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

analysis identified let-7b binding sites at the coding

sequences of NS5B and 50-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

HCV 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.
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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 40,6-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

HCV replication and viral production [11–13]; interferon b
(IFN-b)-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

HCV 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 50-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 (IFNa-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-Rlu2A)GNN, the

ConI 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-Rlu2A) to firefly luciferase

(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: TRCN0000072197) and the two pLKO.

1-shHMGA2 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-b-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 ConI cells

were cultured in DMEM supplemented with 10% FBS and

750 lg/ml G418. The Huh7/Rep-Feo subgenome replicon

cells were maintained in the same medium except that 1%
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NEAA was added and only 250 lg/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 EcoRI/XbaI site downstream

of the luciferase gene in phDab2-luc [26] to generate pluc-

c-let-7b, pluc-MRE1, 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 mMRE1,

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 NcoI. 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 XbaI. On the other hand, pRL-TK plasmid was

digested by NheI and the sticky end was filled up by

Klenow DNA polymerase followed by XbaI 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

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 9 104 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 9 104 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 XbaI-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 lg HCV RNA, 100 pmol

miRNA, and 10 lg pRL-TK by electroporation using Gene

Pulser II (Bio-Rad) at 260 V and 950 lF.

For permissive assay, Huh7 cells were seeded at a

density of 2 9 105 cells/well and were transfected with the

miRNA precursor (100 pmol) by RNAiMAX (Invitrogen)

for 24 h. The transfected cells were subsequently infected

with HCVcc (6 9 106 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).

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

bioinformatics analyses as

described in ‘‘Materials and

methods’’
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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 lg 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–HCl, pH 7.4, 2.5 mM MgCl2, 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

the Rep-Feo HCV subgenomic RNA mutated at the

miR-122 binding site (10 lg) 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-lm filter, and

concentrated by ultracentrifugation.

Table 1 The sequences for the primers used in this study

Primer name Primer sequences Size (mer)

For luciferase reporter constructsa

c-let-7b S:50-CTAGAAACCACACAACCTACTACCTCAG-30 22

AS:50-AATTCTGAGGTAGTAGGTTGTGTGGTTT-30

MRE1 S:50-CTAGACACCATGAGCACGAATCCTAAACCTCAG-30 27

AS: 50-AATTCTGAGGTTTAGGATTCGTGCTCATGGTGT-30

MRE2 S: 50-CTAGAGGCAAAAGGGTGTACTACCTCAG-30 22

AS: 50-AATTCTGAGGTAGTACACCCTTTTGCCT-30

MRE3 S: 50-CTAGAAGCCACTTGACCTACCTCAG-30 19

AS: 50-AATTCTGAGGTAGGTCAAGTGGCTT-30

MRE4 S:50-CTAGAGCCGCATGACTGCAGAGAGTGCTGATACTGGCCTCTG-30 38

AS: 50-AATTCAGAGGCCAGTATCAGCACTCTCTGCAGTCATGCGGCT-30

For in vitro mutagenesisb

mMRE1 F: 50-GAGCACGAATCCTAATGGAGTAAGAAAAACCAAAGG-30 36

R: 50-CCTTTGGTTTTTCTTACTCCATTAGGATTCGTGCTC-30

mMRE2 F: 50-CTGGCAAAAGGGTGTATTATCTCACTCGCGATCCCAC-30 47

R: 50-GTGGGATCGCGAGUGAGATAATACACCCTTTTGCCAG-30

mMRE3 F: 50-CATTGAGCCACTTGACCTTCCGCAGATCATTGAACGACTC-30 40

R: 50-GAGTCGTTCAATGATCTGCGGAAGGTCAAGTGGCTCAATG-30

miR-122 mut F: 50-CCCGATTGGGGGCGACACAGCACCATAGATCACTCCCC-30 38

R: 50-GGGGAGTGATCTATGGTGCTGTGTCGCCCCCAATCGGG-30

For synthesis of mature miRNAc

7b S: 50UGAGGUAGUAGGUUGUGUGGUU 30 AS: 22

50UUCCACACAACCUACUACCUCA 30

m7b S: 50UGAACUAAUAGGUUGUGUGGUU 30 AS: 22

50UUCCACACAACCUAUUAGUUCA 30

S sense strand, AS antisense strand F forward primer, R reverse primer
a The bold letters indicate the predicted sequence while the other sequence was generated for cloning into EcoRI/XbaI restriction enzyme site
b,c The bold letters indicate the mutated nucleotides
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For infectivity inhibition assay, Huh7.5 cells were see-

ded in a six-swell plate at a density of 2 9 105 cells/well. At

24 h after plating, 100 nM miRNA was transfected into the

cells using LF2000. HCVcc (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 40,6-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 9 104 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 ll) con-

taining 29 TaqMan master mix and the primer/probe set

for HCV (HCV-F: 50-TGCGGAACCGGTGAGTACA-30,
HCV-R: 50-CTTAAGGTTTAGGATTCGTGCTCAT-30,
and probe: 50-CACCCTATCAGGCAGTACCACAAGG

CC-30). 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 DDCt method, where Ct represented the

threshold cycle.

The TaqMan� microRNA Assay System was used for

miRNA detection and quantification. Briefly, the RT

reaction was performed in a final volume of 15 ll con-

taining 1.5 ll of 109 RT buffer, 2.5 ll of total RNA

(25 ng), 3 ll of 59 miRNA-specific RT primer, 0.15 ll of

100 mM dNTP, 0.2 ll of 40 U/ll RNase inhibitor, and

1 ll of MultiScribe reverse transcriptase (50 U/ll). 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-ll PCR containing 1.33 ll of RT product, 10 ll of 109

TaqMan Universal PCR master mix, and 1 ll 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 9 105 cells/well. At 24 h after transfection of let-7b

miRNA (100 nM), the replication-deficient J6/JFH

(p7-Rlu2A) GNN mutant RNA (1.25 lg/well) was transfec-

ted together with the capped and polyadenylated FLuc 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 t 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 ConI 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,

Let-7b suppresses HCV replication 2625
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right panel). These data thereby implicate that let-7b elicits

suppressive activity in HCV protein expression.

HMGA2 is one of the major let-7b target genes and is

down-regulated in let-7b-transfected ConI 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, HMGA2 was knockdown by

two independent shHMGA2 plasmids. Although HMGA2

was significantly down-regulated in the shHMGA2

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).

Fig. 2 Characterization of miRNAs with putative target sites on

HCV genome. a Genomic structures of HCV maintaining in Huh7/

Rep-Feo and ConI 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. c The

miRNA precursors (left panel) or the mutant form of let-7b (right
panel) were transfected into the ConI cells. Western-blot analysis was

then performed using the anti-NS5A and anti-b-actin antibody at 72 h

post-transfection. The ratios for the relative band intensities of NS5A

after normalization with b-actin were shown. NC negative control

miRNA. d The precursors of let-7b (left panel) or shHMGA2 (right
panel) were transfected into ConI replicon cells. Western-blot

analysis was then performed using the anti-NS5A and anti-b-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). f 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)
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Consistent with these observations, ConI 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. 3c, 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 JC1-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

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 HCVcc. 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). c 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). d The miRNA precursors or the mutant let-7b (m7b)

were transfected into Huh7.5 cells for 24 h followed by infection with

JC1-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-Ago2 antibody (Ago2-IP). Because the ‘‘site

1’’ sequence (Table 1) is the most important HCV genome

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. 4c) 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.

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 lg 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. c ,d For knockdown of endogenous let-7b, Huh7.5 cells were

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 lg 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 (n = 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).

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 mMRE1 appeared

Fig. 5 The MREs of let-7b are located at the NS5B coding sequences

and 50-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

data represented the mean ± SD (n = 3; *p \ 0.05; **p \ 0.01;

***p \ 0.001; NS no significance). c 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 activity derived from each mutant HCV genome normal-

ized by luciferase activity from wild-type was shown. The data

represented the mean ± SD (n = 3; **p \ 0.01)
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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 50-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-

Rlu2A) 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)

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 INFa-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 IFNa-2a and the

luciferase activity for HCV subgenome was measured to

determine the optimized dosage of IFNa-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 IFNa-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

Table 2 Characterization of let-7b predicted binding sites on HCV genome

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

(such as Huh7.5 and Con1) 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 ConI 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

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

polyadenylated firefly luciferase mRNA. At 4 h after transfection, the

cell lysates were subject to dual luciferase activity assays. The

relative firefly versus Renilla luciferase activity is shown. The data

represented the mean ± SD (n = 3; **p \ 0.01; ***p \ 0.001; NS
no significance)

Fig. 7 Let-7b and IFNa-2a elicit synergistic inhibitory effects on

HCV RNA accumulation. a Huh7/Rep-Feo cells (3 9 104) were

treated with the indicated doses of IFN-2a 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

(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)
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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 50-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 p16 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 HMGA2 [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 HMGA2 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

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 IFNa-2a on HCV

replication further implies that let-7b is a good candidate

for developing an adjuvant regimen for IFNa-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 50UTR and coding region. Furthermore,

let-7b and IFNa-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-

HCV therapeutic approaches.
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