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Abstract

Despite advances in chronic hepatitis C treatment, a proportion of patients respond poorly to treatment. This study aimed
to explore hepatic mRNA and microRNA signatures involved in hepatitis C treatment resistance. Global hepatic mRNA and
microRNA expression profiles were compared using microarray data between treatment responses. Quantitative real-time
polymerase chain reaction validated the gene signatures from 130 patients who were infected with hepatitis C virus
genotype 1b and treated with pegylated interferon-alpha and ribavirin combination therapy. The correlation between
mRNA and microRNA was evaluated using in silico analysis and in vitro siRNA and microRNA inhibition/overexpression
experiments. Multivariate regression analysis identified that the independent variables IL28B SNP rs8099917, hsa-miR-122-
5p, hsa-miR-17-5p, and MAP3K8 were significantly associated with a poor virologic response. MAP3K8 and miR-17-5p
expression were inversely correlated with treatment response. Furthermore, miR-17-5p repressed HCV production by
targeting MAP3K8. Collectively, the data suggest that several molecules and the inverse correlation between mRNA and
microRNA contributed to a host genetic refractory hepatitis C treatment response.
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Introduction Microarray applications in clinical medicine identified that
. . ) numerous mRNAs and microRNAs (miRNAs) regulate complex

Chronic hepatitis G (CH-C) caused by hepatitis C virus (HGV)  processes involved in disease development. For example, hepatic
infection is a major chronic liver disease worldwide, and it often mRNA expression of IFN-stimulated genes (ISGs, such as ISG15,
develops into cirrhosis and hepatOCFllular carcinoma. Pegylated OAS, IFI, IP10, and viperin) and IFN-related pathway genes (MX
interferon alpha (peg-IFNo) and ribavirin (RBV) combination and USP18) correlate with responses to peg-IFNo./RBV combi-
therapy is widely used to treat CH-C [1]. However, treatment fails nation therapy for CH-C [4-7]. However, few studies have

in approximately 50% patients with HCV genotype 1. Of note, examined global miRNAs alone [8]. Furthermore, mRNA and
approximately 20-30% patients show null or partial response to

- A miRINA gene signatures and their interactions in treatment
the treatment. The introduction of nonstructural 3/4A protease

response have not been reported. miRNAs are evolutionarily
inhibitors has improved the outcome for genotype 1 CH-C conserved, small non-coding RNAs [9,10]. A single miRNA can
patients [1]. However, new antiviral agents increase the frequency regulate the expression of multiple target mRNAs and their
and severity of adverse effects, are costly, have complex treatment encoded proteins by imperfect base pairing and subsequent
regimens, and often result in viral resistance. Importantly, the  RNA cleavage/translational repression. Conversely, the expres-
outcomes of triple combination therapy are extremely poor in sion of a single mRNA is often regulated by several miRNAs. As
patients who showed null and partial response to previous peg- regulators of promotion or suppression of gene expression,
IFNo/RBV, compared to treatment-naive patients and relapsers miRNAs are involved in diverse biological and physiological
[1-3]. Furthermore, over 50% of null and partial responders, processes, including cell cycle, proliferation, differentiation, and
among all patients with a similar virologic response or viral  pnont06is In addition to targeting endogenous mRNAs, miRNAs

kinetics, relapse after treatment cessation [2,3]- Collecgvely, these regulate the life cycle of viruses such as the Epstein-Barr virus,
studies suggest a role of host genetics in treatment resistance.
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HCV, and other oncogenic viruses by interacting with viral
transcripts [11,12].

We investigated the differential expression profiles of mRNAs
and miRNAs isolated from the liver tissues of untreated patients
with HCV genotype 1b using microarray analysis. Expression
profiles and their interactions were analyzed to identify the
molecular signatures associated with treatment resistance.

Materials and Methods

Patient population, treatment, and liver tissue samples

During 2010 and 2011, 130 patients infected with HCV
genotype 1b were treated weekly with 1.5 pg/kg of peg-IFNo-2b
(MSD, Tokyo) and daily with 600-1000 mg RBV (MSD) [2,3] for
48 weeks at Jikei University Kashiwa-affiliated hospitals. Patients
with undetectable serum HCV RNA at week 12 or later were
recommended to extend the treatment to 72 weeks. All study
participants provided informed written consent and materials for
genetic testing and met the following criteria: (1) CH-C diagnosis
confirmed by laboratory tests, virology, and histology; (2) genotype
1b confirmed by polymerase chain reaction (PCR)-based method;
(3) absence of malignancy, liver failure, or other form of chronic
liver disease; and (4) no concurrent treatment with any other
antiviral or immunomodulatory agent. Liver specimens were
obtained percutaneously before treatment, formalin-fixed, and
paraffin-embedded for histological assessment [13]. A tissue
section was stored in RNAlater solution (Life Technologies,
Carlsbad, CA). Total RNA containing mRNA and miRNA was
isolated using the mirVana miRINA isolation kit (Life Technolo-
gies).

Sustained virological response (SVR) was defined as an
undetectable serum HCV RNA level at 24 weeks after treatment
completion. A null response was defined as a viral decline of <
2 logip TU/mL from baseline at treatment week 12 and detectable
HCV RNA during treatment. A partial response was defined as a
viral decline of >2 log;o IU/mL from baseline at week 12, with no
achievement of an undetectable HCV RNA level. Relapse was
defined as an undetectable serum HCV RNA level at the end of
treatment and viremia reappearance on follow-up examination
[1]. Viral loads and the presence or absence of serum HCV RNA
were evaluated using a qualitative PCR assay (Amplicor HCV
version 2.0; Roche Diagnostics, Tokyo).

This study conformed to the provisions of the Declaration of
Helsinki and Good Clinical Practice guidelines and was approved
by the Jikei University Ethics Committee for Human Genome/
Gene Analysis Research (No.21-093_5671).

mRNA microarray

Global mRNA expression analysis was performed using total
RNA isolated from each sample [sustained virological responders
(SVRs), n=5; relapsers, n=3; null responders, n=4] and the
GeneChip Human Genome U133 Plus 2.0 Array (Affymetrix,
Santa Clara, CA). Datasets were normalized by the robust multi-
array analysis, using R 2.12.1 statistical software and the
BioConductor package.

miRNA microarray

Global miRNA expression analysis was performed using total
RNA isolated from the same samples used for mRINA expression
analysis and the miRCURY LNA microRNA Array series
(Exiqon, Vedbaek, Denmark). Total RNA was labeled with Hy3
and hybridized to slides that contained capture probes targeting all
human miRNAs registered in the miRBASE 14.0. miRNA

PLOS ONE | www.plosone.org
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microarray datasets were normalized by quantile normalization
using R statistical software.

Differential gene expression according to treatment

response

The limma package from BioConductor software (under R
statistical software) was used to calculate moderated t-statistics
(based on the empirical Bayes approach) to identify mRNA or
miRNA differentially expressed between the SVR/relapser group
and null/partial responder group. Because of multiple hypothesis
testing, p values were adjusted by the Benjamini-Hochberg false
discovery rate (FDR) method.

Hierarchical cluster analysis

Up- and down-regulated probe sets were analyzed by hierar-
chical clustering using R statistical software. Pearson’s correlation
coeflicients were used to calculate a matrix similarity score among
the probe sets. The complete linkage method was used for
agglomeration. Heat maps were generated from significant
differentially expressed probe sets.

Quantitative real-time PCR for mRNA

To validate microarray results and to confirm the observed
differences in the mRNA expression levels in a quantitative
manner, each sample was subjected to reverse transcription (RT)-
PCR and quantitative real-time RT-PCR (qPCR) in triplicate.
After ¢cDNA synthesis, target genes were amplified in PCR
mixtures that contained TagMan Universal PCR Master Mix (Life
Technologies) and TagMan probes designed with the Universal
Probe Library Assay Design Center (http://www.roche-applied-
science.com/sis/rtper/upl/ade.jsp). Target gene expression levels
in each sample were normalized to the expression of the
housekeeping gene of 18S rRNA and the corresponding gene of
one null responder.

Quantitative real-time PCR for miRNA

cDNA was synthesized from aliquots of the isolated total RNA
using the TagMan MicroRNA Reverse Transcription kit (Life
Technologies) including RT primers designed with miRNA-
specific stem-loop structures according to manufacturer’s protocol.
miRNA expression levels were quantified with the TagMan
MicroRNA assay (Life Technologies) in triplicate. Target gene
expression levels were normalized in each sample to the expression
of the endogenous gene RNU48 and the corresponding gene of
one null responder.

miRNA target prediction

Up- and down-regulated miRNAs with a fold change of >1.2
and p<<0.005 (FDR<0.15) between two groups (SVRs/relapsers os
null responders) in the microarray analysis were subjected to the in
stlico prediction of mRNA targets for miRNA using MicroCosm
Targets, miRanda, PicTar, PITA, and TargetScan algorithms.
Predicted mRNA targets were analyzed further if they met the
following criteria: (1) fold change of >1.5 and $<<0.003 (FDR<
0.35) in mRINA microarray results; (2) inverse correlation (negative
correlation coefficient) between miRINA and mRNA in mRNA
and miRNA microarray results; and (3) qPCR-validated micro-
array results. Kyoto Encyclopedia of Genes and Genomes
(REGG) Pathways, Agilent Literature Search 3.0.3 beta, and
Cytoscape 3.0.2 were used to identify the significance of
candidates in gene regulatory networks.
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Cell culture

The human hepatoma cell line Huh7.5.1 (a gift from Professor
Francis Chisari, Scripps Research Institute, La Jolla, CA) was
maintained in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum [14]. Cell culture-produced HCV
(HCVcc) were harvested from JFHI-transfected Huh7.5.1 as
previously described [15].

Plasmids and siRNAs

The siRNAs targeting MAP3K8 were siRNAIL, 5'-uucgu-
cuuuauaucuugugtt-3'; siRNA2, 5'-uguugcuagguuuaauauctt-3';
siRNA3, 5'-aucuugugccaaguauacctt-3'; and scrambled negative
control siRNA to siRINAI (Sigma-Aldrich, St. Louis, MO). The
expression and inhibitor plasmids of hsa-miR-17-5p and control
plasmids were purchased from GeneCopoeia (Rockville, MD).

HCV core antigen measurements and cell viability

The HCV core antigen concentrations in filtered culture
medium and cell lysates of infected cells were measured with the
Lumipulse Ortho HCV antigen kit (Ortho Clinical Diagnostics,
Tokyo). Cell viability was analyzed using the CellTiter-Glo
Luminescent Cell Viability Assay (Promega, Madison, WI).

Transfection

Cells were seeded into a 24-well plate and transfected with
siRNAs and plasmids using Lipofectamine RNAIMAX (Invitro-
gen, San Diego, CA) and TransIT-LT1 (Mirus, Madison, WI),
respectively.

Luciferase reporter assay

The MAP3K8 3'UTR segment containing the putative miR-
17-5p target sites was subcloned into the pGL3 reporter plasmid
(Promega). A mutant construct was also generated by PCR-based
mutagenesis using mutagenic primers. The luciferase reporter and
hsa-miR-17-5p expressing or mock plasmids were co-transfected
with the Renilla luciferase transfection control plasmid. Luciferase
reporter activity was measured 48 hours after transfection with the
Dual-Luciferase Reporter Assay System (Promega).

Western blot

Liver samples were sonicated in lysis buffer. Lysate aliquots
were separated by SDS-polyacrylamide gel electrophoresis and
transferred onto a nitrocellulose membrane. Membranes were
incubated with primary antibodies against MAP3KS8 (ab70853,
Abcam, San Diego, CA) and B-actin (EP1123Y, Abcam).
Membranes were incubated with horseradish peroxidase-conju-
gated secondary antibodies. Immunoreactivity was detected with
reagents (GE Healthcare Life Sciences, Piscataway, NJ). Images
were scanned and band intensities quantified with Image J.

IL28B and ITPA single nucleotide polymorphism (SNP)
genotyping

Genomic DNA was extracted from whole blood using the
MagNA Pure LC and the DNA Isolation Kit (Roche Diagnostics).
The IL28B rs8099917 and rs12979860 [16,17] and ITPA exon 2
rs1127354 [18] genetic polymorphisms were genotyped by real-
time detection PCR with the TagMan SNP Genotyping Assays.

Statistical analysis for factors associated with null/partial
response

The chi-square, Fisher’s exact, Student’s ¢ and the Mann—
Whitney two-tailed tests were used to compare frequencies in
categorical data or differences in continuous data between two
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groups. Significant independent factors associated with null/
partial responses were identify with multiple logistic regression
analysis using the SPSS statistical package for Windows, version
17.0 (IBM SPSS, Chicago, IL). A p value of <0.05 was considered
statistically significant. ’

Results

Patient profiles and treatment response

Among the 130 patients, 62 (48%) achieved SVR, 36 (28%)
relapsed, and six (5%) and 26 (20%) showed partial and null
response, respectively. Patients were divided into an SVR /relapser
group and a null/partial responder group. Table S1 compares the
baseline characteristics of the two groups. Patients with elevated
serum gamma glutamyl transpeptidase and decreased albumin
concentrations were more likely to experience a null/partial
response. The IL28B rs8099917 TG and rs12979860 CT variants
were more likely to be null/partial responders compared with TT
and CC genotypes, respectively.

mRNAs associated with treatment response

mRNA microarray data were deposited into the NCBI Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/
), accession number GSE42697. The cut-off criteria for fold
change >1.5 and $<<0.003 identified 39 up-regulated and 17
down-regulated annotated probe sets in null responders (Data S1).
The up-regulated genes were associated with transcription,
translation, cell cycle, phosphorylation, signal transduction,
immune response, RINA splicing/mRNA processing, and viral
reproduction. The down-regulated genes were associated with
xenobiotic/small molecule/lipid metabolic and oxidation—reduc-
tion processes. Hierarchical clustering of mRINAs and samples
showed that samples from SVRs and relapsers clustered to form a
group different from the null responders (Fig. S1). To validate the
microarray results, qgPCR was performed for all significant
differentially expressed genes. The expression levels of MAP3K8
(mitogen-activated protein kinase kinase kinase 8, p=5.24x1077),
TMEM178 (transmembrane protein 178, p=7.31x10~%), PSME4
(proteasome activator subunit 4, also known as PA200,
$p=243x107%, and EIF3B (eukaryotic translation initiation
factor-3B, p=3.16x107% Fig. 1) were significantly increased in
null/partial responders compared with those in SVRs/relapsers.
TMEM178 is a multi-pass membrane protein and PSME4 is a
nuclear protein that activates the proteasome and is important for
oxidative-stress adaptation. EIF3B is involved in protein transla-
tion/synthesis and interacts with the HCV IRES and the 40S

ribosomal subunit.

miRNAs associated with treatment response

miRNA microarray data were deposited into the NCBI GEO,
accession number GSE45179. The cut-off criteria for fold change
>1.2 and p<0.005 identified 111 down-regulated and 76 up-
regulated miRNAs in null responders (Data S2). Hierarchical two-
dimensional clustering showed that distinct patient groups
clustered into two distinct groups (Fig. S2). Bioinformatic analysis
predicted target genes of the differentially expressed miRNAs. The
hypothetical target genes should be MAP3K8, TMEM178,
PSME4, and EIF3B. Furthermore, these miRNAs and mRNAs
must have an inverse correlation between mRNA and miRNA
microarray data. The microRNAs that satisfied the requirements
were as follows: hsa-let-7g* and hsa-miR-17-5p, -20b, -297, -374b,
-494, -602, -668, and -1297 for MAP3K8; hsa-miR-106b* and -
122-5p for TMEMI178; and hsa-miR-492 and -675-5p for
PSME4. No corresponding miRNA was identified for EIF3B.
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Figure 1. Validation of differentially expressed mRNAs by qPCR analysis. The expression levels of four mRNAs were significantly higher in
null/partial responders than in SVRs/relapsers. Assays for each sample were performed in triplicate. All p-values were calculated using the Mann-

Whitney test.
doi:10.1371/journal.pone.0097078.g001

Stem-loop-based ¢PCR was performed to confirm the reliability of
the miRNA microarray results and the inverse correlation between
miRNA and mRNA. The expression levels of hsa-miR-122-5p
(p=2.75x107"), hsa-miR-675-5p (p=1.00x107>), and hsa-miR-
17-5p (p=1.73x10"%) were significantly lower in null/partial
responders than in SVRs/relapsers (Fig. 2).

Independent variables associated with treatment

response

Multiple logistic regression analysis of variables that were
significant in univariate analysis identified that rs8099917
[p=3.67x1073, odds ratio (OR)=7.51, 95% confidence interval
(CD)=2.14-29.27], hsa-miR-122-5p (p=5.60x10"* OR=0.11,
95% CI=0.03-0.38), hsa-miR-17-5p (p=2.02x10™*, OR =0.56,
95% CI=0.41-0.76), and MAP3KS (p=8.58x107°, OR =2.86,
95% CI=1.31-6.25) were significantly associated with null/
partial response. Importantly, i silico analysis and microarray data
suggested that increased miR-17-5p could cause MAP3KS8
reduction. In fact, an inverse correlation was observed between
MAP3K8 mRNA and miR-17-5p (r=—0.592, p=4.31x107?).
MAP3KS is closely linked to genes associated with cell prolifer-
ation, inflammation, and apoptosis (Fig. $3) and is associated with
the miR-17 cluster family (Fig. S4).

PLOS ONE | www.plosone.org 4

MAP3K8 contributes to HCV production

siRNA transfection in HCVec-infected cells was performed to
assess the influence of MAP3K8 mRINA and protein on HCV
production (Fig. 3A). miR-17-5p levels were significantly increased
(Fig. 3B) while supernatant HCV core antigen levels were
significantly decreased following transfection of the siRINAs
(Fig. 3C). However, the HCV core antigen levels in cell lysates
were not changed (Fig. 3C). Taken together, these findings
suggested that MAP3KS8 repressed miR-17-5p and contributed to
the production (e.g. release and assembly) of HCV. In uvi,
MAP3KS protein expression levels were significantly increased in
null/partial responders compared with those in SVRs/relapsers
(p=2.43x107%),

Hsa-miR-17-5p regulates HCV production by targeting
MAP3K8

Changes in MAP3K8 and HCV core antigen levels were
evaluated by hsa-miR-17-5p inhibition and overexpression in
HCVcc-infected cells. miR-17-5p inhibition increased MAP3KS8
mRNA and protein levels (Fig. 4A and 4B, left). In contrast, miR-
17-5p overexpression decreased MAP3K8 mRNA and protein
levels (Fig. 4A and 4B, right). Interestingly, miR-17-5p inhibition
increased, whereas miR-17-5p overexpression decreased HCV
core antigen levels in both supernatants and cell lysates (Fig. 4C).
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Figure 2. Validation of differentially expressed miRNAs by qPCR analysis. The expression levels of three miRNAs were significantly higher in
null/partial responders than in SVRs/relapsers. Assays for each sample were performed in triplicate. All p-values were calculated using the Mann-

Whitney test.
doi:10.1371/journal.pone.0097078.g002

Taken together, these results suggested that miR-17-5p regulated
the production of HC'V by targeting MAP3K8 mRINA. Luciferase
reporter assays showed that miR-17-5p overexpression decreased
the luciferase activity of the wild-type MAP3K8 3'UTR reporter
construct, whereas co-transfection with the mutant MAP3K8
3'UTR construct or mock had no effect (Fig. 5), suggesting that
miR-17-5p targeted the MAP3K8 3'UTR and antagonized
MAP3KS8 protein expression.

Discussion

This study showed close linkage between mRNA and miRNA
signatures in CH-G treatment outcomes using global expression
profiling analyses. To confirm the findings, this cohort was
randomly divided into derivation and confirmatory groups. The
derivation group results were similar to those described above and
reproducible in the confirmatory group (data not shown).
Subsequently, we attempted to compare our findings with
registered patient data obtained from independent cohorts
comprising either Asian or non-Asian subjects. However, com-
parisons were not possible because most mRINA or miRNA
microarray studies had a small sample size, limited information,
unregistered data, and/or findings that were not validated in an
independent cohort [4-7,11,19-21]. To our knowledge, our study
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was the first to investigate the correlation between mRINA and
miRNA in treatment response using global gene expression
analysis and n vitro experiments. Such gene signature identification
can improve the accuracy of treatment outcome predictions,
independent of known strong predictors.

Pretreatment hepatic ISG levels are higher in non-SVRs/non-
relapsers than in SVRs/relapsers [4-7]. The poor ISG response of
non-SVRs with further exogenous IFN may contribute to
treatment failure [5,6]. Because patient groups with different
response categories differ in their innate IFN response to HCV
infection; poor responders may have adopted a different equilib-
rium in their innate immune response to HCV [4,6]. As per
multivariate regression analysis, however, IL28B SNPs may
diminish the significance of hepatic ISGs as treatment predictors
because hepatic ISG expression is associated with IL28B SNPs
[7,19]. Conversely, hepatic ISGs were reported to be stronger
predictors compared with IL28B SNPs [20]. Although our gene
set enrichment analysis (data not shown) also showed that hepatic
ISG expression levels were generally higher in null/partial
responders than in SVRs/relapsers, the differences were not large
enough to be ranked in a higher order and/or to reach statistical
significance in expression profiling and validation analyses (Data
S3). These variations among studies may be caused by different
and heterogeneous patient characteristics, including HCV geno-
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Figure 3. Transfection of Huh7.5.1 cells with siRNAs against MAP3K8. (A) Transfection of Huh7.5.1 cells with siRNAs against MAP3K8
significantly decreased intracellular MAP3K8 mRNA levels, (B) increased intracellular hsa-miR-17-5p levels, and (C) decreased HCV core antigen levels
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doi:10.1371/journal.pone.0097078.g003
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doi:10.1371/journal.pone.0097078.g005

type, patient race, treatment response definitions, study end-
points, and treatment regimens. This study analyzed patients with
a homogeneous race and genotype (1b) who adhered to
combination therapy and treatment for a specified duration.

MAP3KS, also known as cancer Osaka thyroid (cot) [22] or
tumor progression locus 2 (tpl2) [23], was originally recognized as
a proto-oncogenic protein. Toll-like receptors (TLRs) are innate
immune sensors stimulated by specific microbial and viral
components, including HCV. In vitro HCV infection directly
induces TLR4 expression and activates human B cells to increase
the production of IFN-B and IL-6 [24]. Peripheral blood
mononuclear cells from HCV-infected individuals express higher
TLR4 levels compared with uninfected controls [24]. In the IKK-
NF-kB pathway, certain activated TLRs, including TLR4, induce
inhibition of kappa B kinase (IKK)- catalyzed phosphorylation of
nuclear factor kappa B (NF-xB) p105. Nonphosphorylated NF-xB
pl05 forms a stable, inactive complex with MAP3KS8. Subsequent
ubiquitination and proteasome-mediated processing of NF-«B-
pl05 to NF-xkB-p50 releases MAP3KS, which activates the
MAPK/ERK kinase (MEK)-extracellular signal-regulated kinase
(ERK) pathway. MEK-ERXK regulates the expression of pro- and
anti-inflammatory mediators that lead to the production of various
cytokines and chemokines in a stimulus- and cell/receptor type-
specific manner (Fig. S3, Fig. S4) [25,26]. Indeed, MAP3KS8 is an
important and novel therapeutic target for inflammatory diseases
[27]. MAP3KS8 is involved in ERK signaling activation in hepatic
Kupffer and stellate cells with being stimulated by TLR4 and
TLRY, leading to ERK-dependent expression of the fibrogenic
genes IL-1B and TIMP-1. Thus, MAP3KS8 expression may
contribute to liver fibrosis [28].
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In addition, this study provided a novel insight into MAP3KS8,
which is involved in resistance to HCV treatment. The results of
experiments in this study demonstrated the importance of
MAP3KS8 in HCV production. MAP3K8 knockdown by siRNA
altered extracellular, but not intracellular, HCV core antigen
levels. This result suggests that MAP3KS8 might be involved in the
release or assembly of HCV, does not exclude the possibility that
MAP3KS8 participates in intracellular HCV core production
because miR-17-5p influenced both supernatant and cell-lysate
HCYV core antigen levels along with MAP3K8 mRNA and protein
levels. If MAP3KS8 limited viral release/assembly alone, intracel-
lular HCV core antigen would accumulate following siRNA
transfection. Conversely, MAP3KS8 overexpression did not affect
HCV production, probably because enough MAP3KS8 may exist
in the cells. This result is generally observed in other critical host
factors {e.g. hVAP-33) involved in the HCV life cycle [29]. The
above description [24-26] and i sifico analyses (Fig. S3, Fig. $4)
suggest that MAP3K8 might play a role in HCV production
through a regulatory pathway and network (Fig. S5); however, the
exact mechanism remains unknown and requires further investi-
gation. It is important to note that there may be differences
between the HCV genotype 1b- and 2a-derived strains/replicons.
The 2a-derived JFH1 infection system is highly competent
compared with other genotype-derived systems and allows steady
inhibition and expression analyses [30]. Notably, this in vitro study
focused on the correlation between MAP3K8 and miR-17-5p and
their impact on HCV production; there may not be significant
genotypic effect on MAP3K8 and miR-17-5p. Importantly, it is
difficult to determine genotype-specific differences using different
infection-competent systems.
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The miR-17-92 polycistron, also known as the first oncomir,
encodes six or seven miRNAs, including miR-17-5p [31,32], and is
frequently overexpressed in several tumors [31,33]. In contrast,
overexpression of miR-17-5p also leads to tumor suppression in
breast cancer [34] and Hela cells [32]. miR-17-5p may function
as both a tumor suppressor and an oncogenic activator by
targeting both pro- and anti-proliferative genes and by competing
with each other in different cellular contexts, which are dependent
on the expression of other transcriptional regulators [35]. Known
targets of the miR-17-92 cluster primarily regulate cell cycle
progression, apoptosis, and transcription factors [32,35]. Physio-
logically, this cluster is down-regulated during aging, and
hematopoietic and lung differentiation. During HIV infection,
suppression of this cluster by the virus is required for efficient viral
replication [36]. Our results suggest that inhibition of miR-17-5p
expression may be advantageous for HCV production. Interest-
ingly, miR-17-5p overexpression in HelLa cells decreases the
expression of the low-density lipoprotein (LDL) receptor (LDLR)
and consequently induces reduced intracellular lipoprotein accu-
mulation because of the impaired internalization [32]. LDLR is
one of putative HCV receptors; however, its precise role remains
controversial [37-40]. LDLR also aids the optimization of HCV
replication, and the expression levels are stimulated by HCV
infection. Decreased LDLR and lipoprotein uptake through
LDLR may adversely affect the HCV life cycle because hepatocyte
lipid metabolism pathways are required for HGV.

Bioinformatics and i vitro experiments showed that miR-17-5p
expression levels were inversely correlated with MAP3K8 in
response to anti-HCV treatment. miR-17-5p repressed HCV
production by inhibiting MAP3K8 expression, whereas miR-17-
5p expression was influenced by MAP3KS8. The results also
suggested a specific interaction between miR-17-5p and MAP3K8
3'UTR, which was previously validated by the luciferase reporter
assay [35]. Taken together, MAP3KS8 expression following HCV
infection is negatively influenced by miR-17-5p at both the
translational and transcriptional levels. This molecular interaction
is a potential target for novel molecular therapeutics. However, a
single miRINA can regulate the expression of multiple target
mRNAs by imperfect base pairing [9,10]. Conversely, the
expression of a single mRNA may be regulated by several
miRNAs. Numerous mRINAs and miRNAs are key regulators in
complicated pathophysiological networks (Fig. S3, Fig. S4).
Therefore, it is important to note that the complex interaction
between MAP3KS8 and miR-17-5p may not be reflective of a
correlation between their expression and viral load in our patient
cohort.

Abundant hepatic miR-122 expression is essential for efficient
HCV replication in cultured human hepatoma cells [11].
Suppression of miR-122 leads to a marked reduction and long-
lasting suppression of HCV RNA in both sera and the livers of
nonhuman primates with chronic HCV infection [41]. Paradox-
ically, this study showed significantly lower miRNA-122 (hsa-miR-
122-5p) expression levels in null/partial responders than in SVRs/
relapsers, independent of other factors. This finding is in
agreement with the results of a previous study, which reported
markedly low baseline miR-122 levels in poor responders [21].
Moreover, no positive correlation was observed between miR-122
expression and viral load. No convincing explanation exists for
these paradoxical results. Re-analysis of registered miRINA
microarray data [8] identified significantly low miR-122 levels,
no change in miR-675-5p levels, and low (although not significant)
miR-17-5p levels in null/partial responders. Most miR-122 target
genes are involved in the lipid biogenesis pathway [42], and miR-
122 antagonism induces a substantial decrease in plasma lipid
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levels. As described above, host lipid metabolism is vital to HCV
[40], and may be related to the endogenous IFN response to HCV
and IL28B SNPs [43]. However, we did not find a correlation
between miR-122 expression and serum lipid levels nor identify
miR-122 target genes, including lipid-related metabolic pathways,
which could be considered key molecular signatures contributing
to a null/partial response.

In conclusion, both global mRNA and miRNA expression
profiling analyses increase our understanding of the molecular
mechanisms that underlie refractory treatment responses and are
even applicable to next-generation treatment. The results obtained
in this study also aid the identification of novel features of known
genes and target molecules for future therapeutic intervention.

Supporting Information

Figure S1 Hierarchical cluster analysis of mRNA ex-
pression using microarray analysis. Changes in mRNA
expression levels are presented in graduated color patches from
green (least expression) to red (most abundant expression).

(TIF

Figure 82 Hierarchical cluster analysis of miRNA
expression using microarray analysis. Changes in gene

expression are presented in graduated color patches from blue
(least expression) to red (most abundant expression).

(TIF)

Figure 83 Relationship between MAP3K8 (Tpl2/Cot)
and related genes in underlying gene regulatory net-
works. MAP3K8 (Tpl2/Cot) was integrated by Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) Pathways. MAP3KS8
(Tpl2/Cot) was identified as an important node and considered to
be a key regulator.

(T1F)

Figure S4 Gene networks for MAP3K8 and hsa-miR-17,
MAP3KS8 and hsa-miR-17 and array-independent/literature-
based text-mining were integrated into the gene regulatory
network analysis (Agilent Literature Search). The interaction data
were visualized and analyzed by Cytoscape. MAP3KS8 and its
related mRINAs were associated with the miR-17 cluster family
and its related miRNAs via IRF6, STATS, AKT!, EPHB2,
TIMPI1, and VEGFA.

(TTF)

Figure S5 Postulated scheme for HCV replication
regulated by MAP3K8 and hsa-miR-17-5p. IKK, inhibition
of kappa B kinase; NF-xB, nuclear factor kappa B; MAP3KS,
mitogen-activated protein kinase kinase kinase 8; MEK, MAPK/
extracellular signal-regulated kinase.

(TIF)

Table S1 Comparison of baseline profiles between
SVRs/relapsers and null/partial responders.

(DOC)

Data 81 List of gene probe sets up- and down-regulated
in sustained virological responders (SVR) and relapsers
compared with those in null responders.

(XLS)

Data §2 List of microRNA probe sets up- and down-
regulated in sustained virological responders (SVR) and
relapsers compared with those in null responders.
(XLS)

Data 83 List of all gene probe sets up- and down-
regulated in sustained virological responders (SVR) and
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relapsers compared with those in null responders, and
gene signatures in previously reported references.

(XLS)

Acknowledgments

We thank Dr. Takaji Wakita (National Institute of Infectious Diseases) for
providing the JFH 1-transfected cells and Haruyo Aoyagi (National Institute

References

1.

20.

Ghany MG, Nelson DR, Strader DB, Thomas DL, Scefl LB (2011) An update
on treatment of genotype 1 chronic hepatitis C virus infection: 2011 practice
guideline by the American Association for the Study of Liver Discases.
Hepatology 54: 14331444

. Kumada H, Toyota J, Okanoue T, Chayama K, Tsubouchi H, et al. (2012)

Telaprevir with peginterferon and ribavirin for treatment-naive patients
chronically infected with HCV of genotype 1 in Japan. J Hepatol 56: 78-8+.

. Hayashi N, Okanoue T, Tsubouchi H, Toyota J, Chayama K, et al. (2012)

Efficacy and safety of telaprevir, a new protease inhibitor, for difficult-to-treat
patients with genotype 1 chronic hepatitis C. J Viral Hepat 19: ¢134-142.

. Chen L, Borozan 1, Feld J, Sun J, Tannis LL, ct al. (2005) Hepatic gene

expression discriminates responders and nonresponders in treatment of chronic
hepatitis G viral infection. Gastroenterology 128: 14371444,

. Feld JJ, Nanda S, Huang Y, Chen W, Cam M, ¢t al. (2007) Hepatic gene

expression during treatment with peginterferon and ribavirin: Identifying
molecular pathways for treatment response. Hepatology 46: 15481563,

. Sarasin-Filipowicz M, Oakeley EJ, Duong FH, Christen V, Terracciano L, et al.

(2008) Interferon signaling and treatment outcome in chronic hepatitis C. Proc
Nat Acad Sci USA 105: 7034-7039.

. Honda M, Sakai A, Yamashita T, Nakamoto Y, Mizukoshi E, et al. (2010)

Hepatic ISG expression is associated with genetic variation in interleukin 28B
and the outcome of IFN therapy for chronic hepatitis C.. Gastroenterology 139:
499-509.

. Murakami Y, Tanaka M, Toyoda H, Hayashi K, Kuroda M, et al. (2010)

Hepatic microRNA expression is associated with the response to interferon
treatment of chronic hepatitis C. BMC Med Genomics 3: 48.

. Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM, et al. (2005)

Microarray analysis shows that some microRNAs downregulate large numbers
of target mRNAs. Nature 433: 769773,

. Selbach M, Schwinhausser B, Thierfelder N, Fang Z, Khanin R, ct al. (2008)

Widespread changes in protein synthesis induced by microRNAs. Nature 455:
58-63.

. Jopling CL, Yi M, Lancaster AM, Lemon SM, Sarnow P (2005) Modulation of

hepatitis G virus RNA abundance by a liver-specific MicroRNA. Science 309:
1577-1581.

. Gottwein E, Cullen BR (2008) Viral and cellular microRNAs as determinants of

viral pathogenesis and immunity. Cell Host Microbe 3: 375-387.

. Desmet V], Gerber M, Hoofnagle JH, Manns M, Scheuer PJ (1994)

Classification of chronic hepatitis: diagnosis, grading and staging. Hepatology
19: 1513-1520.

. Zhong J, Gastaminza P, Cheng G, Kapadia S, Kato T, et al. (2005) Robust

hepatitis C virus infection in vitro. Proc Natl Acad Sci USA 102: 9294-9299.

. Wakita T, Pietschmann T, Kato T, Date T, Miyamoto M, et al. (2005)

Production of infectious hepatitis C virus in tissue culture from a cloned viral
genome. Nat Med 11: 791-796.

. Ge D, Fellay J, Thompson AJ, Simon JS, Shianna KV, et al. (2009) Genetic

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

. Tanaka Y, Nishida N, Sugiyama M, Kurosaki M, Matsuura K, et al. (2009)

Genome-wide association of IL28B with response to pegylated interferon-alpha
and ribavirin therapy for chronic hepatitis C. Nat Genet 41: 1105-1109.

. Fellay J, Thompson AJ, Ge D, Gumbs CE, Urban TJ, et al. (2010) ITPA gene

variants protect against anaemia in patients treated for chronic hepatitis C.
Nature 464: 405-408.

. Urban TJ, Thompson AJ, Bradric SS, Fellay J, Schuppan D, et al. (2010) IL28B

genotype is associated with differential expression of intrahepatic interferon-
stimulated genes in patients with chronic hepatitis C. Hepatology 52: 1888-
1896.

Dill MT, Duong FHT, Vogt JE, Bibert S, Bochud PY, et al. (2011) Interferon-
induced gene expression is a stronger predictor of treatment response than
IL28B genotype'in patients with hepatitis C. Gastroenterology 140: 1021-1031.

PLOS ONE | www.plosone.org

10

MAP3K8/miR-17 Expression in Poor Treatment Response

of Infectious Diseases), Rie Agata, and Yoko Yumoto (Jikei University
School of Medicine) for their excellent technical support.

Author Contributions

Conceived and designed the experiments: AT HA. Performed the
experiments: AT HA K. Miyaguchi. Analyzed the data: AT K. Mogushi
HA K. Miyaguchi TK TF HT. Contributed reagents/materials/analysis
tools: AT KN HM TM TF. Wrote the paper: AT,

26.
27,

28.

29.

30.

3L

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,

- 426 -

. Sarasin-Filipowicz M, Krol J, Markiewicz I, Heim MH, Filipowicz W (2009)

Decreased levels of microRNA miR-122 in individuals with hepatitis C
responding poorly to interferon therapy. Nat Med 15: 31-33.

. Miyoshi J, Higashi T, Mukai H, Ohuchi T, Kakunaga T (1991) Structure and

transforming potential of the human cot oncogene encoding a putative protein
kinase. Mol Cell Biol 11: 4088-4096.

. Patriotis C, Makris A, Bear SE, Tsichlis PN (1993) Tumor progression locus 2

(Tpl-2) encodes a protein kinase involved in the progression of rodent T-cell
lymphomas and in T-cell activation. Proc Natl Acad Sci USA 90: 2251-2255.

4. Machida K, Cheng KT, Sung VM, Levine AM, Foung S, et al. (2006) Hepatitis

C virus induces toll-like receptor 4 expression, leading to enhanced production
of beta interferon and interleukin-6. J Virol 80: 866-874.

. Banerjee A, Gerondakis S (2007) Coordinating TLR-activated signaling

pathways in cells of the immune system. Immunol Cell Biol 85: 420~-424.
Gantke T, Sriskantharajah S, Sadowski M, Ley SC (2012) IxB kinase regulation
of the TPL-2/ERK MAPK pathway. Immunol Rev 246: 168-182.

George D, Salmeron A (2009) Cot/Tpl-2 protein kinase as a target for the
treatment of inflammatory discase. Curr Top Med Chem 9: 611-622.
Perugorria MJ, Murphy LB, Fullard N, Chakraborty JB, Vyrla D, et al. (2013)
Tpl2/Cot is required for activation of ERK in liver injury and TLR induced
TIMP-1 gene transcription in hepatic stellate cells. Hepatology 57: 1238-1249.
Gao L, Aizaki H, He JW, Lai MM (2004) Interactions between viral
nonstructural proteins and host protein hVAP-33 mediate the formation of
hepatitis C virus RNA replication complex on lipid raft. J Virol 78: 3480-3488.
Kato T, Matsumura T, Heller T, Saito S, Sapp RK, et al. (2007) Production of
infectious hepatitis G virus of various genotypes in cell cultures. J Virol 81: 4405~
4411,

He L, Thomson JM, Hemann MT, Hernando-Monge E, Mu D, et al. (2005) A
microRNA polycistron as a potential human oncogene. Nature 435: 828-833.

. Serva A, Knapp B, Tsai YT, Claas C, Lisauskas T, et al. (2012) miR-17-5p

regulates endocytic trafficking through targeting TBC1D2/Armus. PLoS One 7:
€52555.

Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, et al. (2006) A microRNA
expression signature of human solid tumors defines cancer gene targets. Proc
Natl Acad Sci USA 103: 2257-2261.

Hossain A, Kuo MT, Saunders GF (2006) Mir-17-5p regulates breast cancer cell
proliferation by inhibiting translation of AIB1 mRNA. Mol Cell Biol 26: 8191~
8201.

Cloonan N, Brown MK, Steptoe AL, Wani S, Chan WL, et al. (2008) The miR-
17-5p microRNA is a key regulator of the G1/S phase cell cycle transition.
Genome Biol 9: R127.

Triboulet R, Mari B, Lin YL, Chable-Bessia C, Bennasser Y, et al. (2007)
Suppression of microRNA-silencing pathway by HIV-1 during virus replication.
Science 315: 1579-1582.

Albecka A, Belouzard S, Op de Beeck A, Descamps V, Goueslain L, et al. (2012)
Role of low-density lipoprotein receptor in the hepatitis C virus life cycle.
Hepatology 55: 998-1007.

Bassendine MF, Sheridan DA, Bridge SH, Felmlee DJ, Neely RD (2013) Lipids
and HCV. Semin Immunopathol 35: 87-100.

Schaefer EA, Chung RT (2013) HCV and host lipids: an intimate connection.
Semin Liver Dis 33: 358-368.

Syed GH, Tang H, Khan M, Hassanein T, Liu J, et al. (2014) Hepatitis C virus
stimulates low-density lipoprotein receptor expression to facilitate viral
propagation. J Virol 88: 2519-2529.

Lanford RE, Hildebrandt-Eriksen ES, Petri A, Persson R, Lindow M, et al.
(2010) Therapeutic silencing of microRNA-122 in primates with chronic
hepatitis C virus infection. Science 327: 198-201.

Kriitzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, et al. (2005)
Silencing of microRNAs in vivo with ‘antagomirs’. Nature 438: 685-689.
LiJH, Lao XQ, Tillmann HL, Rowell J, Patel K, et al. (2010) Interferon-lambda
genotype and low serum low-density lipoprotein cholesterol levels in patients
with chronic hepatitis C infection. Hepatology 51: 1904—1911.

May 2014 | Volume 9 | Issue 5 | 97078



Biochemical and Biophysical Research Communications 443 (2014) 808-813

Contents lists available at ScienceDirect
Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

Evaluation and identification of hepatitis B virus entry inhibitors
using HepG2 cells overexpressing a membrane transporter NTCP

@ CrossMark

Masashi Iwamoto *”, Koichi Watashi*"*, Senko Tsukuda*, Hussein Hassan Aly ¢, Masayoshi Fukasawa ¢,
Akira Fujimoto®, Ryosuke Suzuki?, Hideki Aizaki?, Takayoshi Ito ¢, Osamu Koiwai °, Hiroyuki Kusuhara |,
Takaji Wakita ©

2 Department of Virology II, National Institute of Infectious Diseases, Tokyo 162-8640, Japan

b Department of Applied Biological Science, Tokyo University of Sciences, Noda 278-8510, Japan

€ Micro-signaling Regulation Technology Unit, RIKEN Center for Life Science Technologies, Wako 351-0198, Japan

d Department of Biochemistry and Cell Biology, National Institute of Infectious Diseases, Tokyo 162-8640, Japan

€ Division of Gastroenterology, Department of Medicine, Showa University School of Medicine, Tokyo 142-8666, Japan
fThe University of Tokyo, Graduate School of Pharmaceutical Sciences, Tokyo 113-0033, Japan

ARTICLE INFO ABSTRACT

Article history:
Received 24 November 2013
Available online 14 December 2013

Hepatitis B virus (HBV) entry has been analyzed using infection-susceptible cells, including primary
human hepatocytes, primary tupaia hepatocytes, and HepaRG cells. Recently, the sodium taurocholate
cotransporting polypeptide (NTCP) membrane transporter was reported as an HBV entry receptor. In this
study, we established a strain of HepG2 cells engineered to overexpress the human NTCP gene (HepG2-

Keywords: hNTCP-C4 cells). HepG2-hNTCP-C4 cells were shown to be susceptible to infection by blood-borne and
HBV . cell culture-derived HBV. HBV infection was facilitated by pretreating cells with 3% dimethyl sulfoxide
g‘TfECPUO“ permitting nearly 50% of the cells to be infected with HBV. Knockdown analysis suggested that HBV infec-
DMSO tion of HepG2-hNTCP-C4 cells was mediated by NTCP. HBV infection was blocked by an anti-HBV surface
Cyclosporin protein neutralizing antibody, by compounds known to inhibit NTCP transporter activity, and by cyclo-
Oxysterol sporin A and its derivatives. The infection assay suggested that cyclosporin B was a more potent inhibitor

of HBV entry than was cyclosporin A. Further chemical screening identified oxysterols, oxidized deriva-
tives of cholesterol, as inhibitors of HBV infection. Thus, the HepG2-hNTCP-C4 cell line established in this
study is a useful tool for the identification of inhibitors of HBV infection as well as for the analysis of the
molecular mechanisms of HBV infection.

© 2013 The Authors. Published by Elsevier Inc. All rights reserved.

1. Introduction

Approximately 350 million people are estimated to be infected
with hepatitis B virus (HBV) worldwide [1-4]. Chronically infected
patients are at a greater risk of developing hepatocellular carci-
noma. Currently, clinical treatment for HBV infection includes

Abbreviations: Ab, antibody; cccDNA, covalently closed circular DNA; Cs,
cyclosporin; DMSO, dimethyl sulfoxide; GEq, genome equivalent; HBc, HBV core
protein; HBs, HBV surface protein; HBV, hepatitis B virus; NTCP, sodium taurocho-
late cotransporting polypeptide; OHC, hydroxycholesterol; PHH, primary human
hepatocytes; PTH, primary tupaia hepatocytes.

* This is an open-access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-No Derivative Works License, which per-
mits non-commercial use, distribution, and reproduction in any medium, provided
the original author and source are credited.

* Corresponding author at: Department of Virology II, National Institute of
Infectious Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan. Fax: +81
35285 1161.

E-mail address: kwatashi@nih.go.jp (K. Watashi).

interferon (IFN)o and nucleos(t)ide analogs [2,4]. IFNa therapy
yields long-term clinical benefit in less than 40% of the treated
patients and can cause significant side effects. Nucleos(t)ide analog
treatment can suppress HBV replication with substantial biochem-
ical and histological improvement; however, such analogs may
select drug-resistant viruses, thereby limiting the efficacy of
long-term treatment. Thus, the development of new anti-HBV
agents targeting a different molecule in the HBV life cycle is
urgently needed.

HBV is a hepatotropic virus that mainly or exclusively infects
human liver [1,5]. HBV infection can be reproduced in cell culture
using primary human hepatocytes (PHH), primary tupaia hepato-
cytes (PTH), and HepaRG cells [6]. Although HBV infection into
these cells is robust, these models have significant limitations as
tools for analyzing the mechanisms of HBV infection. Notably,
these models can yield unstable reproducibility among lots and
low tolerability of transfection efficiency with plasmid and siRNA:
preparation and culturing of these cells require significant

0006-291X/$ - see front matter © 2013 The Authors. Published by Elsevier Inc. All rights reserved.
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technical skill. In the case of hepatitis C virus (HCV), development
of the HCV cell culture (HCVcc) system, in which HCV produced
from a JFH-1 strain-based molecular clone can reinfect Huh-7 cells,
greatly contribute to the characterization of the HCV life cycle and
the evaluation of novel anti-HCV drug candidates [7]. However, the
above-noted limitations of HBV-susceptible cells have hampered
analysis of the HBV life cycle and impeded identification of new
anti-HBV drug targets. Thus, establishment of a novel cell line
supporting HBV infection is expected to accelerate the molecular
analyses of HBV infection as well as the development of anti-
HBV agents.

Recently, the sodium taurocholate cotransporting polypeptide
(NTCP) membrane transporter was reported as an HBV entry
receptor [8]. NTCP is a sodium-dependent transporter for tauro-
cholic acid, and belongs to a family of solute carrier proteins that
consist of seven members (SLC10A1-A7) [9,10]. NTCP is expressed
at the basolateral membrane of hepatocytes and mediates the
transport of conjugated bile acids and some drugs from portal
blood to the liver [11]. NTCP specifically interacts with the large
surface protein of HBV, thereby functioning as a viral entry recep-
tor [8].

In this study, we established a strain of HepG2 cells engineered
to overexpress the NTCP-encoding gene. One of these clones, des-
ignated HepG2-hNTCP-C4, was shown to be highly susceptible
for HBV infection, confirming that this infection is mediated by
NTCP and permitting evaluation in these cells of the anti-HBV
activity of various compounds: reduction of HBV infection of
HepG2-hNTCP-C4 cells was observed upon treatment with com-
pounds that blocked HBV entry in other assays and by known
inhibitors of NTCP transporter activity [12]. A small-scale chemical
screen permitted use to identify oxysterols as inhibitors of HBV
infection. Thus, the cell line established in this study is useful for
screening for anti-HBV agents, as well as for analysis of the molec-
ular mechanisms of HBV infection.

2. Materials and methods
2.1. Reagents

Dimethyl sulfoxide (DMSO), anti-FLAG antibody (Ab), dextran
sulfate, cholate, progesterone, 22(S)-hydroxycholesterol (OHC),
25-0OHC, 200-OHC, and 7B-OHC were purchased from Sigma.
Ursodeoxycholate was purchased from Tokyo Chemical Industry.
Bromosulfophthalein was from MP biomedicals. Cyclosporin
(Cs)A, CsB, CsC, CsD, and CsH were obtained from Enzo Lifesci-
ences. Anti-HBV surface protein (HBs) Ab was from Abcam. Hepa-
rin was obtained from Mochida Pharmaceuticals. Myrcludex-B was
kindly provided by Dr. Stephan Urban at University Hospital
Heidelberg and was synthesized by CS Bio (Shanghai, China).

2.2. Cell culture and plasmid transfection

HepG2 and HepG2-hNTCP-C4 cells were cultured with DMEM/
F-12 + GlutaMax (Invitrogen) supplemented with 10 mM HEPES
(Invitrogen), 200 units/ml penicillin, 200 pg/ml streptomycin, 10%
FBS, 50 uM hydrocortisone and 5 pg/ml insulin in the presence
(HepG2-hNTCP-C4 cells) or absence (HepG2 cells) of 400 pg/ml
G418 (Nacalai). HepAD38 (kindly provided by Dr. Christoph Seeger
at Fox Chase Cancer Center) [13] and HepaRG cells (BIOPREDIC)
were cultured as described previously [14].

An expression plasmid for hNTCP [15] was transfected into
HepG2 cells with TransIT-LT1 (Mirus) according to the manufac-
turer’s instruction to establish HepG2-hNTCP-C4 cells.

2.3. HBV preparation and infection

HBV was prepared and infected as described [14]. Except as
noted, the HBV used in this study was genotype D derived from He-
pAD38 cells [13]. HBV was infected into NTCP-expressing HepG2
cells at 6 x 10% or 1.8 x 10* genome equivalent (GEq)/cell or into
HepaRG cells at 6 x 10° GEq/cell. All infections were performed
in the presence of 4% PEG8000 at 37 °C for 16 h as previously de-
scribed [14]. Dr. Urban’'s group reported that a quantity of more
than 10* GEq/cell (i.e. 1.25 — 40 x 10* GEq/cell) of HBV derived
from HepAD38 or HepG2.2.15 cells was required as an inoculum
for efficient infection into HepaRG cells in the presence of 4%
PEG8000 [ 16]. A limited number of infections were performed with
HBV of genotype C, derived from the serum of an HBV-infected pa-
tient, at 100 GEq/cell.

2.4. Real-time PCR and RT-PCR

Real-time PCR for quantification of HBV covalently closed circu-
lar (ccc)DNA were performed as described [14]. Isolation of total
RNA from cell lysates and reverse transcription PCR (RT-PCR) using
a One step RNA PCR kit (Takara) were performed as described pre-
viously [17]. Primers used in this study were as follows: 5'-AGG-
GAGGAGGTGGCAATCAAGAGTGG-3' and 5'-CCGGCTGAAGAACATT
GAGGCACTGG-3" for NTCP, 5-CCATGGAGAAGGCTGGGG-3' and
5'-CAAAGTTGTCATGGATGACC-3' for GAPDH, respectively.

2.5. Detection of HBs and HBe antigens

HBs antigen was quantified by ELISA as described previously
[14]. HBe antigen was detected by Chemiluminescent Immuno As-
say (Mitsubishi Chemical Medience).

2.6. Southern blot analysis

[solation of cellular DNA and southern blot analysis to detect
HBV DNAs were performed as described previously [14].

2.7. Indirect immunofluorescence analysis

Immunofluorescence was conducted essentially as described
[14] using an anti-HBc Ab (#B0586, DAKO) at a dilution of 1:1000.

2.8. Flow cytometry

An aliquot of 1 x 10° of HepG2 or HepG2-hNTCP-C4 cells was
incubated for 30 min with a 1:50 dilution of anti-NTCP Ab (Ab-
cam), then washed and incubated with a dye-labeled secondary
Ab (Alexa Fluor 488, Invitrogen) at 1:500 dilution in the dark.
Staining and washing were carried out at 4 °C in PBS supplemented
with 0.5% bovine serum albumin and 0.1% sodium azide. The sig-
nals were analyzed with Cell Sorter SH8000 (SONY).

2.9. siRNA transfection
siRNAs were transfected into the cells at a final concentration of

10-30 nM using Lipofectamine RNAIMAX (Invitrogen) according to
the manufacturer’s protocol. siRNAs were purchased from Sigma.

2.10. Statistical analyses

Statistical analyses are done with student t-test.
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3. Results and discussion
3.1. Establishment of a cell line susceptible to HBV infection

To establish a cell line permanently expressing NTCP, we trans-
fected an NTCP-encoding plasmid into HepG2 cells and selected
with G418 at 1 mg/ml for 3 weeks. The resultant 9 cell clones were
isolated and NTCP expression was analyzed by RT-PCR. One of
these clones, designated HepG2-hNTCP-C4, was used in the follow-
ing experiments because this specific clone exhibited high
expression of NTCP and high susceptibility to HBV infection, as
shown below. Specifically, NTCP mRNA was abundantly expressed
in HepG2-hNTCP-C4 cells, in contrast to little to no expression of
NTCP mRNA in the parental HepG2 cells (Fig. 1A). Consistent with
the mRNA levels, NTCP protein was detected on the cell surface in
HepG2-hNTCP-C4 cells (Fig. 1B). To evaluate HBV infection, these
cells were inoculated with HBV for 16 h and cultured in normal
growth medium for an additional 12 days, and then HBV surface
protein (HBs) and HBe antigens in the culture supernatant as well
as HBV DNAs, covalently closed circular (ccc)DNA, and HBV core
(HBc) in the cells were assessed. The HBV inoculum used in this
experiment was of genotype D, and was derived from the culture
supernatant of HepAD38 cells that produce HBV by depletion of
tetracycline [13]. To confirm that the detected signals were derived
from HBV infection and did not represent non-specific background,
the cells were incubated with 1 puM Myrcludex-B (or with DMSO
vehicle) for 3 h prior to and for 16 h during HBV infection. Myrclu-
dex-B is a lipopeptide consisting of amino acid residues 2-48 of the
pre-S1 region of HBV, and is known to block HBV entry [18].

M. Iwamoto et al./Biochemical and Biophysical Research Communications 443 (2014) 808-813

Following HBV exposure, little or no HBs and HBe antigens was
detected in the culture supernatant of the parental HepG2 cells,
and little HBc protein was observed in these cells (Fig. 1C, D, and
G). However, these proteins, as well as HBV DNAs and cccDNA,
were detected in HBV-treated HepG2-hNTCP-C4 cells (Fig. 1C-G).
The corresponding signals were significantly reduced in the cells
treated with an HBV entry inhibitor, Myrcludex-B, but not in the
cells treated with DMSO (Fig. 1C-G). These data suggested that
HepG2-hNTCP-C4 cells are HBV-susceptible, in contrast to the
parental HepG2 cells. The HepG2-hNTCP-C4 cell line also was sus-
ceptible to infection with HBV genotype C, which was derived from
the serum of an HBV-infected patient (Fig. 1H and I).

3.2. HBV susceptibility of HepG2-hNTCP-C4 cells was augmented by
pretreatment with DMSO

It has been reported that a prolonged HBV infection in primary
human hepatocytes can be enhanced by pretreatment with DMSO
[19]. Therefore, we examined whether pretreatment with DMSO
affected HBV infection of HepG2-NTCP-C4 cells. The cells were
pretreated with 3% DMSO for 24 h and then the HBV infectivity
was investigated following the protocol as in Fig. 1. Immunofluo-
rescence analysis revealed that approximately 50% of the DMSO-
pretreated cells were HBc-positive at 12 days post-infection
(Fig. 2A, middle), while only 10-20% of cells were HBc-positive
cells in the absence of pretreatment (Fig. 1G, upper right). The ef-
fect of DMSO pretreatment on HBV susceptibility was both concen-
tration-(Fig. 2B) and time-dependent (Fig. 2C).
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Fig. 1. Establishment of a cell line susceptible to hepatitis B virus (HBV) infection. (A) mRNAs for sodium taurocholate cotransporting polypeptide (NTCP) and GAPDH in
HepG2 and HepG2-hNTCP-C4 cells were detected by RT-PCR. (B) NTCP protein on cell surface of HepG2 (black) and HepG2-hNTCP-C4 cells (red) was detected by flow
cytometry. (C-G) HepG2-hNTCP-C4 or the parental HepG2 cells pretreated with or without 1 pM Myrcludex-B or vehicle (DMSO) for 3 h were inoculated with HBV (genotype
D) for 16 h. After washing out of the free virus and the compounds, the cells were cultured for an additional 12 days in normal growth medium and then assayed for secretion
of HBs (C) and HBe antigens (D) secreted in the culture supernatant, and for the presence of HBV covalently closed circular (ccc)DNA (E), HBV DNAs (F), and HBV core (HBc)
proteins (G) in the cells. rc, dsl, and ss in (F) indicate relaxed circular, double strand linear, and single strand HBV DNA, respectively. Red and blue signals in (G) indicate HBc
protein and nuclear staining, respectively. (H and I) Infection of blood-borne HBV into HepG2-hNTCP-C4 cells. HBV (genotype C) derived from an HBV-infected patient was
used as an inoculum for the infection assay. Levels for HBs antigen in the culture supernatant (H) and HBV cccDNA in the cells (I) are shown. The data in C-E, H, and I show the

means of three independent experiments. *P < 0.05, **P < 0.01.
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3.3. HBV infection was mediated by NTCP in HepG2-hNTCP-C4 cells

We used knockdown analysis to determine whether HBV
infection of HepG2-hNTCP-C4 cells was mediated by NTCP. Trans-
fection with siRNA against NTCP (si-NTCP) and GAPDH (si-GAP-
DH) specifically knocked down mRNA for NTCP and GAPDH,
respectively, in HepG2-hNTCP-C4 cells (Fig. 3A). Consistent with
the effect on transcript level, treatment with si-NTCP depleted
NTCP protein on the cell surface (Fig. 3B). The HBV infection
assay, performed as in Fig. 1, indicated that depletion of NTCP
reduced the levels for HBs (Fig. 3C) and HBe antigens (Fig. 3D)
in culture supernatant as well as HBV cccDNA (Fig. 3E) and HBc
protein (Fig. 3F) in the cells at 12 days postinfection with HBV.
These data suggested that HBV infection into HepG2-hNTCP-C4
cells was mediated by NTCP.

3.4. Evaluation of HBV entry inhibitors in HepG2-hNTCP-C4 cells
To determine whether HepG2-hNTCP-C4 cells could be used to

evaluate anti-HBV activity of compounds, we examined the effect
of known entry inhibitors in these cells. The cells were pretreated

HepG2-hNTCP-C4

(Myrcludex-B)

Red: HBc
Blue: DAPI

3% DMSO

Red: HBc
Blue: DAPI

Red: HBc
Blue: DAPI

% ﬂ

Fig. 2. HBV infection was facilitated by pretreatment of HepG2-hNTCP-C4 cells with DMSO. (A) HepG2 or HepG2-hNTCP-C4 cells preincubated with 3% DMSO for 24 h were
inoculated with HBV in the presence of 3% DMSO for 16 h. Treatment with Myrcludex-B was used as a negative control for infection. At 12 days postinfection, HBc protein
(red) and the nucleus (blue) were detected by immunofluorescence analysis. (B) Cells were pretreated by exposure for 24 h to various concentrations of DMSO (0-3%). (C)
Cells were pretreated by exposure to 3% DMSO for various treatment times (2, 6, 18, and 24 h). HBc protein (red) and the nucleus (blue) were detected as in (A).

with compounds for 3 h and then inoculated with HBV for 16 h in
the presence of compounds (Fig. 4A). Inoculation with HBV was
followed by culturing of the cells in normal growth medium for
an additional 12 days until detection of HBs antigen in the culture
supernatant and cccDNA in the cells (Fig. 4A). This protocol has
been used previously to evaluate the entry inhibition activity of
compounds [20]. Treatment with anti-HBs neutralizing Ab, but
not that with a non-relevant anti-FLAG Ab, inhibited HBV infection
(Fig. 4B). Heparin and dextran sulfate, which have been reported to
inhibit HBV attachment to the target cells [21], also reduced HBV
infection (Fig. 4C). In addition, known NTCP substrates and inhibi-
tors, including ursodeoxycholate, cholate, progesterone, and
bromosulfophthalein [12], blocked HBV infection in this assay
(Fig. 4D). We recently identified that cyclosporin A (CsA) and its
analogs blocked HBV entry through inhibition of interaction be-
tween NTCP and the HBV large surface protein [20]. As shown in
Fig. 4E, CsA and its analogs inhibited HBV infection in the present
assay, with CsB showing the highest potency for inhibition of HBV
infection among Cs analogs (Fig. 4E). These data indicate that
HepG2-hNTCP-C4 cells are useful for evaluating the effect of HBV
entry inhibitors.

A RT-PCR B sk FCM C HBs D HBe
3 ) Red: si-NTCP 1.2 12
NTCP:m = (HepG2-hNTCP-C4) T 1 T 1
o 3 (HepG2-hNTCP-C4) 4 0.6 o 0.6
-~ ES E E 500 Green: HepG2 % 0.4 g 0.4
sk g 5 0.2 0.2
o . < z
% = ) 0 0
» [} et [} M. T oz ~ o T
L 102 103 104 < f:’ E < © E
o £33 £33
w ¢ = ®» @ =
%14 e o SIRNA(-) si-NTCP
12
< 1
a 0.8
3 06
; 0.4
g 0.2 Red: HBc
0 Blue: DAPI

si-NTCP

SiRNA (-)
si-GAPDH

Fig. 3. HBV infection of HepG2-hNTCP-C4 cells was mediated by NTCP. (A) HepG2-hNTCP-C4 cells were transfected (for 48 h) with or without [siRNA(—)] siRNAs against
NTCP (si-NTCP) or GAPDH (si-GAPDH), and mRNA expression levels of NTCP and GAPDH were detected by RT-PCR. (B) Parental HepG2 and HepG2-hNTCP-C4 cells were
transfected (for 48 h) with or without si-NTCP or si-GAPDH, and cell surface-displayed NTCP protein was detected by flow cytometry. The red, blue, and green lines indicate
the signal in HepG2-hNTCP-C4 cells treated with si-NTCP, HepG2-hNTCP-C4 cells treated with si-GAPDH, and HepG2 cells, respectively. (C-F) The cells prepared as in (A)
were infected with HBV according to the protocol shown in Fig. 1. Culture supernatants were assayed for levels of secreted HBs (C) and HBe (D) antigens, and cells were
assayed for intracellular levels of HBV cccDNA (E) and HBc protein (F). The red and blue signals in (F) indicate HBc and nuclear staining, respectively.
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Fig. 4. Evaluation of HBV entry inhibitors in HepG2-hNTCP-C4 cells. (A) Schematic representation of the experimental procedure for evaluating HBV entry inhibition. HepG2-
hNTCP-C4 cells were pretreated with or without compounds for 3 h and then inoculated with HBV for 16 h. After washing out of free HBV and the compounds, the cells were
cultured with normal culture medium in the absence of compounds for an additional 12 days, and HBs antigen in the culture supernatant and/or HBV cccDNA in the cells
were detected. Black and white bars show period of treatment and without treatment, respectively. (B-G) HepG2-hNTCP-C4 cells were treated with or without 1 uM
Myrcludex-B, 10 pg/ml anti-HBs or anti-FLAG Ab (B); HBV attachment inhibitors including 100 IU/ml heparin and 1 mg/ml dextran sulfate (C); NTCP inhibitors including
100 uM ursodeoxycholate, 100 uM cholate, 40 pM progesterone, and 100 M bromosulfophthalein (D); cyclosporins (CsA, CsB, CsC, CsD, CsH) at 1, 2, 4, and 8 puM (E); 22(S)-
hydroxycholesterol (OHC) at 11, 33, and 100 puM (F); or oxysterols including 22(S)-OHC, 25-OHC, 200-OHC, and 7B-OHC at 100 UM (G). For each assay, the cells were infected
with HBV as shown in (A) and the levels of HBs antigen secreted into the culture supernatant and/or cccDNA in the cells were detected. Pretreatment time of compounds in (F)
and (G) was 6 h, instead of 3 h. ICses of cyclosporin derivatives calculated in this assay are shown below the graph in (E). (H) HepaRG cells were treated with or without
various concentrations of 22(S)-OHC (0.3, 0.9, 3, and 9 uM) and infected with HBV according to the protocol shown in (A). HBV infection was monitored by detecting the level
of HBs secreted into the culture supernatant.

As there are only reverse transcriptase inhibitors currently HBV-susceptible PHH, PTH, and HepaRG cells. HepG2-hNTCP-C4

available as anti-HBV drugs that inhibit the HBV life cycle, develop- cells will facilitate knockdown analysis of host factors to define
ment of new anti-HBV agents targeting different steps in the HBV their roles in infection and screenings of compounds to identify no-
life cycle are greatly needed [ 1-4]. We therefore screened for com- vel inhibitors of HBV infection. As an example, we demonstrated

pounds that blocked HBV entry by following the same protocol as here that oxysterols blocked HBV infection. The molecular mecha-
in Fig. 4A. We found that an oxysterol, 22(S)-hydroxycholesterol nisms whereby oxysterols inhibit HBV infection are now under
(OHC), reduced HBV infection in a dose-dependent manner investigation. These analyses will be important for understanding
(Fig. 4F). Other oxysterols, 25-OHC, 20a-OHC, and 7B-OHC, also the mechanisms of HBV infection as well as for developing new
significantly decreased HBV infection (Fig. 4G). To validate this anti-HBV agents.

result, we repeated the assay using HepaRG cells, a line that
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Abstract

The complex structures that RNA molecules fold into play important roles in their ability to perform various functions
in the cell. The structure and composition of viral RNA influences the ability of the virus to implement the various stages
of the viral lifecycle and can influence the severity of the virus effects on the host. Although many individual secondary
structures and some tertiary interactions of the Hepatitis C virus genome have previously been identified, the global
3D architecture of the full 9.6 kb genome still remains uncertain. One promising technique for the determination of the
overall 3D structure of large RNA molecules is nanoimaging with Atomic Force Microscopy. In order to get an idea of
the structure of the HCV genome, we imaged the RNA prepared in the presence of Mg#, which allowed us to observe
the compact folded tertiary structure of the viral genome. In addition, to identify individual structural elements of the
genome, we imaged the RNA prepared in the absence of Mg?*, which allowed us to visualize the unfolded secondary
structure of the genome. We were able to identify a recurring single stranded region of the genome in many of the RNA
molecules which was about 58 nm long. This method opens up a whole new avenue for the study of the secondary and
tertiary structure of long RNA molecules. This ability to ascertain RNA structure can aid in drawing associations between

the structure and the function of the RNA in cells which is vital to the development of potential antiviral therapies.
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C Virus; Atomic Force Microscopy;

Abbreviations: HCV: Hepatitis C Virus; AFM: Atomic Force
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Introduction

HCV is a worldwide epidemic, with about 150 million people
worldwide infected and 350,000 deaths per year [1]. There is no
vaccine for hepatitis C and treatments have met with limited success
[2]. Given how pervasive HCV is, a better understanding of the virus
may lead to important new discoveries which can help to highlight new
avenues by which to treat individuals infected with the virus. Since
HCV was originally cloned in 1989 [3], numerous studies have tried
to understand the structure of the viral RNA, mainly in the conserved
untranslated regions (UTRs) of the genome. Structural motifs that
have been identified include the internal ribosome entry site (IRES)
located in the 5-UTR [4-17], the poly-U/UC region and 3’X RNA
regions located in the 3’-UTR [18-24], and some stem loops in the
coding region [25-29]. Additionally many long-range contacts between
various regions of the genome have been reported [21,30-35]. Despite
the vast number of reports on various structural features of the HCV
genome, the full 3D architecture of the full genome remains uncertain.

Most techniques generally study bits and pieces of a single
stranded (ss)RNA genome and hope to eventually arrive at the final
global genome structure over time, or they provide data about various
interactions within the molecule without providing 3D information
[36]. The ability of Atomic Force Microscopy (AFM) to directly
visualize the nanostructure of the whole genome in a variety of
configurations in a single experiment makes it a very useful technique
to assess the folded structures formed by a variety of ssRNA molecules.
The usefulness of AFM for evaluating the nanometer scale architecture
of biological molecules [37] was realized soon after the inception of
the technology [38]. AFM has been used extensively for imaging of
DNA with applications ranging from the study of DNA dynamics [39],
DNA-protein interactions [40-45], to DNA origami structures [46,47].

However, techniques for obtaining reproducible ssRNA images have
been slower to develop, leading to far fewer AFM imaging studies
on ssRNA, although the nanometer scale resolution of AFM makes
it a valuable tool for revealing the organization of ssSRNA structures.
Most AFM studies which have visualized ssSRNA have used Mg*
concentration of 4-10 mM [48-52]. However, a couple of early studies
[53,54], as well as a couple others studies of viral RNA [55,56] have
achieved more extended ssSRNA configurations using low salt solutions.
It is well documented that ions play a much larger role in the folding
of RNA tertiary structures, but play a minimal role in the formation
of secondary structures formed by Watson-Crick base pairing of the
nucleotides in the RNA chain [57-59]. Thus, by imaging various ssSRNA
molecules prepared without the addition of Mg?** ions, we should be
able to get valuable information about the individual secondary
structural motifs in the genome and and connectivity of the molecule.

In this study, we developed a method to observe both the secondary
and tertiary structure of the full 9678 nt HCV genome with nanometer
resolution using AFM. By omitting Mg** from the buffer used to dilute
the RNA prior to AFM imaging, we were able to observe the secondary
structure of the molecule. The molecules had alinear configuration with
various appendages extending from the molecule. Some commonly
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