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HCV replication via activation of
type I IFN response by targeting STAT3 in JFH-1-
infected Huh7 cells

Yanjing Wang †* and Yuanyuan Li†

Background: MiR-29c, a member of the miR-29 family, has been recognized to play an important role in

hepatitis C virus (HCV) infection. However, the underlying molecular mechanism of miR-29c involved in

HCV replication is not fully understood. Methods: RT-qPCR assay was used to detect the expression

pattern of miR-29c and signal transducer and activator of transcription 3 (STAT3) mRNA in JFH-1-

infected Huh7 cells. HCV replication was evaluated by the expression of HCV RNA, non-structural

protein 5A (NS5A) and non-structural protein 3 (NS3). Dual-Luciferase Reporter assay was applied to

search for the candidate target mRNAs of miR-29c. Western blot assay was performed to detect the

protein level of double-stranded RNA-dependent protein kinase R (PKR), (20-50)-oligoadenylate
synthetase (OAS) and interferon regulatory transcription factor 1 (IRF1). Results: miR-29c expression was

down-regulated, and STAT3 mRNA and protein expressions were up-regulated in JFH-1-infected Huh7

cells. MiR-29c overexpression or STAT3 knockdown repressed HCV replication, while miR-29c depletion

or STAT3 upregulation promoted HCV replication. Additionally, STAT3 was a direct target of miR-29c,

and miR-29c suppressed STAT3 protein expression in Huh7 cells. Moreover, STAT3 overexpression

reversed miR-29c-mediated suppression on HCV replication. Furthermore, the anti-miR-29c-mediated

inhibitory effect on type I IFN response was abated following STAT3 knockdown. Conclusions: miR-29c

might repress HCV infection via promoting type I IFN response by targeting STAT3 in JFH-1-infected

Huh7 cells, offering a promising avenue for HCV treatment.
1. Introduction

Hepatitis C virus (HCV), a hepatotropic RNA virus with a prev-
alence of about 3% worldwide, causes serious liver damage,
including liver brosis, liver cirrhosis and hepatocellular
carcinoma.1 Generally, HCV is divided into six major genotypes
(types 1–6), and the JFH-1 strain of HCV belongs to genotype 2a
and is the rst HCV strain that can produce HCV particles in
Huh7 cells.2 At present, the main factors of HCV infection are
the unsterile medical procedures and unsafe injection drugs
used in countries with high HCV prevalence.3 Despite great
advances in treatment options for HCV infection, such as
sofosbuvir/velpatasvir, sofosbuvir/simeprevir and sofosbuvir/
ledipasvir combinations, the common adverse events and
expensive costs are still a great challenge.4,5 Therefore, it's very
important to explore the pathogenesis of HCV infection in order
to identify more effective therapy strategies for HCV.

MicroRNAs (miRNAs), a class of non-coding single-stranded
RNAmolecules containing 19–23 nucleotides (nt), could bind to
ospital of Henan University, No. 115 West

a. E-mail: yanjingwang11@163.com; Tel:

is work.
the 30-untranslated regions (30-UTR) of target mRNAs to make
gene silence by the stimulation of mRNA degradation or
translational repression.6 Increasing evidence presents that
most miRNAs play important roles in a series of biological
processes.7 Moreover, several miRNAs are reported to be related
to virus infection diseases, including HCV infection.8 In a recent
document, Zhang et al.9 found that miR-155 expression induced
by HCV facilitated hepatocyte proliferation and tumorigenesis
via regulatingWnt signaling. Moreover, miR-122 expression was
remarkably decreased in patients with HCV infection and
miR-122 was conrmed to be associated with a poor response to
INF-based treatment.10 The miR-29 family, including miR-29a,
miR-29b and miR-29c, have been recognized as HCV replica-
tion suppressor that were down-regulated in most HCV-infected
patients.11 A recent report also revealed that miR-29c and its
target gene PPARGC1A might be used as candidate biomarkers
of JFH-1-infected Huh7 cells via bioinformatics analysis.12

However, the underlying molecular mechanisms of miR-29c in
HCV replication are not fully understood.

The present study aimed to explore the basic principles of
miR-29c in regulating HCV replication in JFH-1-infected Huh7
cells. Function analysis found that overexpression of miR-29c
repressed HCV replication and signal transducer and activator
of transcription 3 (STAT3) up-regulation promoted HCV
This journal is © The Royal Society of Chemistry 2018

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra12815k&domain=pdf&date_stamp=2018-02-20
http://orcid.org/0000-0002-6331-2090
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra12815k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008015


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 3

/9
/2

02
6 

6:
13

:1
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
replication. Further mechanistic analysis demonstrated that
miR-29c targeted the 30UTR of STAT3 mRNA to suppress HCV
replication via type I IFN response.

2. Materials and methods
2.1. Cell culture and treatment

Human hepatoma cells (Huh7) were purchased from American
Tissue Culture Collection (ATCC, Manassas, VA, USA), and
cultured in Dulbecco's modied Eagle's medium (11995065,
DMEM, Gibco, Rockville, MD, USA) supplemented with 10%
fetal bovine serum (10099141, FBS, Gibco), 100 U ml�1 peni-
cillin (15140122, Gibco) and 100 U ml�1 streptomycin
(15140122, Gibco). Cells were maintained at 37 �C in a humidi-
ed atmosphere with 5% CO2.

For leukemia inhibitory factor (LIF) treatment, Huh7 cells
were cultured in growth medium for 24 h. Then, cells were
pretreated with various concentrations (0, 10, 20 mM) of LIF
(ab57665, Abcam, Cambridge, UK) for 1 h before infection of
JFH-1 (0.01 MOI) for 24 h.

For AG490 treatment, Huh7 cells were pretreated with
various concentrations (0, 10, 20 mM) of AG490 (ab120950,
Abcam) for 1 h prior to infection with JFH-1 (0.01 MOI) for 24 h.

2.2. Virus preparation

JFH-1 strain, belonging to genotype 2a of HCV, was produced
and propagated as previously reported.13 Briey, pJFH-1
plasmid was assembled containing the full-length JFH-1 cDNA
downstream of the T7 RNA promoter by Sangon Biotech
(Shanghai, China). Then, the JFH-1 RNA was synthesized by
transcription with pJFH-1 plasmid and MEGAscript RNAi Kit
(AM1626, Thermo Fisher Scientic, Waltham, MA, USA). 20 mg
of JFH-1 RNA was transfected into 5.0 � 106 Huh7 cells by
electroporation and the culture medium with JFH-1 was har-
vested by a 0.22 mm lter (slgv033rb, Millipore, Billerica, MA,
USA) at 5 days aer transfection. To detect the HCV RNA titers,
total RNA was extracted from 100 ml samples with GenEluteTM
Total RNA Purication Kit (RTN9602, Sigma-Aldrich, St. Louis,
MO, USA), and expression of HCV RNA was measured by real-
time quantitative reverse transcription polymerase chain reac-
tion (RT-qPCR). HCV RNA was measured by using the PCR
primers 50-TCTGCGGAACCGGTGAGTA-30 (sense) and
50-TCAGGCAGTACCACAAGGC-30 (antisense), based on the
JFH-1 sequence (GenBank accession no. AB047639).

2.3. Cell transfection

The full-length sequences of STAT3 were amplied by PCR and
then cloned into pcDNA3.1 vector (V87020, Invitrogen, Wal-
tham, MA, USA) to construct pcDNA-STAT3 overexpression
plasmid (pcDNA-STAT3). MiR-29c mimics, miR-29c inhibitor
(anti-miR-29c), siRNA targeting STAT3 (si-STAT3) and all cor-
responding negative control oligonucleotides (miR-con, anti-
miR-con, si-con) were obtained from Sangon Biotech. Huh7
cells (3 � 105 per well) were inoculated into 6-well plates and
cultured for 24 h. Then, cells were transfected with 20 nM
miRNA mimics, 50 nM anti-miRs, 40 nM si-RNAs or 50 ng
This journal is © The Royal Society of Chemistry 2018
pcDNAs using Lipofectamine™ 3000 transfection reagent
(L3000001, Invitrogen) referring to the instructions of
manufacturer.

2.4. Dual-Luciferase Reporter assay

Putative miR-29c targets were predicted using the online so-
ware algorithms, including TargetScan (http://www.
targetscan.org/) and MiRanda (http://microrna.sanger.ac.uk/).
The partial sequences of STAT3 30-UTR containing the putative
binding sites of miR-29c were synthesized by PCR and cloned
into the pGL3 Luciferase Reporter Vector (E1751, Promega,
Madison, WI) to generate the wild-type pGL3-STAT3 luciferase
reporter plasmid (WT-STAT3). Site-directed mutagenesis of
miR-29c complementary bases was generated using Q5 Site-
Directed Mutagenesis Kit (E0554S, New England Biolabs, Ips-
wich, MA, USA) and then cloned into the pGL3-control vector to
construct mutant-type pGL3-STAT3 luciferase reporter plasmid
(MUT-STAT3). Huh7 cells were transfected with WT-STAT3 or
MUT-STAT3 together with miR-con, miR-29c mimics, anti-miR-
con, or anti-miR-29c. Aer 24 h, cells were collected for the
measurement of luciferase activity using Dual-Luciferase
Reporter assay (E1910, Promega).

2.5. Total RNA extraction and RT-qPCR

The TRIzol Plus RNA Purication Kit (12183555, Invitrogen) was
used for total RNA extraction of treated Huh7 cells according to
the manufacturer's instructions. Equal amount of RNA (500 ng)
was reversely transcribed into cDNA using M-MLV reverse
transcriptase (AM2043, Invitrogen). The qPCR reactions were
performed using a preheated 7900HT fast real-time PCR
detection system (4329001, Thermo Fisher Scientic) with the
EXPRESS One-Step SYBR™ GreenER™ Kit (1179001K, Invi-
trogen). Gene expression levels were measured by the means of
the 2�DDCt method with b-actin or U6 as an internal control. For
RT-qPCR analysis, the following primers were used: miR-29c: 50-
CGATTTCTCCTGGTGTTCA-30 (forward) and 50-ACCGATTT
CAAATGGTGC-30 (reverse); STAT3: 50-CCCGTTTTGCCTTCAT
TT-30 (forward) and 50-CAGGGGCTTCCAACCTTT-30 (reverse);
b-actin: 50-ACACTGTGCCCATCTACGAGGGG-30 (forward) and
50-ATGATGGAGTTGAAGGTAGTTTCGTGGAT-30 (reverse); U6:
50-GCTTCGGCAGCACATATACTAAAAT-30 (forward) and 50-CGC
TTCACGAATTTGCGTGTCAT-30 (reverse).

2.6. Western blot

At 24 h aer infection, Huh7 cells were lysed using RIPA buffer
(R0278, Sigma-Aldrich) with Complete™ Protease Inhibitor
Cocktail (Roche, South San Francisco, CA, USA). 50 mg of protein
per sample was separated by 10% SDS-PAGE and transferred to
the PVDF membranes (IBFP0812C, Millipore, Billerica, MA,
USA), followed by blocking with 5% nonfat milk in TBST
(10 mM Tris–HCl, pH ¼ 8.0, 150 mM NaCl containing 0.1% v/v
Tween 20) for at least 1 h. Then, the PVDF membranes were
incubated overnight at 4 �C with primary monoclonal antibody
against non-structural protein 5A (NS5A) (ab20342, 1 : 1000,
Abcam), non-structural protein 3 (NS3) (ab65407, 1 : 3000,
Abcam), STAT3 (ab68153, 1 : 1000, Abcam), STAT3-Y705
RSC Adv., 2018, 8, 8164–8172 | 8165
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(ab76315, 1 : 3000, Abcam), double-stranded RNA-dependent
protein kinase R (PKR) (3072S, 1 : 1000, Cell Signaling Tech-
nology, Danvers, MA, USA), (20-50)-oligoadenylate synthetase
(OAS) (14498S, 1 : 1000, Cell Signaling Technology), interferon
regulatory transcription factor 1 (IRF1) (8478S, 1 : 1000, Cell
Signaling Technology), or glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (5174T, 1 : 1000, Cell Signaling Tech-
nology). Aer being washed three times with TBST, the PVDF
membranes were further incubated with HRP-conjugated
secondary antibodies (SC2357, 1 : 1000, Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) for 30 min. Then, protein
expression was detected using VersaDoc 4000 MP imaging
system (Bio-Rad Laboratories, Hercules, CA, USA).
2.7. Statistical analysis

All experiments were repeated independently at least three
times. The data were analyzed using the soware of SPSS 16.0
(SPSS Inc., IL, USA) and GraphPad Prism v5.0 (GraphPad So-
ware Inc., CA, USA). A Student's t test and one-way analysis
variance (ANOVA) were used to assess signicant differences
between groups. All data were represented as mean � standard
deviation (mean � SD) and P < 0.05 was considered to be
statistically signicant.
Fig. 1 Overexpression of miR-29c repressed HCV replication in JFH-1-
expression pattern of miR-29c in JFH-1-infected Huh7 cells. (B) The exp
miR-29cmimics or anti-miR-29c. (C and D) Huh7 cells transfected with m
JFH-1 (0.01 MOI) for 24 h, followed by the detection of HCV RNA express
assay (D). GAPDH was used as the internal reference. *P < 0.05 vs. respe

8166 | RSC Adv., 2018, 8, 8164–8172
3. Results
3.1. Overexpression of miR-29c repressed HCV replication in
JFH-1-infected Huh7 cells

In order to investigate the effect of miR-29c on HCV infection,
RT-qPCR assay was performed to detect the expression pattern
of miR-29c in JFH-1-infected Huh7 cells. The data revealed that
the expression of miR-29c was evidently decreased in JFH-1-
infected Huh7 cells compared with the negative control
(Fig. 1A). Further, to explore the function of miR-29c on HCV
replication, miR-29c mimics and anti-miR-29c were synthesized
and transfected into Huh7 cells, respectively. As displayed in
Fig. 1B, the expression level of miR-29c was strikingly promoted
by the introduction of miR-29c mimics, while miR-29c expres-
sion was greatly inhibited aer transfection with anti-miR-29c
compared with the respective control. RT-qPCR assay showed
that miR-29c up-regulation markedly hindered HCV RNA
expression in JFH-1-infected Huh7 cells, while miR-29c knock-
down facilitated HCV RNA expression (Fig. 1C). A previous
document has veried that NS3 and NS5A proteins are the
central catalytic enzymes of HCV replicase.14 Consistently,
western blot assay also showed that miR-29c overexpression led
to a suppression of HCV replication, revealed by the decrease of
NS5A and NS3 protein levels, while miR-29c depletion exhibited
infected Huh7 cells. (A) RT-qPCR assay was performed to detect the
ression level of miR-29c was detected in Huh7 cells transfected with
iR-29cmimics, anti-miR-29c or respective control were infected with
ion by RT-qPCR (C), NS3 and NS5A proteins expression by western blot
ctive control.

This journal is © The Royal Society of Chemistry 2018
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an opposite effect (Fig. 1D). These data suggested that miR-29c
might play an important role in the development and progres-
sion of HCV infection.
3.2. STAT3 was a direct target gene of miR-29c

To further explore the underlying molecular mechanism of
miR-29c on HCV infection, the soware algorithms were used to
search for the endogenous target genes of miR-29c. Interest-
ingly, the predicted data revealed that there existed some
complementary sites between miR-29c and 30-UTR of STAT3
mRNA, indicating STAT3 might be a direct target of miR-29c
(Fig. 2A). Then, Dual-Luciferase Reporter assay was employed
to validate the assumption by transfecting constructed wild-type
or mutant-type pGL3-STAT3 luciferase reporter vectors
(WT-STAT3 or MUT-STAT3) into Huh7 cells together with miR-
con, miR-29c mimics, anti-miR-con or anti-miR-29c. These
results demonstrated that miR-29c overexpression remarkably
inhibited luciferase activity in Huh7 cells transfected with WT-
STAT3 vector, but no evident effect was observed in MUT-STAT3
group (Fig. 2B). Conversely, introduction of anti-miR-29c led to
an increase of luciferase activity of WT-STAT3 vector, and little
change was displayed in MUT-STAT3 group (Fig. 2C). Further,
we investigated the effect of miR-29c on STAT3 expression in
Huh7 cells by the introduction of miR-29c mimics and anti-
miR-29c. The experiment data presented that up-regulated
miR-29c signicantly lowered the expression of STAT3
Fig. 2 STAT3 was a direct target of miR-29c. (A) The wild and mutant 30-
C) Dual-Luciferase Reporter assay was performed to explore whether ST
STAT3 luciferase vectors (WT-STAT3 or MUT-STAT3) were constructed
mimics (B), anti-miR-con or anti-miR-29c (C). (D) Huh7 cells were transfe
48 h, followed by the measurement of STAT3 protein expression. *P < 0

This journal is © The Royal Society of Chemistry 2018
protein, while miR-29c knockdown enhanced the protein level
of STAT3 (Fig. 2D) compared with their counterparts respec-
tively. Taken together, these results indicated that STAT3 was
a direct target gene of miR-29c and miR-29c suppressed the
expression of STAT3 protein.
3.3. Up-regulation of STAT3 promoted HCV replication in
JFH-1-infected Huh7 cells

To further investigate the effect of STAT3 on HCV replication,
STAT3 expression pattern was detected by RT-qPCR and western
blot assay in JFH-1-infected Huh7 cells. The results demon-
strated that the expression of STAT3 mRNA (Fig. 3A) and STAT3
protein (Fig. 3B) were signicantly increased in JFH-1-infected
Huh7 cells. Then, STAT3 overexpression plasmid (pcDNA-
STAT3) was constructed and transfected into Huh7 cells prior
to infection with JFH-1. As displayed in Fig. 3C, STAT3 expres-
sion was strikingly enhanced by the introduction of pcDNA-
STAT3. Moreover, the results displayed that STAT3 over-
expression led to a promotion of HCV replication, revealed by
the increase of HCV RNA expression (Fig. 3D), as well as the
enhancement of NS5A and NS3 proteins levels (Fig. 3E).

It was previously reported that the active form of STAT3
could result in a marked increase in HCV replication.15 LIF,
a known activator of STAT3, was conrmed to induce
phosphorylation-Y705 of STAT3 protein.16 In this research,
Huh7 cells were pre-treated with various concentrations (0, 10,
UTR of STAT3 mRNA with the putative binding sites of miR-29c. (B and
AT3 was a direct target of miR-29c. Wild-type or mutant-type pGL3-
and transfected into Huh7 cells together with miR-con or miR-29c

ctedwithmiR-con,miR-29cmimics, anti-miR-con or anti-miR-29c for
.05 vs. corresponding control.

RSC Adv., 2018, 8, 8164–8172 | 8167
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Fig. 3 STAT3 overexpression promoted HCV replication in JFH-1-infected Huh7 cells. RT-qPCR assay of STAT3 mRNA expression (A) and
western blot assay of STAT3 protein expression (B) in JFH-1-infected Huh7 cells. (C–E) At 48 h after transfection with pDNA-STAT3, Huh7 cells
were infectedwith JFH-1 (0.01 MOI) for 24 h, followed by the evaluation of STAT3 protein expression (C), HCV RNA expression (D), NS3 and NS5A
protein expressions (E). (F–H) Huh7 cells were pretreated with 0, 10, and 20 mM of LIF for 1 h before infection with JFH-1 (0.01 MOI) for 24 h,
followed by the assessment of STAT3-Y705 phosphorylation (F), HCV RNA expression (G), NS3 and NS5A proteins expression (H). *P < 0.05 vs.
corresponding control.
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and 20 mM) of LIF for 1 h before infection of JFH-1. The data
showed that STAT3-Y705 phosphorylation was evidently
increased by LIF treatment (Fig. 3F). Then, we further explored
the effect of STAT3-Y705 phosphorylation on HCV replication.
Fig. 4 STAT3 silence repressed HCV replication in JFH-1-infected Huh7
assay of STAT3 expression (B) in Huh7 cells transfected with si-STAT3 or
infected with JFH-1 for 24 h, followed by the analysis of HCV RNA expres
pretreated with various concentrations (0, 10, and 20 mM) of AG490 for 1
STAT3-Y705 phosphorylation (E), HCV RNA expression (F), NS3 and NS5

8168 | RSC Adv., 2018, 8, 8164–8172
These results displayed that STAT3-Y705 phosphorylation trig-
gered by LIF treatment remarkably facilitated HCV replication,
presented by the increase of HCV RNA expression (Fig. 3G), as
well as the elevation of NS5A and NS3 proteins levels (Fig. 3H).
cells. RT-qPCR assay of STAT3 mRNA expression (A) and western blot
si-con. (C and D) Huh7 cells transfected with si-STAT3 or si-con were
sion (C), NS5A and NS3 protein expressions (D). (E–G) Huh7 cells were
h and then infected with JFH-1 for 24 h, followed by the detection of
A proteins expression (G). *P < 0.05 vs. respective control.

This journal is © The Royal Society of Chemistry 2018
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All these results implied that STAT3 overexpression promoted
HCV replication possibly via STAT3-Y705 phosphorylation in
JFH-1-infected Huh7 cells.
3.4. STAT3 silence repressed HCV replication in JFH-1-
infected Huh7 cells

Subsequently, siRNA of STAT3 (si-STAT3) was synthesized and
transfected into Huh7 cells to examine its knockdown effi-
ciency. The data presented that the expression of STAT3 mRNA
(Fig. 4A) and protein (Fig. 4B) were signicantly attenuated by
the introduction with si-STAT3, in comparison to their coun-
terparts, respectively. Hence, si-STAT3 was used to further
explore the effect of STAT3 knockdown on HCV replication. The
results elucidated that STAT3 depletion resulted in a decline of
HCV replication, embodied by the decrease of HCV RNA
expression (Fig. 4C), as well as the down-regulation of NS5A and
NS3 proteins (Fig. 4D).

AG490, a JAK2 inhibitor, was veried to suppress the phos-
phorylation level of STAT3.17 Thus, AG490 was employed to
investigate the effect of STAT3 phosphorylation inhibition on
Fig. 5 Restoration of STAT3 expression reversed miR-29c-mediated inhi
Huh7 cells transfected withmiR-29cmimics alone, or together with STAT
HCV RNA expression (A), NS3 and NS5A proteins expression (B). (C and D)
si-STAT3 prior to infection with JFH-1 (0.01 MOI) for 24 h, followed by t
expression (D). *P < 0.05 vs. respective control.

This journal is © The Royal Society of Chemistry 2018
HCV replication. As shown in Fig. 4E, STAT3-Y705 phosphory-
lation was effectively depressed by AG490 treatment. Moreover,
AG490 treatment led to a dramatic suppression of HCV repli-
cation, demonstrated by the decrease of HCV RNA expression
(Fig. 4F), as well as the reduction of NS5A andNS3 proteins levels
(Fig. 4G). All these data indicated that STAT3 down-regulation
blocked HCV replication partly through the decrease of phos-
phorylation at Y705 in JFH-1-infected Huh7 cells.
3.5. Restoration of STAT3 expression reversed miR-29c-
mediated inhibitory effect on HCV replication in JFH-1-
infected Huh7 cells

To further explore whether the suppressive effect of miR-29c on
HCV replication was mediated by STAT3, Huh7 cells were
transfected with miR-29c mimics, anti-miR-29c, miR-29c
mimics + pcDNA-STAT3 or anti-miR-29c + si-STAT3 prior to
infection with JFH-1. The results displayed that miR-29c-
triggered decline of HCV replication was strikingly reversed by
the introduction of pcDNA-STAT3, presented by higher HCV
RNA expression (Fig. 5A), as well as enhanced NS5A and NS3
bitory effect on HCV replication in JFH-1-infected Huh7 cells. (A and B)
3 were infectedwith JFH-1 (0.01 MOI) for 24 h, followed by the assay of
Huh7 cells were transfected with anti-miR-29c alone, or together with
he determination of HCV RNA expression (C), NS3 and NS5A proteins

RSC Adv., 2018, 8, 8164–8172 | 8169

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra12815k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 3

/9
/2

02
6 

6:
13

:1
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
protein levels (Fig. 5B). On the contrary, STAT3 knockdown
evidently attenuated anti-miR-29c-mediated promotive effect on
HCV replication, manifested by lower HCV RNA expression
(Fig. 5C), as well as decreased NS5A and NS3 protein levels
(Fig. 5D). Taken together, these results suggested that miR-29c
repressed HCV replication by down-regulating STAT3 expres-
sion in JFH-1-infected Huh7 cells.
Fig. 6 Anti-miR-29c-mediated suppression on type I IFN response was
OAS mRNA (B), IRF1 mRNA (C) expression and western bolt assay of PK
STAT3 or si-con. RT-qPCR assay of PKR mRNA (E), OAS mRNA (F), IRF1 m
expression (H) in Huh7 cells transfected with anti-miR-29c alone, or tog

8170 | RSC Adv., 2018, 8, 8164–8172
3.6. Anti-miR-29c-mediated suppression on type I IFN
response was abated following STAT3 knockdown

Type I IFN response has been conrmed to be the rst line of
host defense controlling viral infection via regulation of IFN-
stimulated genes (ISGs), including PKR, OAS and IRF1.18 As
a result, we further investigated the effect of STAT3 on type I IFN
abated following STAT3 knockdown. RT-qPCR assay of PKR mRNA (A),
R/OAS/IRF1 proteins expression (D) in Huh7 cells transfected with si-
RNA (G) expression and western bolt assay of PKR/OAS/IRF1 proteins
ether with si-STAT3. *P < 0.05 vs. corresponding control.

This journal is © The Royal Society of Chemistry 2018
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response in JFH-1-infected Huh7 cells. si-STAT3 was employed
to detected the effect on the expression of PKR, OAS and IRF1.
The data displayed that the expressions of PKR, OAS and IRF1 at
both mRNA (Fig. 6A–C) and protein (Fig. 6D) levels were dras-
tically promoted by the introduction of si-STAT3 compared with
negative control. The results suggested that STAT3 knockdown
might stimulate the activation of type I IFN response. Subse-
quently, to explore the effect of miR-29c on type I IFN response,
anti-miR-29c was transfected into Huh7 cells. These data
delineated that down-regulation of miR-29c resulted in
a substantial drop in the expression levels of PKR, OAS, IRF1 at
both mRNA (Fig. 6E–G) and protein (Fig. 6H) levels. These data
suggested that miR-29c might play a vital role in the regulation
of type I IFN response. Furthermore, the inhibitory effect of
anti-miR-29c on type I IFN response was prominently abrogated
aer transfection with si-STAT3 (Fig. 6E–H). All these results
implied that miR-29c depletion repressed the activation of type
I IFN response by up-regulating STAT3 expression.

4. Discussion

MiR-29c, a member of miR-29 family, located on chromosome
1q32 and was found by small RNA library sequencing.19 A
previous report revealed that miR-29c might function as
a tumor suppressor through targeting endogenous geneWIP1 in
liver carcinoma which was mainly caused by the infection of
HBV and HCV.20 Also, it was demonstrated that miR-29c
inhibited proliferation and induced apoptosis in the develop-
ment and progression of HBV-related hepatocellular carcinoma
via targeting gene TNFAIP3.21 Additionally, miR-29c down-
regulation repressed the expression of extracellular matrix
proteins and miR-29c up-regulation reduced HCV RNA abun-
dance in hepatic stellate cells.11 In the present study, we found
that the expression of miR-29c was evidently decreased in JFH-1-
infected Huh7 cells. Moreover, miR-29c overexpression led to
a suppression of HCV replication. These ndings suggested that
miR-29c might play an important role in the development and
progression of HCV infection.

Compared with the classical transcription factors, miRNAs
exerted their functions mainly through regulating the expres-
sion of endogenous target genes. As a result, the soware
algorithms were used to search for the candidate target genes of
miR-29c. Of interest, the data revealed that there existed some
complementary sites between miR-29c and STAT3 mRNA,
indicating that STAT3 might interact with miR-29c. Subse-
quently, dual luciferase assay veried that STAT3 was a direct
target gene of miR-29c, and miR-29c hindered STAT3 protein
expression by binding to the 30UTR of STAT3 mRNA.

STAT3, a transcription factor expressed in a series of meta-
bolic tissues, is activated via phosphorylation of Tyr705 and
Tyr727 to exert its function.22 McCartney et al.15 proved that HCV
replication could promote STAT3 activation, in turn, the acti-
vation of STAT3 could enhance HCV replication. A recent report
showed that STAT3 knockdown obviously inhibited HCV repli-
cation, implied that targeting STAT3 might be a promising
strategy for preventing HCV.23 Tacke et al.24 demonstrated that
extracellular HCV core activated STAT3 on humanmacrophages
This journal is © The Royal Society of Chemistry 2018
and HCV core-induced STAT3 activation depended on cytokine
IL-6 production. In addition, Xiong et al.25 found that phos-
phorylated STAT3 enhanced the expression of lncRNA Lethe
and facilitated HCV replication via type I IFN response. In this
study, we discovered that STAT3 enhanced HCV replication and
STAT3 down-regulation decreased HCV replication. Further-
more, restoration of STAT3 expression counteracted miR-29c-
mediated inhibitory effect on HCV replication in JFH-1-
infected Huh7 cells. Taken together, these results provided
further evidence that STAT3might be a critical mediator in HCV
infection.

Type I IFN response is recognized to be the rst line of host
defense and thus plays a critical role to protect hepatocytes
against HCV infection.26 As demonstrated by a previous study,
STAT3 is a negative regulator of type I IFN response.27 In the
present study, we also veried that STAT3 depletion induced the
activation of type I IFN response by increasing the expression of
PKR, OAS and IRF1. Moreover, miR-29c knockdown led to
a suppression of type I IFN response. Based on the present
nding that STAT3 was a direct target of miR-29c, we further
investigated whether miR-29c depletion repressed the activa-
tion of type I IFN response by targeting STAT3. As expected,
STAT3 knockdown reversed anti-miR-29c-mediated inhibition
on type I IFN response. All the data suggested that miR-29c
down-regulation repressed the activation of type I IFN
response by targeting STAT3. Contrary with our ndings, Wu
et al.28 proved that miR-146a was a potent negative regulator of
type I IFN response by targeting STAT3, resulting in the
enhancement of human cytomegalovirus in MRC-5 cells. Zhu
et al.29 found that miR-19a depletion enhanced HBV replication
via repressing type I IFN response by targeting SOCS1 in preg-
nant women.
5. Conclusion

Our study demonstrated that miR-29c repressed HCV infection
via enhancing type I IFN response by targeting STAT3 in JFH-1-
infected Huh7 cells, indicating that miR-29c might be a useful
marker and potential therapeutic target of HCV infection.
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