporation. At 6 h after transfec-
tion, the cells were lysed in 1 ml of cell lysis solution
(20 mM Tris—HC]l, pH 7.4, 2.5 mM MgCl,, 200 mM NaCl,
and 0.05% NP40). After centrifugation, the supernatant was
collected and mixed with anti-human Ago2 monoclonal
antibody-conjugated agarose beads for 2 h at 4°C. After
several washes with cell lysis solution, the HCV RNAs
associated with Ago2-containing miRNA ribonucleoprotein
(miRNP) complexes were eluted and were quantified by
real-time RT-PCR. For knockdown of endogenous let-7b,
the let-7b inhibitor (100 pmol) was transfected into Huh7.5
cells for 24 h followed by electroporation of the cells with

@ Springer

the Rep-Feo HCV subgenomic RNA mutated at the
miR-122 binding site (10 pg) and 100 pmol of let-7b inhibitor.

Western-blot analysis

The cell lysates were harvested and separated by 10%
SDS-PAGE. The expression of HCV viral protein was
detected using ECL kit (Perkin-Elmer) as described pre-
viously [27].

Production of HCVcc infectious particles
and infectivity inhibition assay

The HCVcc infectious particle was produced as described
previously [28]. Briefly, in vitro transcribed J6/JFH-based
HCV genomic RNA was electroporated into Huh7.5 cells.
The virus-containing supernatant was clarified by low-
speed centrifugation, passed through a 0.45-pm filter, and
concentrated by ultracentrifugation.
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For infectivity inhibition assay, Huh7.5 cells were see-
ded in a six-swell plate at a density of 2 x 10’ cells/well. At
24 h after plating, 100 nM miRNA was transfected into the
cells using LF2000. HCVce (0.1 MOI) was then added to
each well for 4 h and the transfection complex was replaced
with 2% FBS-containing medium for 72 h. The cells were
fixed and stained by anti-Core antibody following by FITC-
conjugated second antibody, counterstained with 4’,6-dia-
midino-2-phenylindole (DAPI), and the infectious foci were
counted using fluorescence microscopy.

For JC1-Luc2A HCV reporter virus, Huh7.5 cells were
seeded in a 96-well plate at a density of 1 x 10* cells/well.
At 24 h after plating, HCV reporter virus (0.01 MOI) was
added to each well for 4 h. Then 100 nM of the indicated
miRNA was transfected into the infected cells using
RNAiMax and the transfection complex was replaced with
2% FBS-containing medium for 72 h. The cell lysates were
collected for luciferase activity and MTS assay.

RNA isolation and real-time quantitative RT-PCR

Total RNAs were extracted using ReZol method and were
quantified using a NanoDrop spectrophotometer. For
quantification of HCV RNA expression, total cellular RNA
(100 ng) was subject to one-step RT-PCR (25 ul) con-
taining 2x TagMan master mix and the primer/probe set
for HCV (HCV-F: 5-TGCGGAACCGGTGAGTACA-3,
HCV-R: 5-CTTAAGGTTTAGGATTCGTGCTCAT-3,
and probe: 5-CACCCTATCAGGCAGTACCACAAGG
CC-3'). The reaction condition was one cycle of 48°C for
30 min, one cycle of 95°C for 10 min, and 40 cycles of
95°C for 15 s followed by 60°C for 1 min using the ABI
Prism 7000 Sequence Detection System. The expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as a normalization control. HCV RNA expression was
quantified by the AAC; method, where C, represented the
threshold cycle.

The TagMan® microRNA Assay System was used for
miRNA detection and quantification. Briefly, the RT
reaction was performed in a final volume of 15 ul con-
taining 1.5 pl of 10x RT buffer, 2.5 pl of total RNA
(25 ng), 3 pl of 5x miRNA-specific RT primer, 0.15 pl of
100 mM dNTP, 0.2 ul of 40 U/ul RNase inhibitor, and
1 wl of MultiScribe reverse transcriptase (50 U/ul). The
reaction condition was 30 min at 16°C, 30 min at 42°C,
and 5 min at 85°C. Real-time PCR was then performed in a
20-pl PCR containing 1.33 pl of RT product, 10 pl of 10x
TagMan Universal PCR master mix, and 1 pl of the primer
and probe mix from the TaqMan® MicroRNA Assay Kit.
The reaction condition was 95°C for 10 min followed
by 40 cycles of 95°C for 15 s and 60°C for 60 s. The
expression of RNU6B gene was used as the internal
control.

HCV translation assay

Huh7.5 cells were seeded into a six-well plate at a density
of 4 x 10° cells/well. At 24 h after transfection of let-7b
miRNA (100 nM), the replication-deficient J6/JFH
(p7-RluZA) GNN mutant RNA (1.25 pg/well) was transfec-
ted together with the capped and polyadenylated FL.uc mRNA
(125 ng/well) by LF2000. After 4 h, cells were harvested and
dual luciferase activity assays were performed.

Statistical analysis

Statistical analysis was performed by Student’s 7 test.
p < 0.05 was considered as statistically significant.

Results

Identification and functional characterization of liver
miRNAs with potential recognition sequences on HCV
genome

A bioinformatic strategy as described in the “Materials and
methods” section was developed to search for novel
miRNAs with potential recognition sequences on HCV
genome (Fig. 1). Three miRNAs including miR-122, let-
7b, and miR-16 were uncovered. To elucidate whether
these miRNAs have any functional effect on HCV infec-
tion, Huh7/Rep-Feo replicon cells (genotype 1b) were
transfected with the indicated miRNAs and the luciferase
activity was determined (Fig. 2a, b). In accord with a
previous report [11], miR-122 enhanced HCV expression
(p < 0.05). Notably, let-7b significantly suppressed HCV
expression (p < 0.01) while miR-16 had only a moderate
effect (p = 0.343).

To further confirm that let-7b can regulate HCV RNA
accumulation, mutated let-7b (m7b) was designed to
change three nucleotides on the wild-type let-7b sequences
(Fig. 2b; Table 1). As calculated and predicted by
miRanda, no m7b target sequence was found on HCV gen-
ome (data not shown). After transfection into Huh7/Rep-Feo
replicon cells, m7b abrogated the inhibitory effect of let-7b
on the luciferase activity (Fig. 2b) thereby demonstrating
that let-7b is a negative regulator of HCV expression.

The effects of the three selected miRNAs on HCV
expression were also evaluated using Conl replicon cells
(Fig. 2c). These miRNAs were transfected into the replicon
cells and the expression of viral proteins was determined at
72 h after transfection. Western-blot analysis revealed that
miR-122 increased NS5A expression, while let-7b but not
miR-16 caused a decrease in NS5A (Fig. 2c, left panel).
Furthermore, the let-7b mutant form m7b lost its inhibitory
effect on HCV and did not alter NS5A expression (Fig. 2c,
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Fig. 2 Characterization of miRNAs with putative target sites on
HCV genome. a Genomic structures of HCV maintaining in Huh7/
Rep-Feo and Conl cells. b The miRNA precursors or mutant let-7b
(m7b) were transfected into Huh7/Rep-Feo cells. MTS and luciferase
activity assays were then performed at 72 h post-transfection. ¢ The
miRNA precursors (left panel) or the mutant form of let-7b (right
panel) were transfected into the Conl cells. Western-blot analysis was
then performed using the anti-NS5A and anti-f-actin antibody at 72 h
post-transfection. The ratios for the relative band intensities of NS5A
after normalization with f-actin were shown. NC negative control
miRNA. d The precursors of let-7b (left panel) or shsHMGAZ2 (right
panel) were transfected into Conl replicon cells. Western-blot

right panel). These data thereby implicate that let-7b elicits
suppressive activity in HCV protein expression.

HMGA? is one of the major let-7b target genes and is
down-regulated in let-7b-transfected Conl cells as previous
reported (Fig. 2d, left panel) [29]. To rule out down-reg-
ulation of host transcripts accounts for the inhibitory effect
of let-7b on HCV expression, HMGA?2 was knockdown by
two independent sShHMGA?2 plasmids. Although HMGA?2
was significantly down-regulated in the shHMGA2
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analysis was then performed using the anti-NSSA and anti-f-actin
antibody at 72 h post-transfection. NC negative control miRNA.
e Real-time RT-PCR of let-7b was performed using the total RNAs
from the indicated cells. RNU6B was used as an internal control for
normalization. The data represented the mean = SD (n = 3;
*p < 0.05, **p < 0.01, ***p < 0.001). £ The let-7b inhibitor (Anti-
let-7b) or control inhibitor (Anti-NC) was transfected into Huh7 cells,
respectively. HCV RNA expression was quantified by real-time RT-
PCR using the total RNAs from the indicated transfected cells. The
expression of GAPDH was used as a control for normalization. The
data represented the mean & SD (n = 3; *p < 0.05)

expressing cells, no effect was observed for the expression
of the viral protein NS5A (Fig. 2d, right panel). These data
indicate that down-regulation of HMGA2 does not con-
tribute to the effect of let-7b on HCV expression.

To further delineate the association between let-7b and
HCV infectivity, let-7b expression in various HCV-asso-
ciated cell lines were determined. As shown in Fig. 2e, let-
7b expression in the HCV permissive Huh7.5 cells was less
than its expression in the parental Huh7 cells (p < 0.01).
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Consistent with these observations, Conl cells bearing
replicated HCV genome also had much lower let-7b
(Fig. 2e, p < 0.01). Furthermore, Huh7 cells were more
permissive for HCVcc infection when let-7b was inacti-
vated by the let-7b inhibitor (Fig. 2f, p < 0.05). These data
indicate that the cells capable of persistent HCV replication
are usually associated with a low level of let-7b expression.

Let-7b reduces HCVcc infectivity

The HCVcc system was used to elucidate the role of let-7b
in HCV infectivity. Let-7b was transfected into Huh7.5
cells followed by infection with HCVcc derived from
J6/JFH-1 (genotype 2a). Hepatitis C virus expression was
then monitored by fluorescent staining using the anti-HCV
Core antibody (Fig. 3a). Our data revealed that let-7b

reduced HCV infectivity for 42% (p < 0.05) while
miR-122 enhanced the infectivity for 63% (p < 0.05) when
compared to the cells expressing negative control miRNA
(Fig. 3b). The HCV RNA was also decreased in let-7b-
transfected cells (Fig. 3¢, p < 0.05) indicating that let-7b
suppresses HCV RNA level leading to a decrease in viral
production.

To further confirm the negative regulatory effect of let-
7b on HCVcc production, Huh7.5 cells were infected with
the JCI1-Luc2A HCV reporter virus and the luciferase
activity was used to evaluate HCV viral production. Our
data revealed that let-7b reduced 75% of the HCV reporter
virus luciferase activity (Fig. 3d, p < 0.001) when com-
pared to the cells expressing negative control miRNA. As a
control, miR-122 increased 87% of the HCV reporter virus
luciferase activity (p < 0.05). In contrast, mutation of
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Fig. 3 Let-7b reduces HCVcc infectivity. a The indicated miRNAs
were transfected into Huh7.5 cells for 24 h followed by infection with
J6/JFH-based HCVcce. After 72 h, the cells were stained by anti-Core
antibody. Nuclei were visualized by DAPI staining. NC negative
control. b The infectious foci were counted by fluorescence micros-
copy. The infectivity for the cells transfected with negative control
miRNA (NC) was set as one. The data represented the mean + SD
(n = 3; *p < 0.05). ¢ HCV RNA expression was quantified by real-
time RT-PCR using the total RNAs from the indicated transfected
cells. The expression of GAPDH was used as a control for

NC miR-122 let-7b m7b

normalization. The data represented the mean &= SD (n = 3;
*p < 0.05). d The miRNA precursors or the mutant let-7b (m7b)
were transfected into Huh7.5 cells for 24 h followed by infection with
JCl-luc2A HCV reporter virus. After 72 h, cell viability was
determined by MTS assay and the cell extracts were collected for
luciferase activity assay. The relative firefly luciferase versus MTS
activity was shown and the negative control miRNA was arbitrarily
denoted as one. The data represented the mean & SD (n = 3;
*p < 0.05; ¥**p < 0.001)
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let-7b (m7b) diminished its inhibitory effect on HCV
expression and resulted in a slight inhibition of HCV
reporter virus luciferase activity (p < 0.05). Together,
these data implicate that inhibition of HCV RNA expres-
sion accounts for the suppressive effect of let-7b on HCV
infection.

Let-7b physically interacts with the HCV genome

Argonaute 2 is the core component of miRNA-induced
silencing complex (miRISC), which binds the guide
miRNA to silence target mRNAs [30]. To determine whe-
ther Ago2 together with let-7b and HCV RNA form a
miRISC complex, HCV RNA was co-transfected with let-
7b into Huh7.5 cells followed by immunoprecipitation
using the anti-Ago?2 antibody (Ago2-IP). Because the “site
17 sequence (Table 1) is the most important HCV genome
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Fig. 4 Let-7b is associated with HCV genome in miRNP complex.
a, b Huh7.5 cells were transfected with 100 pmol of miRNA along
with 10 pg of either wild-type (miR-122-wt) or mutant (miR-122-
mut) HCV subgenome RNA. The cell extracts were collected to
perform co-immunoprecipitation with the anti-Ago2 antibody (Ago2-
IP). HCV replicon RNA (panel a) and let-7b (panel b) were measured
by real-time RT-PCR using total RNA sample from the Ago2-IP
fraction. ¢ ,d For knockdown of endogenous let-7b, Huh7.5 cells were
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sequence for miR-122 binding and for regulation of HCV
by miR-122, “site 1” mutation S1-p34 m (miR-122-mut)
[11, 12] was introduced into the HCV subgenome to min-
imize the interference from the endogenous miR-122. The
amount of Ago2-IP-associated HCV RNA was quantified
by real-time RT-PCR. As shown in Fig. 4a, both HCV RNA
subgenomes with wild-type or mutant miR-122 binding site
were found to associate with the miRNP complex, while let-
7b promoted HCV-miRNP interactions when miR-122
binding site was mutated. The total amount of let-7b asso-
ciating with the Ago2-IP fraction was unchanged (Fig. 4b).
Furthermore, knockdown of endogenous let-7b in Huh7.5
cells followed by Ago2-IP revealed that both the amounts of
HCV RNA (Fig. 4¢) and let-7b (Fig. 4d) in the Ago2-IP
fraction were dramatically decreased. These data thereby
indicate that let-7b physically interacts with HCV RNA in
the Ago2-containing miRNP complex.
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transfected with 100 pmol of the indicated miRNA inhibitors (Anti-
NC and Anti-let-7b) for 24 h followed by electroporation of the cells
with 10 pg of miR-122-mut and 100 pmol of the indicated miRNA
inhibitors. The cell extracts were collected to perform Ago2-IP and
the HCV replicon RNA (panel c) and let-7b (panel d) were measured
by real-time RT-PCR. The relative levels for HCV RNA and let-7b in
the Ago2-IP complexes were shown. The data represented the
mean = SD (r = 3; *p < 0.05, **p < 0.01)
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Identification of let-7b-responsive elements
on the HCV genome

To identify MRE for let-7b, HCV-N genomic sequences
(genotype 1b) were subject to bioinformatic prediction
using miRanda and RNAhybrid. Several putative MREs for
let-7b were revealed (Fig. 5a; Supplementary Tables 3, 4).
It is noted that MRE2 (nt 8,745-8,766) and MRE3 (nt
8,977-8,995) that located within the HCV NS5B coding
region had the highest prediction score and were selected
for analysis. Moreover, the MRE1 (nt 338-365) and MRE4
(nt 9,566-9,603) at the non-coding region that had the
lowest minimum free energies (MFE) in NCR region
(Table 2) were also subject to further analysis.

To determine whether any of these sequences is the
authentic MREs for let-7b, luciferase reporter plasmids
with the reported let-7b target sequence (pluc-let-7b) and
the putative MREs in HCV genome were constructed
(pluc-MRE1, pluc-MRE2, pluc-MRE3, and pluc-MRE4).

A sLi

After co-transfection with let-7b or a negative control
miRNA into 293T cells, the luciferase activities for each
individual reporter plasmid were measured. Our data
revealed that let-7b decreased pluc-MRE1, pluc-MRE2,
and pluc-MRE3 luciferase activity by 28, 31, and 37%,
respectively (Fig. 5b). No effect was found for pluc-
MRE4. These data indicate that the MRE1, MRE2, and
MRE3 are the potential let-7b binding sites on HCV
genome.

Mutations of the putative let-7b MREs were introduced
into the HCV subgenome to exam whether these MREs are
responsible for the suppressive effect of let-7b. Silent
mutations of MRE2 and MRE3 were designed to avoid
amino acid changes while a six-nucleotide substitution
mutation was introduced into HCV Rep-Feo subgenome
(wild-type) to generate mMRE1, mMRE2, mMRE3, and
mMRE2,3, respectively. Structural analysis of these
mutations revealed that most of the HCV RNA genome
structures were maintained except that mMRE] appeared
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Fig. 5 The MRESs of let-7b are located at the NS5B coding sequences
and 5-UTR of HCV genome. a Schematic representation for the
predicted MREs of let-7b on HCV genome. The number corresponds
to the first nucleotide of the predictive seed region. b The precursor of
let-7b or negative control miRNA (NC) was co-transfected with the
indicated luciferase reporter plasmid and pRL-TK into 293T cells for
24 h. The luciferase activities were measured and the relative firefly
versus Renilla luciferase activity was shown. The plasmid containing
perfect complementary sequence of let-7b (c-let-7b) and the vector
control reporter plasmid (luciferase activity arbitrarily denoted as
one) was used as the positive and negative control, respectively. The
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data represented the mean + SD (rn = 3; *p < 0.05; **p < 0.01;
*#%p < 0.001; NS no significance). ¢ The RNAs for wild-type (wt)
HCV genome and the genome with mutations at the indicated MREs
regions were obtained by in vitro transcription and were transfected
individually into Huh7.5 cells along with let-7b precursor or negative
control miRNA (NC) by electroporation. The luciferase activity was
determined at 96 h post-transfection. The luciferase activity generated
by wild-type HCV genome was arbitrarily denoted as 1 and the
luciferase aectivity derived from each mutant HCV genome normal-
ized by luciferase activity from wild-type was shown. The data
represented the mean 4+ SD (n = 3; **p < 0.01)
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Table 2 Characterization of let-7b predicted binding sites on HCV genome

MRE Secondary structure MFE*  Score® Position (HCV-N)
miRNA 3 —UUGG——UGUGUU—GGAUGAUGGAGU—5

MRE1 I S e T 26 84 338-365
Target 5 ~CACCAUGAGCACGAAUCCUAA-ACCUCAA-3
miRNA 3’ ~UUGGUGUGUUGGAUGAUGGAGU-5’

MRE2 oL T 167 156 8745-8766
Target 5 —GGCAAAAGGGUGUACUACCUCA-3
miRNA 3’ ~UUGGUGUGUUGGAUGAUGGAGU-5’

MRE3 C L s T 211 152 8977-8995
Target 5 ~AGCCACUUGAC-——CUACCUCA-3
miRNA 3’ ~UUGGUGUGUUGG—————-————————-AUGA-UGGAGU-5’

MRE4 SIS NI 285 93 9566-9603
Target 5 GAGCCGCAUGACUGCAGAGAGUGCUGAUACUGGCCUCU-3

? MFE was calculated by RNAhybrid while Score was calculated by miRanda

to generate a small stem-loop structure (Supplementary
Fig. S1). These mutated HCV RNAs were obtained by in
vitro transcription and, together with let-7b, electroporated
into Huh7.5 followed by analysis of luciferase activity. Our
data revealed that the luciferase activities for HCV sub-
genome with mMRE1, mMRE2, and mMRE3 were 87, 40,
and 86% higher than the wild-type HCV subgenome,
respectively (Fig. 5c), implicating that let-7b-mediated
suppression of HCV replicon activity is abrogated by
mutating the target sequences on HCV genome. Moreover,
HCV subgenome with double mutations of MRE2 and
MRE3 synergistically enhanced luciferase activity when
compared to the single mutant for these two MREs. The
RNA structure did not contribute to the loss of let-7b
responsiveness because Mfold analysis demonstrated that
the wild-type and mutant HCV subgenome had similar
RNA structure (Supplement Fig. S1). These data thereby
indicate that 5-UTR and NS5B coding sequences contain
let-7b binding sites.

The antiviral effect of let-7b is independent
of inhibition of HCV translation

It has been reported that miR-122 enhances HCV replica-
tion by stimulating internal ribosome entry site (IRES)-
mediated translation in cultured cells [12]. Because MRE1
is located at domain IV of IRES [31], the possibility of let-
7b modulating HCV replication through translation was
also examined. The replication-deficient J6/JFH (p7-
RIu2A) GNN HCV mutant RNA was transfected along
with a capped and polyadenylated FLuc mRNA as an
internal control for transfection and translation. The ratio
of Renilla luciferase (RLuc) to firefly luciferase (FLuc)
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activity was used to measure the IRES-directed translation
activity. As shown in Fig. 6, miR-122 enhanced HCV
IRES activity for approximate threefold, while miR-122
inhibitor resulted in approximate 50% decrease of the
activity. However, let-7b or its inhibitor had no effects on
HCV translation (Fig. 6). These data indicate that let-7b
regulates HCV RNA replication through a mechanism
independent of HCV translational regulation.

Let-7b and INFx-2a elicit synergistic anti-HCV activity

We examined further whether there is a synergistic effect
between let-7b and IFNa-2a. The Huh7/Rep-Feo cells were
treated with different concentrations of IFN«-2a and the
luciferase activity for HCV subgenome was measured to
determine the optimized dosage of IFN«-2a for synergistic
study. As shown in Fig. 7a, the luciferase activity was
suppressed by IFNa-2a in a dose-dependent manner with
the IC50 equivalent to 1.39 ng/ml. When Huh7/Rep-Feo
cells were transfected with let-7b followed by treatment
with IFNo-2a, a 60 and 70% decrease in luciferase activity
was observed in relative to let-7b or IFNa-2a alone,
respectively (Fig. 7b, p < 0.01). These data thereby indi-
cate that let-7b and IFNa-2a elicit synergistic inhibitory
effect on HCV expression.

Discussion

The interplays between viral infection and miRNA have
been demonstrated since the first report unfolding miR-32
as the negative regulator of primate foamy virus RNA
accumulation [32]. Subsequently a number of miRNAs
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Fig. 6 Let-7b decreases HCV RNA expression independent on
translation inhibition. a, b Huh7.5 cells were transfected with the
indicated miRNAs (panel a) or miRNA inhibitors (panel b). Twenty-
four hour later, HCV RNAs carrying GND mutation and Renilla
luciferase coding sequence were transfected with a capped and
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Fig. 7 Let-7b and IFNa-2a elicit synergistic inhibitory effects on
HCV RNA accumulation. a Huh7/Rep-Feo cells (3 x 10%) were
treated with the indicated doses of IFN-2« for 72 h and the luciferase
activity and cell viability were determined. b Huh7/Rep-Feo cells
were transfected with 100 nM of let-7b or negative control miRNA

were found to elicit anti-HCV activity [11, 13, 14]. In this
study, bioinformatic tools and virological analyses are
employed to unveil novel cellular miRNAs associated with
HCV infection. We demonstrate that, in addition to
miR-122 that has been reported to augment HCV infection,
let-7b targets the HCV genome leading to a decrease in
HCV RNA accumulation and viral production. This study
thereby represents the first report to identify let-7b as a
negative regulator of HCV infection.

Let-7b is the first known human miRNA [33] that is
closely associated with the status of cellular differentiation
and is usually down-regulated in cancers [34, 35]. Exper-
imental evidence we present in this study unveils the role
of let-7b in the control of HCV pathogenesis. Let-7b
expression is irreversibly correlated with HCV infectivity
in the cell-based systems; the cell lines bearing replicated
HCV genome that are permissive for HCV replication
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(NC) by RNAIMAX for 4 h followed by treatment with INF-2a or
medium control for additional 72 h. The luciferase activity and cell
viability were determined. The data represented the mean + SD
(n = 3) with the luciferase activity normalized by the cell viability.
(*p < 0.05; **p < 0.01)

(such as Huh7.5 and Conl) usually have low levels of let-
7b expression. Moreover, let-7b is associated with HCV
genome in Ago2 miRNP complex. Cellular study further
reveals that let-7b diminishes luciferase reporter gene
expression in Huh7/Rep-Feo subgenome replicon (1b
genotype), the viral protein expression in Conl replicon (1b
genotype) and HCV RNA accumulation and viral produc-
tion upon HCVcc infection (2a genotype). These findings
not only indicate that let-7b plays a role in the host antiviral
response, but also reveal the universal effects of let-7b on
different HCV genotypes.

The molecular basis for the anti-HCV effect of let-7b is
also elucidated in this study. Our data support the notion
that let-7b directly interacts with the HCV genome
and modulates virus production. Although a number of
miRNAs have been reported to regulate HCV replication
and pathogenesis, only miR-122 and miR199a* were
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demonstrated to directly target on HCV genome [11, 13].
Let-7b thereby represents the third cellular miRNA that
elicits a direct effect on HCV genome and modulates HCV
replication. In contrast to miR-122 and miR-199a*, of
which the target sequences mapped to 5'-UTR [11, 13], one
of the unique features for let-7b is that two of the let-7b
target sequences, MRE2 and MRE3, are located within the
coding region of NS5B. Although it is not common,
miRNA has been shown to affect gene expression by
interacting with mRNA coding regions [36, 37]. For
example, miR-148 and miR-24 repress DNA methyltrans-
ferase 3b and pl6 expression, respectively, primarily
through the coding region recognition site [38, 39]. Let-7b
targets the coding sequence of Dicer and establishes a
miRNA/Dicer autoregulatory negative feedback loop.
While the advantages for let-7b targeting the HCV coding
sequence remain to be elucidated, let-7b symbolizes the
first cellular miRNA with recognition sequences in the
coding region of the HCV genome.

Although our data indicate that let-7b acts on the HCV
genome leading to a decrease in HCV expression, we
cannot rule out that the host factors regulated by let-7b may
also play a role in the regulation of HCV expression.
Several host factors are down-regulated by let-7b, includ-
ing HMGA?2 [40-42]. Moreover, TargetScan prediction
reveals at least 79 cellular target genes regulated by let-7b
have some associations with HCV infection. Despite that
knockdown of HMGA?2 does not have any effect of HCV
protein expression, whether the other host factors mediat-
ing let-7b effects on HCV expression remains to be
investigated.

While only let-7b meets our preset selection criteria,
bioinformatic prediction data reveal that three other family
members of let-7, including let-7a, let-7c, and let-7f, are
also liver-abundant (Supplementary Table 1). Because let-
7 family members differ by only one to a few nucleotides
[43], let-7a, let-7c, and let-7f were also tested for their
potential effects on HCV expression. As shown in Sup-
plementary Fig. S2, let-7a and let-7f were expressed at a
lower level in HCV-sensitive cell lines while let-7c was
expressed at a higher level. In addition, these three
miRNAs can also reduce HCV activity on subgenome
replicon cells and reporter virus. However, let-7b exhibits
more prominent suppressive effects than the others. Hence,
it is likely that let-7 family members may act on HCV in a
similar way to let-7b with various regulations.

In addition to controlling multiple cellular events,
miRNA has been proposed as a therapeutic regimen for
various diseases [44, 45]. Recently, a locked nucleic acid-
modified oligonucleotide complementary to miR-122
exhibits a long-lasting suppression of HCV viremia in
chronically infected chimpanzees [46]. Small-molecule
inhibitors and activators of miR-122 have been developed
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to reduce HCV viral replication [47]. In this study, we
found that let-7b plays a role in host defense to combat
HCV infection and reduces HCV infectivity. The syner-
gistically inhibitory effect of let-7b and IFN«-2a on HCV
replication further implies that let-7b is a good candidate
for developing an adjuvant regimen for IFNe¢-2a in a
clinical setting.

In conclusion, we demonstrate for the first time that let-
7b inhibits HCV expression and replication by targeting the
conserved HCV 5'UTR and coding region. Furthermore,
let-7b and IFNez-2a elicit synergistically inhibitory effect
on HCV infection. This study thereby contributes to our
understanding for let-7b on the control of HCV patho-
genesis and offers new insight for developing novel anti-
HCYV therapeutic approaches.
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Although the recently developed infectious hepatitis C virus system that uses the JFH-1 clone enables the study of whole HCV
viral life cycles, limited particular HCV strains have been available with the system. In this study, we isolated another genotype
2a HCV cDNA, the JFH-2 strain, from a patient with fulminant hepatitis. JFH-2 subgenomic replicons were constructed. HuH-7
cells transfected with in vitro transcribed replicon RNAs were cultured with G418, and selected colonies were isolated and ex-
panded. From sequencing analysis of the replicon genome, several mutations were found. Some of the mutations enhanced
JFH-2 replication; the 2217AS mutation in the NS5A interferon sensitivity-determining region exhibited the strongest adaptive
effect. Interestingly, a full-length chimeric or wild-type JFH-2 genome with the adaptive mutation could replicate in Huh-7.5.1
cells and produce infectious virus after extensive passages of the virus genome-replicating cells. Virus infection efficiency was
sufficient for autonomous virus propagation in cultured cells. Additional mutations were identified in the infectious virus ge-
nome. Interestingly, full-length viral RNA synthesized from the cDNA clone with these adaptive mutations was infectious for
cultured cells. This approach may be applicable for the establishment of new infectious HCV clones.

patitis C virus (HCV) is a principal agent in posttransfusion
and sporadic acute hepatitis (6, 19). HCV belongs to the Fla-
viviridae family and Hepacivirus genus. Infection with HCV leads
to chronic liver diseases, including cirrhosis and hepatocellular
carcinoma (16). HCV is a major public health problem, infecting
an estimated 170 million people worldwide (6, 16, 19). Current
standard therapy for HCV-related chronic hepatitis is based on
the combination of interferon (IFN) and ribavirin although virus
eradication rates are limited to around 50% (7, 24, 30). Telaprevir
and boceprevir were approved by the U.S. Food and Drug Admin-
istration in 2011 in combination with pegylated alpha interferon
and ribavirin for the treatment of genotype 1 chronic hepatitis C
(34, 35). Both agents inhibit the NS3-NS4A serine protease essen-
tial for replication of HCV (25, 36). It is important to develop
more anti-HCV drugs with different modes of action to achieve
greater efficacy and to avoid the emergence of drug-resistant vi-
ruses. To that end, a detailed understanding of the viral replication
mechanism is needed to discover novel antiviral targets. An effi-
cient virus culture system is indispensable for detailed analysis of
HCV life cycles. In an important development, a subgenomic
HCV RNA replicon system has been developed (22) to assess HCV
replication in cultured cells. Furthermore, an efficient HCV cul-
ture system was established by using a JFH-1 strain virus isolated
from a fulminant hepatitis patient (20, 38, 41). By transfection of
invitro transcribed full-length JFH-1 HCV RNA into HuH-7 cells,
efficient JFH-1 RNA replication and infectious viral particle pro-
duction were detected. However, this efficient virus production
was not reproduced by other HCV strains, even when adaptive
mutations were introduced to enhance the replication efficiency
in cultured cells (29). Thus, other HCV strains that can replicate in
cultured cells and produce infectious virus particles are needed.
The J6CF strain is infectious to chimpanzees but does not replicate
in cultured cells (26, 27, 40). We constructed chimeric replicon
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and virus constructs of the J6CF and JFH-1 strains to elucidate the
difference in their molecular mechanisms (26, 27). We deter-
mined that the NS3 helicase and the NS5B to 3'X regions are
important for the efficient replication of the JFH-1 strain and that
several amino acid mutations in the C terminus of NS5B are piv-
otal for replication. However, we could not rescue the replication
of other virus strains, such as Conl, with these mutations. This
result indicates that different approaches are needed to create rep-
lication-competent virus strains in cultured cells.

In the present study, we isolated HCV cDNA, named JFH-2, from
a fulminant hepatitis patient. The replication efficiency of the JFH-2
clone in the subgenomic replicon assay was lower than that of JFH-1
although the introduction of adaptive mutations enhanced JFH-2
replication. Interestingly, the full-length chimeric or wild-type JFH-2
genome with adaptive mutations could replicate and produce infec-
tious virus particles. The virus infection efficiency was sufficient for
autonomous virus propagation in cultured cells.

MATERIALS AND METHODS

Cell culture system. HuH-7, Huh-7.5.1 (a generous gift from Francis V.
Chisari), and Huh7-25 cells were cultured in 5% CO, at 37°C in Dulbec-
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FIG 1 Clinical course of second fulminant hepatitis patient infected with
JFH-2. The patient was admitted by reason of acute liver failure. Alanine ami-
notransferase (ALT) levels, prothrombin time (PT), HCV RNA, and anti-
HCV antibodies were determined and followed in his serum.

co’s modified Eagle’s medium (DMEM) containing 10% fetal bovine se-
rum (DMEM-10) (3, 41).

HCV clones. The genotype 2a clone JFH-2 was isolated from a patient
with fulminant hepatitis (15). Briefly, HCV ¢cDNA was cloned from a
fulminant hepatitis patient, a 62-year-old man who had a history of cor-
onary artery bypass surgery without blood transfusion. One year after the
surgery, he developed an acute auditory disorder and received a course of
betamethasone therapy. After withdrawal of betamethasone, the patient
developed fulminant hepatitis as diagnosed by acute liver failure associ-
ated with stage II encephalopathy and low prothrombin time. He experi-

TABLE 1 Primer list used for cloning and sequencing of JEH-2 clone

enced prolonged liver failure and died after 80 days. HCV RNA was de-
tected in his serum only during the acute phase (Fig. 1). Total RNA was
extracted from serum during the acute phase, and HCV cDNA covering
the entire genome was amplified by reverse transcription-PCR (RT-PCR).
All amplified products were purified and then cloned into pGEM-T EASY
vectors (Promega, Madison, WI). PCR products and plasmids were se-
quenced by using specific primer sets (Table 1), BigDye Terminator Mix,
and an automated DNA sequencer (models 310 and 377; PE Biosystems,
Foster City, CA). The JFH-2 subgenomic replicon (SGR) clones, pSGR-
JFH2.1 and pSGR-JFH2.2 (DDBJ/EMBL/GenBank accession numbers
ABG690456 and AB690457, respectively), were constructed according to
the method for pSGR-JFH1 construction (11). Several mutations were
introduced into the pSGR-JFH2.1 replicon construct, as reported previ-
ously (11). The reporter replicon constructs, pSGR-JFH2.1/Luc and
PSGR-JFH2.1/Luc, were developed by rearrangement with pSGR-JFH2.1
and pSGR-JFH2.2 (accession numbers AB690458 and AB690459, respec-
tively) as described previously (12). pJ6/JFH1 was previously obtained
from pJFH1 by replacement with the 5" untranslated region (UTR) to the
p7 region (EcoRI-BclI) of the J6CF strain (a kind gift from Jens Bukh) (3,
40). A full-length HCV cDNA was constructed by using the 5" end to NS2
of pJ6/JFH1 and NS3 to the 3’ end of pSGR-JFH2.1, and the resulting
construct was named pJ6/JFH2 (accession number AB690460). Another
full-length HCV construct, pJFH2 containing the full-length JFH-2 cDNA
downstream of the T7 RNA promoter sequence, was also constructed by
replacing the 5’ UTR to NS2 of pJ6/JFH2 with JFH2 sequences, as de-
scribed previously (accession number AB690461) (1, 37, 38).
Subgenomic replicon assay. Subgenomic replicon RNA was synthe-
sized as reported previously (11). Synthesized replicon RNA was adjusted
to 10 pg with cellular RNA isolated from untransfected HuH-7 cells and
then electroporated into naive HuH-7 cells as reported previously (11).
G418 (1.0 mg/ml) was added to the culture medium, and the drug-resis-

tant colonies were fixed with buffered formalin and stained with crystal -

violet or cloned and expanded for further analysis. Total RNA was ex-
tracted from the cloned G418-resistant cells by using Isogen reagent (Nip-

Forward primer

Reverse primer

Name Sequence (5'—3") Name Sequence (5'—3")

448 CTGTGAGGAACTACTGTCTT 1323R GGTGACCAGTTCATCATCAT
3178 GGGAGGTCTCGTAGACCGTG 1440R GCTCCCTGCATAGAGAAGTA
8448 ‘GGGTTAATTATGCAACAGGGAAC 2367R CATTCCGTGGTAGAGTGCA
11418 TGTCCGCCACGCTCTGCT 2445R TCCACGATGTTTTGGTGGAG
13618 CCCGAGGTCATCATAGACAT 3568R TGTTCCGAGGAAGGACTGAG
2106S CTGTTGTGCCCCACGGACTG 3765R TCAGCGTTCCGCGTGACCA
22858 AACTTCACTCGTGGGGATCG 4706R TTGCAGTCGATCACGGAGTC
32118 GGCACTTACATCTATGACCACCTC 5331R GAGGTCATGACCAGCACGTG
34718 TGGGCACCATAGTGGTGAG 5563R CTGCAGCAAGCCTTGGATCT
39308 TCGATTTCATCCCCGTTGAG 5970R TTCTCGCCAGACATGATCTT
4278S CCTATGACATCATCATATGCGATGAATGCC 6152R AGTGAGTAGGGGCGACGTGGTTTCCTCTGG
4301S CCTATGACATCATCATATGCGATG 6505R CCTGCCAGGTGTTCATGCAG
4547S AAGTGTGACGAGCTCGCGG 6605R GCATACTCTGAGGCCGCCAC
5021S TTTTGGGAGGCAGTTTTCAC 6897R GTGATGTGGGGCGGATCTGTTAGCATGGAC
6383S TGTCAAAAGGGGTACAAGGG 7648R TCCTCCTCGGAGCAAGTAGA
6774S TCCGGGATGAGGTCTCGTTC 8913R GCGTACTGGATGATGTTTCC
6881S ATTGATGTCCATGCTAACAG 3X-54R GCGGCTCACGGACCTTTCAC
7198S GGCTTGGGCACGGCCTGA 3X-75R TACGGCACTCTCTGCAGTCA
72448 ACCGCTTGTGGAATCGTGGA

76578 CGTGTGCTGCTCCATGTCAT

79938 CAGCTTGTCCGGGAGGGC

83378 TTTCGTATGATACCCGATGCTT

8704S CGCCCCTCCGGGTGACCCCCCCAGACCGGA

9123S CACGAACTGACGCGGGTGGC
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pon Gene, Tokyo, Japan), and the replicon RNA was quantitated by
Northern blotting and real-time detection RT-PCR as reported previously
(11,37). The cDNAs of the HCV RNA replicon were synthesized and then
amplified by PCR. The sequence of each replicon was determined.

Luciferase reporter replicons were analyzed as follows. Five micro-
grams of synthesized replicon RNA was transfected into HuH-7 cells by
electroporation. Transfected cells were harvested serially at 4, 24, 48, 72,
and 96 h after transfection. Luciferase activities were quantified by a Lu-
mat LB9507 instrument (EG&G Berthold, Bad Wildbad, Germany) and a
luciferase assay system (Promega). Assays were performed at least in trip-
licate, and the results were expressed as relative luciferase activity.

Analysis of G418-resistant cells. In RNA-transfected dishes, G418-
resistant colonies were isolated by using a cloning cylinder (Asahi Techno
Glass Co., Tokyo, Japan) and expanded until 80% to 90% confluence in
10-cm diameter dishes. Expanded cells were analyzed as described previ-
ously (11).

Northern blot analysis. Four micrograms of isolated RNA samples
was electrophoretically separated in a 1% agarose gel containing formal-
dehyde and transferred to a positively charged nylon membrane (Hy-
bond-N-+; GE Healthcare UK, Ltd., Buckinghamshire, England) and im-
mobilized by a Stratalinker UV cross-linker (Stratagene, La Jolla, CA).
Hybridization was performed with a [¢-*?P]dCTP-labeled DNA probe by
using Rapid-Hyb Buffer (GE Healthcare UK, Ltd.). The NS3 to 3'X region
of the JFH-1 sequence was used as a template of DNA probe synthesis with
a Megaprime DNA Labeling System (GE Healthcare UK, Ltd.) (37).

Western blot analysis of HCV proteins. The protein samples were
separated on a 10% polyacrylamide gel. After electrophoresis, the proteins
were transferred to a polyvinylidene difluoride membrane (Immobilon;
Millipore Corp., Bedford, MA) with a semidry blotting apparatus (Bio-
craft, Tokyo, Japan). Transferred proteins were incubated with blocking
buffer containing 5% nonfat dry milk (Snow brand, Sapporo, Japan) in
phosphate-buffered saline. Anti-NS3 rabbit polyclonal antibody raised
against recombinant NS3 protein and horseradish peroxidase-labeled
goat anti-rabbit Ig (BioSource, Camarillo, CA) were used to detect HCV
NS3 protein. The signals were detected with a chemiluminescence system
(ECL Plus; GE Healthcare UK, Ltd.). The quantity and quality of the
loaded samples were confirmed to be similar by Coomassie brilliant blue
staining of the gel.

RT-PCR and sequencing analysis. The cDNAs of HCV RNA were
synthesized from total cellular RNA isolated from replicon RNA-trans-
fected cells or from the culture medium of full-length HCV RNA-trans-
fected cells with antisense primer in the 3'X tail region. These cDNAs were
subsequently amplified with DNA polymerase (TaKaRa LA Tagq; TaKaRa
Bio Inc.). The sequence of each amplified DNA was determined directly as
described above.

Full-length HCV RNA transfection. Full-length HCV RNA was syn-
thesized from pJ6/JFH2, pJFH2, and the derivatives of these constructs
with adaptive mutations, as described previously (13, 37, 38). Synthesized
HCV RNA (10 pg) was transfected into Huh-7.5.1 or Huh7-25 cells. HCV
core protein levels in the culture medium were measured by immunoas-
say (31). HCV RNA levels in the culture medium were quantified as de-
scribed above. Infectivity of culture supernatants was determined by mea-
suring the focus formation efficiency (13, 41). In some experiments, HCV
core protein levels in the transfected cells were determined as described
previously (37, 38). To examine virus secretion and infectivity after long-
term culture, the transfected cells were serially passaged. Virus infection
was neutralized by using mouse anti-CD81 monoclonal antibody (clone
JS-81; BD Pharmingen, Franklin Lakes, NJ) and anti-HCV human IgG
purified from HCV carrier serum (a gift from H. Yoshizawa and J. Tanaka,
Hiroshima University).

Density gradient analysis. Culture medium derived from the trans-
fected or infected cells was harvested for density gradient analysis. Cleared
culture medium was layered onto a stepwise sucrose gradient (60% [wt/
vol] to 10%) and centrifuged for 16 h in an SW41 rotor (Beckman, Palo
Alto, CA) at 200,000 X g at 4°C. After centrifugation, 18 fractions were
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FIG 2 Phylogenetic analysis of JEH-2. Phylogenetic tree of the NS3 to NS5B
amino acid sequences of HCV including the JFH-2 strain and genotype 2
strains for which the entire genome has been reported (JFH-1, accession num-
ber AB047639; HC-J6, D00944; HC-J8, D10988; and BEBEL, D50409) and
representative genotype 1 strains for which the entire genome has been re-
ported (H77, AF009606; HCV-Conl, AJ238799; HCV-J, D90208, and
HCV-N, AF139594). This phylogenetic tree was drawn by using Kimura’s

two-parameter method.
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harvested from the bottom of the tubes. The HCV core protein, HCV
RNA levels, and infectivity in each fraction were determined as described
above.

Electron microscopy. To visualize HCV particles, we adsorbed the
density gradient-purified virus samples onto carbon-coated grids for 1
min. Then, the grids were stained with 1% uranyl acetate for 1 min and
examined under an H-7650 transmission electron microscope (Hitachi
High-Technologies Co., Tokyo, Japan) (32). Immunogold labeling was
performed with an antibody directed against E2 (AP33; a kind gift from
Genentech, South San Francisco, CA) diluted 1:50 in blocking solution
and secondary antibody coupled to 10-nm gold particles.

Human hepatocyte chimeric mouse experiments. Human hepato-
cytes were transplanted into urokinase-type plasminogen activator-trans-
genic SCID mice(uPA™/™ SCID™/™") as described previously (33). All
mice received hepatocyte transplants from the same donor. Human he-
patocyte chimeric mice, in which liver cells were largely (>90%) replaced
with human hepatocytes, were used to reduce the potential influence by
mouse-derived mRNA. Human albumin levels in the sera of mice were
monitored to evaluate the replacement ratio of the human hepatocytes in
the mouse liver. The mice were obtained from Phoenix Bio Co., Ltd.
(Hiroshima, Japan). Four mice were divided into two groups. Each group
of mice was inoculated with 1 X 10° RNA copies of either purified J6/
JEH2/AS HCV particles or JFH-2 patient serum. The HCV RNA titer in
inoculated mouse serum was monitored by real-time detection RT-PCR
each week after inoculation.

RESULTS

HCYV clone from a fulminant hepatitis patient. HCV ¢cDNA was
isolated from a fulminant hepatitis patient as described in Materials
and Methods (clone JFH-2) (15). HCV RNA was detected by RT-
PCR in the patient’s serum during the acute phase (Fig. 1). All viral
markers of the other hepatitis viruses were negative. By the phyloge-
netic analysis, the JFH-2 clone was clustered into genotype 2a (Fig. 2).
JEH-2 exhibits 87.6%, 89.0%, and 88.9% nucleotide homology with
JFH-1, J6CF, and JCH-1, respectively, and 90.6%, 91.8%, and 91.8%
amino acid homology with JFH-1, J6CF, and JCH-1, respectively
(Table 2). The JFH-1 strain is cell culture replication-competent, but
the J6CF and JCH-1 strains are incompetent. However, the homol-
ogy data for nucleotide and amino acid sequences are very similar in
both the structural and nonstructural regions. We also mapped the
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