prepared using YSK05, DSPC, cholesterol, and PEG-DMG at a molar ratio of
50:10:40:3 as described previously***, and optimized MEND was prepared using
YSKO5, cholesterol, and PEG-DMG at a molar ratio of 70:30:3.

Characterization of MEND. The average diameter and zeta-potential of MENDs
were determined using a Zetasizer Nano ZS ZEN3600 (MALVERN Instrument,
‘Worcestershire, UK). siRNA encapsulation efficiency was determined by a
RiboGreen assay (Invitrogen Carlsbad, CA). MENDs were diluted in 10 mM HEPES
buffer (pH 7.4) containing 20 pg/mL dextran sulfate and Ribogreen in the presence or
absence of 0.1% (w/v) Triton X-100. Fluorescence was measured by Varioskan Flash
(Thermo scientific) with Aex=500 nm, Aem=>525 nm. siRNA concentration was
calculated based on a siRNA standard curve. siRNA encapsulation efficiency was
calculated by comparing siRNA concentration in the presence and absence of Triton
X-100. The pKa of YSK05 in each MEND was determined using 6-(p-Toluidino)-2-
naphthalenesulfonic acid (TNS). Thirty pM of MEND lipid and 6 pM of TNS were
mixed in 200 pL of 20 mM citrate buffer, 20 mM sodium phosphate buffer, or

20 mM Tris-HCl buffer, containing 130 mM NaCl at a pH ranging from 3.0 to 9.0.
Fluorescence was measured by a Varioskan Flash with Aex=321 nm, Aem=447 nm,
at 37°C. The pKa values were measured as the pH giving rise to half-maximal
fluorescent intensity.

Hemolysis assay. Fresh red blood cells (RBCs) were collected from ICR mice and
suspended in PBS. The RBC suspension was mixed with indicated amount of MEND,
incubated at 37°C for 30 min, and then centrifuged (4°C, 400 g, 5 min). The
absorbance of the supernatant was measured at 545 nm. Positive and negative control
samples were prepared by incubation of RBCs with 0.5% (wt/v) Triton X-100 or PBS
(respectively). The %hemolysis was epressed as the % of the absorbance of the positive
control.

In vivo mouse Factor VII knockdown experiments. Male ICR mice (5-6 weeks old)
were purchased from Japan SLC (Shizuoka, Japan). MENDs encapsulating siFVII
were diluted to the appropriate concentrations in PBS (pH 7.4) and administered
intravenously (IV; via the tail vein) at a dose volume of 10 to 15 mL/kg. At the
indicated time points, blood and liver were collected. The blood was processed to
plasma, and plasma levels of Factor VII protein were determined using a colorimetric
Biophen VII assay kit (Aniara) according to the manufacturer’s protocol. The
standard curve for Factor VII plasma levels was generated using plasma collected
from PBS-treated mice. Total RNA in liver was isolated using TRIzol (Invitrogen)
according to the manufacturer’s protocol. The resulting RNA was reverse transcribed
using a High Capacity RNA-to-cDNA kit (ABI) according to manufacturer’s
protocol. For each specimen, quantitative PCR analysis was performed on 2 ng of
¢DNA using Fast SYBR Green Master Mix (ABI) and a Lightcycler480 system II
(Roche). All reactions were performed in a volume of 15 uL. The primers for mouse
frii were (forward) 5'-TCG AAT CCA TGT CAG AAC GGA GGT -3 and (reverse)
5'-CCG ACC CTC AAA GTC TAG GAG GCA-3'.

In vivo microscopic observation. Optimized MENDs encapsulating Cy5-labeled
siRNA were administered into male ICR mice (5-6 weeks old). Five min before
projected sacrifice, FITC-conjugated isolectin B4 (40 pg/mouse) was intravenously
injected via the tail vein to stain blood vessels. At 30 min after intravenously injection
of optimized MEND, each animal was perfused with PBS to remove blood from the
liver, then with 4% paraformaldehyde (PFA)-PBS for fixation. Liver tissues were
excised and further fixed with 4% PFA-PBS for 24 hr at 4°C, then submerged in 20%
sucrose-PBS for 4 hrat4°C. The liver was embedded in OCT compound (Sakura Fine
Technical, Tokyo, Japan) and snap-frozen in liquid nitrogen. Frozen samples were cut
in 30 pm-thick sections (LEICA CM3000, Leica Microsystems, Wetzlar, Germany).
The samples were stained with Hoechst33342 to detect nuclear DNA, and observed at
an excitation wavelength of 633 nm using a laser-equipped Nikon A1 (Nikon Co.
Ltd., Tokyo, Japan) with a x60 objective lens.

In vivo HCV infection experiments. We purchased chimeric mice from PhenixBio
(Hiroshima, Japan). The chimeric mice were generated by transplanting human
primary hepatocytes into severe combined immunodeficient (SCID) mice carrying
the urokinase plasminogen activator transgene controlled by an albumin promoter
(uPA/SCID)*. Six weeks after hepatocyte transplantation, each mouse was injected
IV with patient serum containing 10¢ copies of HCV genotype 1b (HCR6; accession
number AY045702)%. HCV inoculations, drug administration, blood collection, and
sacrifice were performed under ether anesthesia. Blood samples were taken from the
orbital vein and sera were immediately isolated. Human serum albumin in the blood
of chimeric mice was measured with a commercially available kit (Alb-1I kit; Eiken
Chemical, Tokyo, Japan) and serum ALT level was determined with enzymatic assays
(Horiba ABX Diagnostics) according to the manufacturer’s instructions®.

Rhodamine-labeled siRNA was synthesized by Dharmacon (Lafayette, CO). Alexa-
546 or Alexa-568 labeled siE/CL-LA was injected IV into BALB/c mice. After 30
minutes, the liver, lung, spleen, and kidney were harvested from each mouse. Sections
of these tissues then were stained with DAPI (Molecular Probes) and slides examined
using confocal laser microscopy (Zeiss).

Liver tissues obtained from mice were embedded in OCT compound (Ted Pella,
Redding, CA). The frozen tissues were cut into thin sections (6 jxm) and placed on
glass slides. The sections were fixed in 10% buffered formalin and then treated with
0.1% Triton X-100. To detect HCV protein by immunohistochemistry (IHC)*, the
slides were incubated with rabbit anti-core protein IgG and then with donkey

anti-rabbit IgG polyclonal antibody (Fab fragment, labeled with HRP; Dako,
Glostrup, Denmark). The HRP label was amplified with FITC-conjugated tyramide
according to the manufacturer’s instructions (Molecular Probes, Eugene, OR). To
detect human hepatocytes, liver sections were probed with anti-human hepatocyte
monoclonal antibody (Dako), followed by anti-mouse IgG-Alexa 546 {Molecular
Probes). Nuclei were stained by DAPL Normal rabbit IgG was used as a control.

Transgenic mice with persi HCYV protein expression. To provide an
immunocompetent model for inhibition of HCV protein expression, a mouse strain
harbouring an HCV transgene was generated via a Cre/loxP switching system™. We
bred CN2-29 transgenic mice, which carry an HCV transgene (nt. 294-3435), with
Mx1-Cre transgenic mice, which express Cre recombinase in response to interferon
(IFN)-ot or a chemical inducer of IFN-a, poly(I:C). Following poly(I:C) injection, the
HCV transgene was rearranged, and HCV sequences were expressed in the livers. In
this model, HCV structure proteins are expressed in the liver within 7 days after
poly(L:C) injection. Male CN2-29 trasgegenic mice (8-9 week-old) were injected
intraperitoneally with 0.3 mL of 1 mg/mL poly(I:C) solution [in PBS (-)]. At 6
months after the poly(I:C) injection, the CN2-29 mice were administrated
intravenously twice with the siRNA-MEND complex solution [1 mg/mL in PBS(-)]
via orbital sinus at day 0 and day 2. The mice were sacrifice under anesthesia with
ketamine/xylazine 2 days after the second siRNA-MEND administration. Livers were
removed, fixed in 10% buffered formalin, and embedded in paraffin. Section (4 pm)
were stained with hematoxylin and eosin, and observed using ZEISS Axio Imager A2
upright microscope (Carl Zeiss Microlmaging, Inc, Germany).

Statistical analysis. The data are expressed as the mean * $.D. Statistical analysis of
the difference between the HCV viral load during treatment and follow-up period and
the baseline (day 0) level was conducted using the analysis of variance with a
nonparametric Mann-Whitney U test. The probability values P < 0.05 were marked
with *, and P < 0.01 were marked with **.
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Introduction

Approximately 200 million people are currently infected with
the hepatitis C virus (HCV) worldwide [1]. HCV has been the
major etiological agent of post-transfusion hepatitis and has
frequently caused liver cirrhosis and hepatocellular carcinoma in
chronic hepatitis C (CHC) patients [2,3]. Hepatocytes are
considered to be the primary and major site of HCV replication;
however, extrahepatic manifestations are commonly seen in CHC
patients. For example, mixed cryoglobulinemia (MC), a systemic
immune complex-mediated disorder characterised by B cell
proliferation with the risk of evolving into overt B-cell non-
Hodgkin’s lymphoma (B-NHL), is frequently recognised in CHC
patients [4-6]. We have previously demonstrated the presence of
both HCV RNA and viral proteins in peripheral B cells of CHC
patients [7], although the mode of HCV infection and possible
HCYV replication in peripheral B cells remains a matter of debate.
Furthermore, in the last two decades, an array of epidemiological
evidence has accumulated involving the association between HCV
infection and the occurrence of several hematologic malignancies,
most notably B-NHL (8], [9]. The most compelling argument for
a causal relationship between HCV and the occurrence of B-NHL
is made by interventional studies demonstrating that a sustained
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virologic response to antiviral treatments, including the interferon
a-induced regression of HCV-associated lymphomas and viral
relapse after the initial virologic response, led to lymphoma
recurrence [10]. However, the mechanisms underlying the cause-
and-effect relationship are mostly unknown.

One of the potential host factors involved in HCV-associated B-
NHL development is activator protein 1 (AP-1), which is primarily
composed of c-Jun, c-Fos, and JunB, while JunD or Fra-1, Fra-2
and FosB are involved less frequently [11]. AP-1 is involved in B
cell lymphomagenesis, is repressed by B cell lymphoma-6 [12] and
is inhibited by the overexpression of T cell leukaemia/lymphoma
1, which resulted in the enhancement of nuclear factor kappa B
(NF-xB) [13].

NF-kB is a ubiquitously expressed transcription factor that
regulates a wide array of cellular processes, including the immune
response, cell growth and differentiation [14,15]. The activation of
NF-xB is regulated by two distinct pathways termed the
‘canonical’ and the ‘alternative’ NF-xB signalling pathways.
Representative stimulators of the canonical and alternative
pathways are tumour necrosis factor «I'NFo) and lymphotoxin
o and B (LTa and LT), respectively [16]. Previous studies have
demonstrated that NF-xB is activated via both the canonical
[17,18] and alternative [19] pathways in chronic HCV infection
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[17,18] and HCV-related B-NHL [20]. However, the key NF-xB-
activating pathway involved in HCV-associated B-NHL remains
unknown,

TNFo-induced protein 3 (ITNFAIPS), also known as A20, was
first identified as a TNF-induced cytoplasmic protein with zinc
finger motifs [21]. A20 has since been described as playing a
pivotal role in the negative regulation of inflammation by
terminating the canonical NF-xB signalling pathway [22-24],
Recently, A20 has gained attention as a novel tumour suppressor.
For example, A20 was reported to be frequently inactivated or
even deleted from mantle-cell lymphoma [25,26] and diffuse large
B-cell lymphoma (DLBCL) [27]. These (ndings raise the
possibility that inactivation of A20 is, at least partially, responsible
for lymphomagenesis [28-30]. Other investigators have subse-
quently confirmed these findings [27,31]. Morcover, A20 also
regulates antiviral signalling [32] as well as programmed cell death
[33-35].

microRNAs (miRNAs) play a role in controlling various
biological functions, including cell differentiation, growth regula-
tion and transcriptional regulation [36]. In general, the dysfunc-
tional cxpression of miRNAs is considered to be a common
hallmark of cancers, including lymphomas [37]. HCV has been
shown to influence miRINA cxpression in vivo and in viro and
utilises the liver-specific microRNA miR-122 for its replication
[38]. The expression of miRNAs is also known to involve NF-kB
activation. For example, miR-125a and miR-125b, both of which
are often duplicated and/or overexpressed in DLBCL, were
shown to activate NF-kB by targeting the A20 [39] and NF-xB-
mediated dysregulation of miRNAs observed in lymphomal[40].
Moreover, global miRNA expression profiling analysis revealed
miR-26b down-regulation in HCGV-related splenic marginal zone
lymphomas (SMZL) [41]. The same miRNA was found to be
downregulated in peripheral blood mononuclear cells (PBMCs)
from HCV-positive MC and NHL subjects [42].

We recently established transgenic mice that express the full-
length HCV genome specifically in B cells (HCV-Tg mice) and
observed the incidence of non-Hodgkin type B-cell lymphoma
(BCL), primarily DLBCIL, within 600 days after birth in
approximately 25% of the HCV-Tg mice [43]. This experimental
model is a uscful tool for analysing the mechanisms underlying the
development of HCV-associated manifestations such as B-NHL.
To reveal the molecular signalling pathways responsible for HCV-
associated B-NHL development, we performed a comprehensive
molecular analysis of BCLs in HCV-Tg mice using a genome-wide
microarray. We also characterised miR-26b expression in BCLs
from HCV-Tg mice. Our results suggest that the activation of both
canonical and alternative NF-xB pathways is involved in HCV-
associated B-NHL development.

Materials and Methods

Ethics Statement

This study was carried out in strict accordance with both the
Guidelines for Animal Experimentation of the Japanese Associa-
tion for Laboratory Animal Science and the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health. All experiment protocols were approved by the institu-
tional review boards of the regional ethics committees of
Kumamoto University (A22-136) and Kagoshima University
(H24-008).

Animal experiments
The full-length HCV genome (Rz) under the conditional Cre/
loxP expression system [44] with mice expressing the Cre enzyme

PLOS ONE | www.plosone.org

Pathways Involved in HCV-Linked Lymphoma Genesis

under the transcriptional control of the B lincage-restricted gene
CD19 [45] was established as RzCD19Cre mice [43]. Wild-type
(W), Rz, CD19Cre, RzCD19Cre mice (129/sv, BALB/c and
C37BL/6] mixed background) were maintained in conventional
animal housing under specific pathogen-free conditions. CD19Cre
and RzCD19Cre mice were bred to be heterozygous for the Cre
allele.

Isolation of B cells and their RNAs

Mouse B cells were isolated using MACS® beads (Milteny
Biotee, Bergisch Gladbach, Germany) and anti-CD19 antibody
(Beckton Dickinson, Franklin Lake, NJ). For FACS analysis, B and
T cell populations were characterised using FI'TC-conjugated anti-
B220 antibody (Milteny Biotec) and phycoerythrin (PE)-conjugat-
ed anti-CD3 antibody (Milteny Biotec) (Figure SIA). B cell purity
was routinely over 95%. Total RNA was extracted from the B cells
using the acid guanidine thiocyanate phenol chloroform method
[44,46]. The RNA integrity number was measured with an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), and
samples with values over 8,0 were subjected to microarray analysis
(Figure S1B).

Microarray analysis

For microarray analysis, total RNAs were extracted, and RNA
integrity was assessed using a Bioanalyzer (Agilent Technologies).
cRINA targets were synthesised and hybridised with Whole Mouse
Genome Microarray (G4846A; Agilent Technologies), in accor-
dance with the manufacturer’s instructions. More than 2-fold
changes in gene expression were considered to be significant.
Array data were analysed using MetaCore' " software (Thomson
Reuters Co., New York, NY). The results of microarray analysis

Table 1. Mice subjected to microarray analysis.

Mouse
Pairing genotype Mouse (No) Age {d) Sex Remarks
1 RKCDI9Cre 2441 748 male  HOVEHBCL:
59-1 723 mae
[0 R
RZCD19Cre 248-1 860  male  HCV() B cell
299-1 385
2 mowce w2 om

307-3 212
A ﬁz’,!ﬁ'EBPW?)* ‘1:: .

5 moowce R

female

RiCDISCre

female

4 RecDICre emale  HCV(H) B ce

308-6 female

3081  female HC
308-3 female

*BCL: B cell lymphoma; *4EBP(+/—): heterozygous knockout of 4E-BP1 gene
[73).
doi:10.1371/journal.pone.0091373.t001
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Figure 1. Data from array performed once with mixed RNA samples (Table 1) were analysed using MetaCore software. Signals were
analysed in the disease network (A) and in the process network (B) the values for the microarray data [{Feature number; yellow), (Process Signal (635);
blue), (Process signal (532); red), Test/Control (532/635); green], (Process Signal (635); orange), (Process signal (532); purple)] are indicated by coloured
bars. Abbreviations: BCL =B cell lymphoma. Refer to Table 1 for construction of pairings.

doi:10.1371/journal.pone.0091373.g001

were registered in the Gene Expression Omnibus (GEO) database
under the accession number GSE54722.

Quantitative RT-PCR

c¢DNA was synthesised from 0.5 or 1 pg of total RNA with a
Superseript I kit (Life Technologics, Carlsbad, CA). 'TagMan
gene expression assays were custom-designed and manufactured
by Life Technologics. RNA expression was quantified using the
ABI 7500 real-time PCR system (Life Technologies) or the CFX96
system (BioRad, Hercules, CA).

Western blot analysis

Whole-cell proteins were extracted using RIPA buffer. Protein
concentrations were determined using the BCA Protein assay Kit-
Reducing Agent Compatible (Picree Biotechnology, Rockford, IL).
Samples (~10 pg) were loaded onto 10% SDS acrylamide gels,
and gels were then transferred to PVDE membranes (Merck
Millipore, Darmstadt, Germany). Membranes were blocked using
5% (w/v) non-fat milk for approximately 1 hour at room
temperature and were then sequentially probed with primary
and sccondary antibodies at 4°C overnight and at room
temperature for approximately 1 hour, respectively.

As primary antibodies, anti-A20 antibody (sc-166692; Santa
Cruz Biotech, Dallas, TX), anti-A20 antibody (SAB3500036;
Sigma-Aldrich, St. Louis, MO), anti-C3 antibody (D-19; Santa
Cruz Biotech), anti-Fos (s¢-52; Santa Cruz Biotech), anti-c-Jun(lN)
(sc-45; Santa Cruz Biotech) and anti-GAPDH-HRP (sc-20357;
Santa Cruz Biotech) antibodies were used. Secondary antibodies
used were horseradish peroxidase-coupled donkey anti-rabbit Ig
(NA934; GE Healthcare, Buckinghamshire, UK) and horseradish
peroxidase-coupled sheep anti-mouse Ig (NA931; GE Healthcare).
Protein bands were detected and quantified using either Super-
Signal West Dura or Femto Extended Duration Substrate (Pierce
Biotechnology) with a LAS-3000 Image Analyzer (Fuji Film,
Tokyo, Japan). Stripping and re-probing of the Western blots were
performed using Re-blot plus mild antibody stripping solution
(Merck Millipore).

Histological preparation

Liver, spleen, thymus and lymph nodes were harvested from
HCV-Tg mice and fixed in 4% (wt/vol) paraformaldehyde in
phosphate-buffered saline (pH 7.5) at 4°C for 24 hours. After
fixation, samples were dehydrated in a graded ethanol series,
cleared in xylene and embedded in paraffin, and 4-pm semi-thin
sections were prepared using a carbon steel blade (Feather Safety
Razor Co., Osaka, Japan) on a microtome (Yamato Kouki, Tokyo,
Japan). Tissue sections were mounted on super-frosted glass slides
coated with methyl-amino-silane (Matsunami Glass, Osaka,
Japan). Histological images were acquired using an Olympus
BX53 microscope (Olympus, Tokyo, Japan) equipped with 10x/
0.30, 20x/0.50, 40x/0.75, and 100x/1.30 NA objective lenses.
Images were captured using an Olympus DP73 (Olympus) under
an Olympus FV1000 confocal microscope (Olympus).

immunofluorescence

Anti-mouse NF-xB p65 antibody (Ab7970; Abcam, Cambridge,
UK) and anti-mouse B220 (14-0452-81; eBioscience, San Diego,
CA) were used as primary antibodies, and donkey anti-rat 1gG-
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Alexa Fluor 488 {712-545-153; Jackson ImmunoRescarch Labo-
ratories Inc, (JIR), West Grove, PA], donkey anti-rabbit IgG-Alexa
Fluor 488 (711-545-152; JIR), donkey anti-rat IgG-Cy3 (712-165-
153; JIR) and donkey anti-rabbit IgG-Cy3 (711-165-152; JIR)
were used as secondary antibodies. Staining was conducted as
described previously [47]. Briefly, antigen retrieval was performed
in a stcam pressure cooker with prewarmed antigen retrieval
buller, citrate pH 6 (5203130; Dako, Glostrup, Denmark) at 95°C
for 15 min. After blocking with 3% bovine serum albumin in
phosphate-bullered saline, scctions (4 pm) were incubated with
anti-NI-xB, -1x-B, -B200 or -A20 antibodies at a 1:200 dilution
cach at 4°C. overnight. Sections were incubated with secondary
antibodies and anti-rat Alexa luor 488, -rabbit Alexa Fluor 488, -
rat Alexa Fluor 546, and -rabbit Alexa Fluor 546 at room
temperature for 2 hours. Nuclei were stained with Hoechst
333421 (H3570; Life Technologies).

Single assay stem-loop Q-RT-PCR/ miR-26b analysis

Formalin-fixed, paraffin-embedded (FFPE) splenic tissue from
24 animals (BCL HCV+, n = 8; BCL HCV-, n =5; non-tumorous
spleen HOV+/—, n=11) was sclected for miR-26b expression
analysis. Total RNA was extracted using an RNeasy FIPE Kit
(Qiagen, Hilden, Germany) in accordance with the manufacturer’s
protocol. Single assay stem-loop Q-RT-PCR (TagMan Micro-
RNA assays, Life Technologies) was used to quantify miRNAs in
accordance with the manufacturer’s protocol. Total RNA input
for each reaction was 50 ng. Expression was analysed for hsa-miR-
26b and an endogenous control (snoRNA202). Each sample was
analysed in triplicate, and delta G, values were calculated using
endogenous controls.

Statistics

For statistical analysis of NF-xB localisation, approximately 30—
100 cells were randomly selected from each section area (two
sections were used), and the cells double-positive for NF-xB and
B220 were counted. All statistical analyses were performed using
Prism software, version 5 (GraphPad, San Diego, CA). All
experiments were independently performed three times, and a
two-tailed Student f-test was applied to verify whether the results
were significantly changed compared to the control (P<0.05).

Results

Characterisation of gene expression in B cells from HCV-
Tg mice by microarray analysis

We previously established HCV-Tg mice that develop sponta-
neous BCL with a high penetrance (approximately 25%) [43]. To
clarify the mechanisms of the HCV-associated B-NHL develop-
ment using this mouse model, we performed a comprehensive
gene expression analysis using a genome-wide microarray. B cells
were isolated from BCL-developing HCV-Tg mice (Table I,
upper columns of pairing 1 and 3), from BCL-non-developing
HCV-Tg mice (lower columns of pairing 1 and 3 and upper
columns of pairing 2 and 4), and from BCL-non-developing HCV-
negative mice (lower columns of pairing 2 and 4). RNA was
purified from these B cells (Figure S1) and was characterised by
microarray analysis (data not shown). In B cells isolated from BCL-
non-developing HCV-Tg male mice, 455 and 863 genes were up-
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Figure 2. The expression of genes involved in oncogenic pathways associated with BCL. A: Highly modified gene signals in B cell
lymphoma in RzCD19Cre mice BCL vs, B cells in RzCD19Cre male (Pair 1) or female (Pair 3) mice (left), and the genes modified by HCV expression in B
cells in male (Pair 2) or female (Pair 4) (right). Red indicates the relative enhancement of the expression ratio of the processed signal (Test/Control,
532/635), and green indicates the relative reduction of expression. B: Quantification of Fos mRNA in HCV-, HCV+ B cells and HCV-Tg BCL in mice
(numbers of individual mice were indicated) by quantitative RT-PCR, Fos mRNA was normalised against 185 rRNA, and the relative ratio was
calculated, Vertical bars indicate 5.0. C: Quantification of C3 mRNA in HCV-, HCV+ B cells and HCV-Tg BCL in mice. C3 mRNA was normalised against
185 rRNA, and relative ratio was calculated, Vertical bars indicate 5.D. D; Quantification of LT R mRNA in HCV-, HCV+ B cells and HCV-Tg BCL in mice

by quantitative RT-PCR. RNA copies per total RNA (jig) were indicated and vertical bars indicate 5.D.

doi:10.1371/journal.pone.0091373.g002

and down-regulated, respectively, compared with the HCV-
negative counterparts (Table 1, pairing 2); whereas 133 and 331
genes were up- and down-regulated, respectively, in BCL-non-
developing HCV-Tg female mice (Table 1, pairing 4). Further-
more, 1,682 and 2,383 genes were up- and down-regulated,
respectively, in BCL-developing HCV-Tg male mice compared to
their BCL-non-developing  counterparts (Table 1, pairing 1);
whereas 2,089 and 2,565 genes were up- and down-regulated,
respectively, in BCL-developing HOV-Tg female mice (Table 1,
pairing 3).

Metacore analysis of microarray results

In order to characterize the cellular processes affected by the
gene expression changes, we carried out a pathway analysis of
microarray data of pairings -4 (Table 1) using MetaCore
software. This data mining revealed that lymphoma, leukaemia, B
cell lymphoma, and lymphatic discase pathways were appreciably
modified in pairings 1 and 3 with high frequency (Figure 1a). In
pairings 2 and 4, the modifications involving wound healing and
infection pathways were highlighted, respectively. In the process
network, the cell eycle and immune response (B cell receptor, T
cell receptor, and 11-2) pathways were greatly modified in pairings
I and 3 (Figure 1b). The immune response (complement,
macrophage, IL-2, and IL-3 in group 2; Thl and Th2 in pairing),
protein folding (in pairing 2), and cell cycle (in pairing 4) pathways
were also modified.

Dysregulated genes in HCV-associated B-cell lymphoma

In addition to the pathways analysis, we also carcfully examined
the expression of genes involved in oncogenic pathways associated
with BCL. Expression of Fos, Fosb, Jun and Junb was markedly
down-regulated in BCL obtained from HCV-Tg mice (Figure 2a).
Similarly, the expression of A20 and LTP was greatly down-
regulated in BCL (Figure 2a). In contrast, the expression of the
LTB receptor (LTBR), the IL-2 receptor oIL-2Ra, IL-2RP and
complement C3 was up-regulated in the examined BCLs
(Figure 2a). While alterations in the gene expression of LTa and
IL-2R B differed between males and females, the overall mRNA
expression profile in the BCL analysed from HCV-Tg mice
essentially showed no differences between male and female mice.
In addition, clinically, there was no clear gender priority in HCV-
NHL [48-50]. These results suggest that the molecular signalling
pathways leading to HCV-associated B-NHL development are
common to males and females.

In non-tumorous B cells from BCL-non-developing HCV-Tg
male mice, the expression of LTPR and C3 was up-regulated
when compared with HCV-negative counterparts (Figure 2a). In
contrast, in female counterparts, the expression of LTBR and
complements Clqa, ¢, and ab was down-regulated (Figure 2a,
Pair. 4). These results suggest that the impact of HCV infection in
B cells may be different between males and females.

PLOS ONE | www.plosone.org

Expression of Fos, C3, and LTPR genes in HCV-associated
BCL

In order to validate the microarray results, levels of Fos and G3
mRNAs were quantified by real-time PCR. Striking down-
regulation of Fos gene expression was observed in BCLs from
HCV-Tg mice (Figure 2b). In contrast, C3 mRINA expression was
markedly up-regulated in BCLs from HCV-Tg mice (Figure 2¢).
These results were consistent with the microarray data (Igure 2a,
GEO  accession number GSES54722). Similarly, the mRNA
expression of the LTBR gene was significantly increased in
HCV-associated BCLs (Figure 2d), confirming the microarray
analysis results (Figure 2a). Importantly, these changes occurred in
both male and female mice,

A Control  HOVitumor() HCVitumor(+)
1 2 3 4 5 68 7 8 910 11 142 13
A20N->
A20C
GAPDH

p=0.038

Ratio

. N

Normal  HCV/ HCV!
tumor(-)  tumor(+)

Figure 3. The expression of A20 in HCV-associated BCL. A:
Expression levels of A20 in the spleen from RzCD19Cre mice with or
without BCL. Whole-tissue extracts prepared from the spleen in
CD19Cre mice (control, n=3; lanes 1-3 217-2, 2 224-2, 224-3),
RzCD19Cre mice without BCL (HCV/Tumour(-), n=5; lanes 4-8 217-3,
224-4, 232-3, 254-4, 240-2) and RzCD19Cre mice with BCL (HCV/
Tumour(+), n=5; lanes 9-13 24-1, 56-5, 69-5, 59-1, 43-4) were
subjected to SDS-PAGE and were analysed by immunoblotting using
anti-N terminal (A20N), anti-C terminal A20 (A20C), and anti-GAPDH
antibodies. GAPDH was used as protein loading control. B: Quantitation
of A20 (N and C), the average is indicated and statistical analysis was
performed. Vertical bars indicate S.D.
doi:10.1371/journal.pone.0091373.g003
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Figure 4. Double immunofluorescence localisation of B220 (Green) and NF-kB p65 (Red) in HCV-Tg mice and the fractionation
analysis of mouse tissues. A: Co-localisation of NF-xB p65 immunoreactivity with B220 is indicated by arrows. (a-b) Cells double-positive for B220
and NF-xB in the control mouse (CD19cre). (c-d) Cells double-positive for B220 and NF-kB in the asymptomatic HCV-Tg mouse (RzCD19cre). (e-f)
Cells double-positive for 8220 and NF-xB in the lymphomatous HCV-Tg mouse (RzCD19cre). B: Quantitative analysis of the ratio of double-positive
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cells among B220-positive cells in each HCV-Tg mouse. Bar graph indicates the percentage of cells with NF-kB p65 nuclear translocation in B220-
positive cells. C: Bar graph shows the ratio of double-positive cells within the B220-positive cells in normal, asymptomatic and lymphomatous HCV-Tg
mice. Ho: Hoechst33342 Data are presented as means + 5.k, * P<0,05, ** P<0.01, *** P<.0.001. D: Western blot analysis: tissues from the spleen of
controls (224-2, 3) or HCV-Tg mice without BCL (217-3, 224-4, 232-3) or with BCL (56-5, 69-5) were fractionated into nuclear and cytoplasmic
fractions. NF-kB p50 and p65 were detected by antibodies. Relative ratios of quantitation by imager are indicated. GAPDH was detected as a loading

control of the cytoplasmic fraction.
doi:10.1371/journal.pone.0091373.g004

Expression of A20 in HCV-associated BCL

In order to further validate the microarray results, we assessed
A20 protein levels in BCLs isolated from HCV-Tg mice by
Western blotting (Figure 3a). T'wo distinet anti-A20 antibodies
recognising the N- (A20N) and C-terminal regions were used for
the detection of A20. Regardless of the anti-A20 antibodies used,
expression levels of A20 in BCL from HCV-Tg mice (Figure 3a,
lanes 9 to 13) were markedly decreased when compared to
splenocytes obtained from  cither BCL-non-developing HCV-
negative mice (lanes 1 to 3) or from BCL-non-developing HOV-
Tg mice (lanes 4 to 8). Quantitative analysis showed a significant
decrease in A20 in BCLs obtained from HCV-Tg mice (Figure 3b).
These results strongly suggest that the reduced expression of A20 is
corrclated with HCV-associated N-BHL development.

Nuclear localisation of NF-kB p65 in HCV-associated BCL

We next analysed the activation status of NI-xB by investigat-
ing the nuclear localisation of NF-kB p65 in cells positive for a B~
cell marker molecule, B220, in BCLs isolated from HCV-Tg mice
(Figure 4a). Quantitative analysis revealed that the ratio of cells
double-positive for B220 and NF-xB p65 in the nuclei of the
examined BCLs was significantly higher than the ratio in splenic
tissue obtained from cither BCL-non-developing HCV-negative
mice or from BCL-non-developing HCV-Tg mice (Figures 4b and
¢). The fractionation assay showed that more NF-xB p50 and p65
were present in BCLs from HCV-Tg mice (Figure 4d). These
results indicate the activation of NF-xB in HCV-associated BCL.

Expression of miR-26b in HCV-associated BCL

Recent studies have demonstrated that miR-26b is down-
regulated in  hepatocellular carcinoma ([51], nasopharyngeal
carcinoma [52], primary squamous cell lung carcinoma [53] and
squamous cell carcinoma of the tongue [54]. In addition, miR-26b
was down-regulated in HCV-positive SMZL when compared with
HCV-negative counterparts [41] and in the PBMC of HCV-
positive MC and NHL patients [42]. Therefore, we compared the
expression levels of miR-26b in BCL from HCV-Tg mice with
BCL from HGCV-negative mice (ie., spontancously developed
BCL) or in splenic tissue from BCL non-developing HCV-positive
and -negative mice (Figure. 5). Interestingly, miR-26b expression
was significantly down-regulated in BCLs from HCV-Tg mice.
These results indicate that miR-26b is also down-regulated in
HCV-associated BCL.

Discussion

In the present study, we identified differentially expressed genes
in BCLs examined from HCV-Tg mice using a genome-wide
microarray (Figures 1 and 2a, Table 1, and Figure S2). The
microarray results for representative genes were validated at the
RNA (Figures 2 and 5) and protein (Figures 3 and 4) levels. These
findings helped dissect the molecular mechanisms underlying
HCV-associated B-NHL development.

In the BCLs from HCV-Tg mice, the marked down-regulation
of the Fos gene as well as other AP-1 protein genes (Fosb, Jun and
Junb) was observed. Although AP-1 DNA binding activity was
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observed in Hodgkin-/multinuclear  Reed-Stemberg cells and
tssues [rom classical Hodgkin's discase, non-Hodgkin cell lines
lacked the DNA binding activity of AP-1 [55]. Junb was weakly
expressed in non-Hodgkin lymphomas of B-lymphoid origin;
however, strong  expression  has  been  previously found in
lymphomas that originated from the I-lymphoid lincage, and
Junb sclectively blocked B-lymphoid but not T-lymphoid cell
proliferation cx vivo [56]. The BCL that developed in HCV-Tyg
mice was the non-Hodgkin type [43]; therefore, the decrease in
AP-1 protein levels (Fos, Fosb, Jun, and Junb) may be crucial for
lymphoma development.

In our previous study, soluble IL-2Ra levels were increased in
BCL-developing HCV-Tg mice [43] Therefore, the up-regulation
of IL-2Ra(Figure 2a) is potentially linked to the increase of soluble
1L-2Ra, although further investigation is needed to clarify the
details of this mechanism,

Expression of complement component €3 was significantly
increased in BCLs isolated from HCV-Tg mice (Figure 2¢). The
presence of polymorphisms in complement system genes in non-
Hodgkin lymphoma [57] suggests the involvement of complement
in lymphoma development. The clevated C3 expression may be
induced by TNF-o [58]. In addition, (i3a, which is a cleavage
product of G3, may contribute to the binding of NIF-kB and AP-1
as shown previously {59].

The expression of LTPR, which is one of the key molecules in
the alternative NI-kB signalling pathway [16], was significantly
increased in BCLs from HCOV-Tg mice (Figure 2d). HCV core
proteins were reported to interact with the cytoplasmic domain of
LTBR [60,61] and to enhance the alternative NF-kB signalling
pathway [62]. The induction of LTBR by the HCV non-structural
protein NS5B, and HCV RNA-dependent RNA polymerase, was
also observed [63]. These findings suggest that the regulatory
pathways involved in HCV infection also play a role in HCV-
associated B-NHL development.

We observed several differences in the gene expression between
male and female mice. Male HCV-negative mice showed up-
regulation of LTBR and C3; however, female HCV-positive mice
featured the downregulation of LTo and up-regulation of IL-2R .
Female HCV-Tg mice showed decreased overall survival in a
previous study [43] and the above-mentioned gene dysregulations
may contribute to this finding. However, the incidence of B-NHL
between male and female mice did not show marked differences in
the transgenic model [43]. Some clinical studies found gender-
specific differences in the incidence of HCV-associated B-NHL
and different effects of HCV on gene expression, which may also
be dependent on gender [64]. However, meta-analyses did not
provide consistent evidence for any gender preferences in HCV-
NHL [48-50].

The down-regulation of A20, which is a ubiquitin-editing
enzyme and tumour suppressor in various lymphomas [26], was
observed in BCLs from HCV-Tg mice (Figures 3a and 3b). A20
has been reported to interact with the TNF receptor associated
factor 2 (TRAF2), TRAF6, and the NF-xB essential modulator
(NEMO). A20 inhibits NF-xB activation-induced by TNFa or by
the overexpression of other proteins such as TRAF2 and receptor-
interacting protein serine/threonine kinase 1 (RIPKI1) proteins
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Figure 5. Quantification of miR-26b in BCL from HCV-positive
and HCV-negative and non-tumour Tg mice. Formalin-fixed,
paraffin-embedded (FFPE) splenic tissue from 24 animals (BCL HCV+,
n=8; BCL HCV-, n=5; non-tumorous spleen HCV+/—, n=11) was
analysed for miR-26b expression by single assay stem-loop Q-RT-PCT by
triplicate experiments. Data are shown as scatter dot-plots, and
horizontal bar depicts the mean; y-axis: delta Ct (inverted scale)
calculated in relation to endogenous control (snoRNA202). HCV-positive
lymphoma tissue: filled circles; HCV-negative lymphoma tissue: filled
squares; non-tumorous splenic tissue: filled triangles. P-values are
shown in the graph.

doi:10.1371/journal.pone.0091373.g005

[65]. RIPK3 contributes to TNFRI-mediated RIPK1-dependent
apoptosis and necroptosis [66]. RIPK2 (also known as RIP2) is
also involved in B cell lymphoma cell survival and mediates the
activation of NF-kB and MAPK pathways, associated with the
TNF receptor family [67]. Therefore, suppression of A20 activates
NF-xB by increasing nuclear translocation in tumour tissues.
Expression of miR-26b in BCLs obtained from HCV-Tg mice
was significantly down-regulated (Figure 5). miR-26b is also down-
regulated in numerous cancers, e.g., HCC [51], nasopharyngeal
carcinomas [52], primary squamous cell lung carcinomas [53]and
squamous cell carcinoma tongue [54]. In addition, c-Myc, which is
up-regulated in various cancer types, has been shown to contribute
to the reduction of miR-26a/b expression [68]. Notably,
expression of miR-26b was significantly down-regulated in SMZL
arising in HCV-positive patients [41]. Although the mechanisms
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This report is the first to demonstrate the possible involvement
of networks of NF-xB, AP-1, complements and miR-26b in HCV-
associated B-NHL (Figure S2). A future study focusing on the
dysregulation of these networks and their modification by HCV
may provide valuable information on improving therapy for
HCV-associated B-NHL.
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Figure S1 A: B cells were isolated from mice using MACS beads
and anti-CD19 antibody. The population of B cells was confirmed
by staining with anti-B220 antibody. B: RINA integrity number
(RIN) was measured using an Agilent 2100 Bioanalyzer (Agilent)
for the estimation of purity.
(PDF) -

Figure S2 Possible pathways involved in BCL develop-
ment. Both canonical and alternative NF-xB pathways
may play a role. Bold arrows indicate up-regulation or down-
regulation. NIK; NF-kB-inducing kinase.
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Hepatitis B virus (HBV) poses a threat to global
public health mainly because of complications
of HBV-related chronic liver disease. HBV ex-
hibits a narrow host range, replicating primari-
ly in hepatocytes by a still poorly understood
mechanism. For the generation of progeny
virions, HBV depends on interactions with
specific host factors through its life cycle.
Revealing and characterizing these interactions
are keys to identifying novel antiviral targets,
and to developing specific treatment strategies
for HBV patients. In this review, recent insights
into the HBV-host interactions, especially on
virus entry, intracellular trafficking, genome
transcription and replication, budding and
release, and even cellular restriction factors
were reviewed. J. Med. Virol.

© 2014 Wiley Periodicals, Inc.

KEY WORDS: HBV; host factors; receptors;
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INTRODUCTION

Hepatitis B virus (HBV) is the prototype of the
family Hepadnaviridae, which is characterized by
enveloped virions, incomplete double-stranded circu-
lar DNA genomes, a retrovirus-like replication strate-
gy which depends on reverse transcription, and
hepatotropic infection with a high species-specificity
[Summers and Mason, 1982]. HBV virions are com-
posed of a viral envelope with a diameter of about
42nm that surrounds viral nucleocapsid [Dane
et al, 1970]. The nucleocapsid harbors the DNA
genome that is covalently linked to the viral polymer-
ase (Fig. 1A) [Seeger and Mason, 2000]. The HBV
genome (3.2kb) contains four overlapping open read-

© 2014 WILEY PERIODICALS, INC.

ing frames (ORFs) (Fig. 1B) [Liang, 2009]. The
surface (5) ORF encodes the envelope protein, which
actually consists of three separate surface proteins:
large (L), middle (M), and small (S) proteins. The
polymerase (P) ORF encodes a multifunctional pro-
tein that is involved in encapsidation, initiation of
minus strand DNA synthesis, reverse transcriptation,
and degradation of pregenomic RNA (pgRNA). The
core (C) ORF encodes both hepatitis B core antigen
(HBcAg), which is a structural nucleocapsid core
protein, and hepatitis B e antigen (HBeAg), which is
a soluble nucleocapsid protein (Fig. 1C). The X ORF
encodes hepatitis B x protein (HBx), which plays
roles in signal transduction, transcriptional activa-
tion, DNA repair, and inhibition of protein degrada-
tion [Neuveut et al., 2010].
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miRNAs, microRNAs; MVB, multivesicular body MVB; NTCP,
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nomic RNA; rcDNA, relaxed circular DNA; SCCA1, squamous cell
carcinoma antigen 1
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Fig. 1. Schematic structure of the HBV particle and viral
proteins with domain structures. A: Schematic structure of HBV
virion. B: HBV genome organization. The genome of HBV is a
double-stranded DNA (3.2kb), which contains four overlapping
open reading frames (ORFs) coding for viral envelope (pre-S1/
pre-S2/S), core proteins (preC/C), viral polymerase, and HBx
protein (X) are shown. Two 11-bp repeats, DR1 and DR2, located
at the 5' ends of the minus and plus strands, play a critical role
in viral DNA replication. C: Schematic representation of HBV
proteins. The HBV envelope proteins consisting of L, M, and S
proteins locate on the viral membrane. The L proein with 389-
400 aa plays a pivotal role in receptor attachment and conatins
preS1 (green), preS2 (red), and S domains (brown): the myristic
acid attaches to glycine at aa position 2 of the N-terminus of
preS1. The M protein with 281 aa conatins preS2 and S. The S
protein encods for only the S domain (226 aa) that is crucial for

The clinical course of HBV infection is variable and
includes acute self-limited infection, fulminant hepat-
ic failure, an inactive carrier state, and chronic
hepatitis with progression to cirrhosis and hepatocel-
lular carcinoma (HCC) [McMahon, 2005]. Although
an effective HBV vaccines is available, HBV infection
is a major public health problem, and an important
cause of infectious disease mortality worldwide
[WHO, 2013]. Indeed, there are more than 350
million chronic carriers of HBV worldwide [Lee, 1997,
Hoofnagle et al., 2007] and about 600,000 people die
every year due to the complications of HBV-related
chronic liver disease [WHO, 2013]. Serum hepatitis B
surface antigen (HBsAg) is used as a diagnostic

J. Med. Virol. DOI 10.1002/jmv

Ezzikouri et al.

M281aa

S226aa

virus assembly and infectivity. HBx gene is the smallest of the
four partially ORF of HBV. It comprises 452 nucleotides that
encode a 154-amino acid regulatory protein wich is known as a
transcription factor. The precore mRNA is translated into
precore protein (HBeAg), a secretory protein with 149-159 aa.
The pgRNA serves as mRNAs for both viral polymerase and the
core protein (183 aa) that contains an arginine rich domain
(ARD) containing four stretches of clustering arginines at the
C-terminus. The pgRNA subsequently functions as a template
for progeny viral DNA genomes synthesized by reverse tran-
scription. HBV polymerase protein (P, pink) with 845 aa
comprises four domains: a terminal protein domain for priming
of HBV replication, a spacer domain with unknown function, a
reverse transcriptase (RNA-dependent DNA polymerase) domain
for viral RNA transcription and replication, and an RNase H
domain for degradation of pgRNA. ‘

marker of HBV infection. Also, antibodies against
HBsAg signify recovery or immunization.

Eradication of HBV infection is rendered difficult
by occasional integration of covalently closed circular
DNA (cceDNA) into cellular chromosomes and/or due
to the unusual persistence of the episomal cceDNA in
infected cell nuclei [Dejean et al., 1986]. Interferon
alpha and nucleos(t)ide analogues are currently ap-
proved as antiviral agents to reduce the severity of
HBV-related diseases, although these antiviral
agents have limited efficacy and do not result in
sustained virological response in most cases [Zoulim
and Locarnini, 2009, 2012]. In addition, nucleos(t)ide
analogues can result in the selection of single or even
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broad antiviral-resistance mutants [Zoulim and
Locarnini, 2009]. Therefore, the development of novel
therapeutic strategies that interfere with other steps
of the viral replication c¢ycle and improve treatment
outcomes are needed. To this end, an understanding
of HBV biology and pathogenesis is important. In
this review, available literatures concerning molecu-
lar mechanisms underlying HBV life cycle, especially
the interactions between viral and host factors are
considered.

HBV ENTRY AND INTRACELLULAR
TRAFFICKING

The first step in terms of the HBV life cycle is the
recognition of cellular receptor by viral envelop
protein; co-receptors may also contribute to binding
to the cell surface and/or to host specificity and tissue
tropism (Fig. 2). The L protein plays a pivotal role in
the attachment to receptors, and exhibits mixed
topologies one cytoplasmically oriented (an inward
topology) with as essential role in nucleocapsid
envelopment, and another outward topology, display-
ing preS1 on the exterior of the virion envelope to
mediate infection via a cell-surface receptor (or
receptors) [Ostapchuk et al., 1994; Prange and
Streeck, 1995; Awe et al., 2008]. In terms of viral
factors required for the HBV receptor recognition, it
has been demonstrated that the myristoylated preS1
domain of HBV L protein plays a key role in viral
infectivity by mediating attachment to specific recep-
tor molecule(s) [Gripon et al.,, 1995; Schulze et al,,
2007]. Recent studies by using chemically synthesized
lipopeptide fragments of the HBV L-protein showed
that HBV hepatotropism is mediated through specific
binding of the myristoylated N-terminal preSl-sub-
domain of the HBV L-protein to a hepatocyte specific
receptor. Moreover, the restricted infectivity of HBV
to human primates is not generally determined by
the absence of this binding receptor in non-suscepti-
ble hosts, but is probably related to the lack of
cofactor involved in membrane fusion [Meier et al.,
2013; Schieck et al., 2013]. In addition, other studies
reported that a short peptide fragment encompassing
amino acids (aa) 21-47 of the preS1 domain in
genotypes A, B, and C (corresponding to aa 10-36
in genotypes D, E, and G) was sufficient for HBV
to bind HepG2 cells (human hepatocellular
liver carcinoma cell line) [Neurath et al., 1986].
This finding is consistent with the observation that
aa 3-77 of the preS1 domain are crucial for viral
infectivity [Le Seyec et al., 1998; Schulze et al., 2010;
Zoulim and Locarnini, 2012].

Identification of cellular receptors for HBV has
received substantial attention over the years. Reliable
in vitro HBV infection systems, however, have not
been available for a long time. Initially, cultures of
primary human hepatocytes, obtained by immediate
perfusion of surgically resected liver sections, had
been used to study HBV infectivity [Gripon
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et al., 1988]. Major problems with the use of primary
human hepatocytes are their limited availability, and
the heterogeneity in the quality of liver cell prepara-
tions. Against such a background, the first insight
into a host factor involved in HBV entry was
obtained by using duck hepatitis B virus (DHBYV),
which also belongs to the family Hepadnaviridae, as
a model virus: carboxypeptidase D (gpl80) was
identified as a host factor that binds DHBYV particles
with high affinity on duck hepatocytes [Kuroki
et al., 1995; Tong et al., 1995; Urban et al., 1998],
although it remains uncertain whether gpl180 func-
tion as a receptor for DHBV infection. Primary
hepatocyte cultures from Tupaia belangeri were also
demonstrated to be infected with HBV as efficiently
as primary human hepatocytes cultures of good
quality [Walter et al.,, 1996]. Using the primary
tupaia hepatocyrtes-based in vitro system, several
candidates of hepatocyte membrane receptors and co-
receptors for HBV have been identified [Schulze
et al., 2007; Leistner et al., 2008; Yan et al., 2012].

The recent development of a proliferating HepaRG
cell line, which is a human bipotent progenitor cell
line capable differentiating into two different cell
phenotypes (i.e., biliary-like and hepatocyte-like cells)
has been established from a liver tumor associated
with chronic hepatitis C [Gripon et al., 2002]. The
latter has presented new possibilities to explore HBV
infection in a more specific and accurate manner.
This experimental tool of human-origin can be em-
ployed for investigations addressing HBV entry (at-
tachment, receptor interaction and viral uptake). By
using this newly established in vitro system, the
relevance of the initial attachment to the carbohy-
drate side chains of hepatocyte-associated heparan
sulphate proteoglycans (HSPGs) as attachment recep-
tors for HBV infection was reported [Schulze
et al., 2007; Leistner et al., 2008]. However, because
of the ubiquitous expression of heparan sulfate
proteoglycans, this finding does not explain the
hepatotropism of HBV. Rather, it may represent a
first, non-specific step of a multistep entry process.

In 2012, very interesting data regarding the cellu-
lar receptor for HBV was presented [Yan
et al., 2012]. In this study, they used a photoreactive
ligand peptide derived from aa 2-47 of the preSl
domain of HBV L protein as “bait” to identify
interacting proteins expressed in primary tupaia
hepatocyrtes to screen for putative HBV receptor
molecules. The cross-linked peptide-protein com-
plexes were purified and subjected to mass spectrom-
etry analysis to identify cellular proteins. Comparing
the mass spectrometry results of the captured pro-
teins with a tupaia protein datasets obtained by
transcriptome, they identified sodium taurocholate
cotransporting polypeptide (NTCP, also known as
SLC10A1) as a hepatocyte surface molecule binding
the preS1 domain. NTCP is a member of the solute
carrier family 10 (SLC10), the major bile acid uptake
system in human hepatocytes, and localized to the
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Fig. 2. Model of hepatitis B virus life cycle in polarized
hepatocytes with main host factors. HBV binding receptor on
hepatocytes is internalized by endocytosis and uncoated in
endosome. rcDNA genome in nucleocapsid is delivered into the
nucleus. The r¢cDNA genome, which is incomplete double-
stranded circular DNA, is converted to cccDNA, which is
covalently closed circular DNA by DNA repair. The cccDNA
serves as a template for the viral RNA transcription mediated
by the host RNA polymerase II. Viral RNAs, including the
pgRNAs and subgenomic RNAs, are exported to the cytoplasm
where viral RNA transcription and replication occur. The
subgenomic RNAs are translated to viral proteins, the pgRNA
is packaged together with polymerase protein (P) inte immature

basolateral hepatocyte membrane [Kullak-Ublick
et al., 2000]. Silencing the NTCP expression by small
interfering RNAs in primary tupaia hepatocyrtes,
HepaRG or primary human hepatocytes led to the
reduced HBYV infection. Phylogenetic analysis and
mutagenesis studies showed that aa 157-165 in
NTCP serve as determinants for species-specificity.
Using ectopic expression of tupaia and human NTCPs
in non-permissive HepG2 or HuH-7 hepatoma cells
rendered these cells susceptible to HBV infection at
low levels, suggesting that NTCP may not be the sole
host factor supporting HBV entry. More recent data
suggested that both ferritin light chain (FTL), and
squamous cell carcinoma antigen 1 (SCCAl) may
serve as co-receptors in HBV cellular attachment and
viral entry into hepatocytes [Hao et al., 2012].

For HBV entry into cells, receptor binding is
followed by endocytosis mediated by host factors. A

J. Med. Virol. DOI 10.1002/jmv

nucleocapsids consisting of core proteins and reverse tran-
scribed to the reDNA. Mature nucleocapsids containing reDNA
are then either recycled to the nucleus to amplify the cccDNA
or enveloped by the viral envelope proteins and secreted
extracellularly as progeny virions. HSPGs, Heparan sulphate
proteoglycans; NTCP, sodium taurocholate cotransporting poly-
peptide; rcDNA, relaxed circular DNA; cccDNA, covalently
closed circular DNA; pgRNA, pregenomic RNA; TAP, tip-
associated protein; NFX1, nuclear export factor-1, NFX ; P,
HBV polymerase; Hsp 90, heat-shock protein 90; ERAD, ER-
associated degradation; APOBECS, apolipoprotein B mRNA-
editing enzyme catalytic polypeptide-like 3; HDAC1, histone
deacetylase 1; MVB, multivesicular body.

recent in vitro study showed that a caveolin-1-
mediated endocytosis is required to initiateé HBV
entry in HepaRG cells [Macovei et al., 2010]. In
addition, disrupting the epithelial barrier of HepaRG
cells was demonstrated to increase HBV infection,
suggesting that the entry of HBV into hepatocytes
occurs in a polarized manner, and the resulting
transformation in membrane polarity renders Hep-
aRG cells susceptible to infection by allowing access
to the basolateral domain [Schulze et al., 2012].
Early reports indicated that HBV replication was
cell cycle-dependent and was inversely correlated
with cellular DNA synthesis: these findings may
explain the elimination of virus during cell regenera-
tion that has been observed during severe acute
hepatitis B or HBV reactivation [Ozer et al., 1996].
Following endocytosis, HBV must travel through the
complex network of the endocytic pathway to reach
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the cell nucleus where HBV genome transcription
and replication occur (Fig. 2). The intracellular
trafficking events which are eritical for the initiation
of a productive infection by providing the appropriate
environment for virus uncoating and nucleocapsid
release, have remained completely obscure for HBV.
Indeed, recent study showed that HBV infection
strongly depends on the expression of host factors
Rabb and Rab7 [Macovei et al., 2013}, both of which
are GTPases involved in the endosome biogenesis
[Somsel Rodman and Wandinger-Ness, 2000]. In this
study, authors investigated the effect of the host
factors on trafficking of HBV particles internalized in
HepaRG cells by using a stable and inducible short
hairpin RNA expression system. The results showed
that silencing of either Rab5 or Rab7 expression
results in significant inhibition of the early stages of
HBYV infection, indicating that HBV transport from
early to mature endosomes is required for HBV life
cycle.

An understanding of the HBV entry mechanism
may represent a rather new and attractive therapeu-
tic concept to combat HBV infection both in the acute
and chronic phases. In fact, several studies have
shown that a lipopeptide derived from the preS1
domain is a promising drug additive that can be used
to improve patient treatment outcomes [Gripon
et al., 2005; Petersen et al., 2008; Volz et al., 2013].

HBV GENOME TRANSCRIPTION AND
REPLICATION

After fusion of viral and cellular membranes in
endosomes, the capsid delivers its relaxed circular
DNA (r¢cDNA), which is held in circular conformation
‘by a short cohesive overlap between the 5 ends of
the two DNA strands, into the nucleus through
nuclear pore complex (NPC). Passage through the
NPC is mediated by the interaction between a nucle-
ar localization signal on the C terminal of the viral
capsid proteins and nuclear import receptors impor-
tin o and B [Kann et al., 1999]. Upon translocation to
the nucleus, the reDNA is converted to a cceDNA by
a mechanism largely unknown and most probably
involves cellular repair enzymes [Wei et al, 2010].
The minus strand DNA of the cccDNA serves as a
template for transcription of both pgRNA and sub-
genomic RNA, of which the former in turn serves as
the template for the reverse transcriptional synthesis
of viral DNA, and the latter as the message for viral
proteins by the host cell RNA polymerase II [Seeger
and Mason, 2000]. The cccDNA also functions as an
HBYV reservoir responsible for persistent replication,
and thus is considered to be a reliable marker for
HBYV infection [Levrero et al., 2009]. Viral HBx has
been shown to be essential for the initiation and
maintenance of transcription from HBV cccDNA:
HBx stimulates the acetylation of histones associated
with ceccDNA, and is required for transcription in the
context of HBV infections [Lucifora et al., 2011].
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In a DHBV model, several cellular transcription
factors, such as C/EBP, HNF1, and HNF3, have been
demonstrated to bind the DHBV cceDNA enhancer
region in duck liver extracts [Liu et al.,, 1994]. HBx
has been proposed to promote HBV gene expression
by recruiting the histone acetylases CBP/p300 and
PCAF/GCN5 to the cccDNA [Belloni et al., 2009]. In
addition, a recent study showed that HBx promotes
gene expression from the natural HBV cceDNA, but
not from a chromosomally integrated HBV [van
Breugel et al., 2012]. It has been reported that HBV
replication is regulated by the acetylation status of
histones H3 and H4 bound to cccDNA minichromo-
some [Pollicino et al., 2006]. Furthermore, it appears
that cellular acetyltransferases, p300 and CBP, and a
cellular deacetylase, HDACL, are recruited to bind
the HBV cccDNA in vitro and in vivo [Belloni
et al., 2009]. Recently, several studies have reported
that a number of liver-enriched transcription factors
and nuclear receptors, including STAT3 and HNF1/4,
binds HBV promoter/enhancer elements [Wang
et al., 2009], and to be critical in the regulation of
HBV transcription [Quasdorff and Protzer, 2010].
Interestingly, most of these transcription factors/
nuclear receptors are potential linkers between major
cellular events in the hepatocyte (i.e., hepatic gluco-
neogenesis and lipid metabolism, etc.) and HBV life
cycle [Bar-Yishay et al., 2011].

HBV pgRNA in the nucleus was demonstrated to
be exported to the cytoplasm by associating with a
cellular Tip-associated protein/nuclear export factor-1
(TAP/NFX1) and HBcAg [Li et al., 2010]. In the
cytoplasm, the pgRNA is translated to HBV core
protein and polymerase [Chang et al., 1990]. Binding
of the HBV polymerase to RNA stem-loop structure
epsilon of pgRNA initiates packaging of the single
viral RNA molecule into immature nucleocapsids
[Summers and Mason, 1982]. A recent study using
DHBYV showed that host chaperones Hsc70, Hsp40,
Hsp90 plus ATP regulate reverse transcriptional
activity of the viral polymerase [Stahl et al., 2007].
Reverse transcription of pgRNA into minus strand
DNA is followed by degradation of the pgRNA by the
RNAse H domain in the HBV polymerase. The
degradation is complete except for its 5’ terminal,
15-18 nucleotides which serve as a primer for plus-
strand DNA synthesis resulting in r¢cDNA formation
[Beck and Nassal, 2007; Nassal, 2008]. Mature
capsids containing rcDNA can be either recycled for
intracellular cccDNA  amplification [Tuttleman
et al., 1986; Locarnini and Mason, 2006], or assem-
bled with viral surface proteins in the endoplasmic
reticulum to form progeny viral particles that will be
released from the cell [Ganem, 1991; Locarnini and
Zoulim, 2010; Dandri and Locarnini, 2012].

HBV BUDDING AND RELEASE

HBYV virions are assembled in the endoplasmic reticu-
lum (ER)-Golgi compartment [Patient et al., 2007]
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(Fig. 2). A recent report showed that HBV activates
the ER-associated degradation (ERAD) pathway,
which in turn, reduces the levels of HBV envelope
proteins, possibly as a mechanism to control the level
of viral particles in infected cells, and facilitate the
establishment of chronic infections [Lazar et al., 2012].
The budding and release of HBV virions from hepato-
cytes have been suggested to involve the machinery of
multivesicular body (MVB), including the interaction
of host factors +y2-adaptin, Nedd4 ubiquitin ligase,
Vps4, VPS4B, and AIP1 [Hartmann-Stuhler and
Prange, 2001; Rost et al., 2006; Watanabe et al., 2007].
The molecular mechanisms underlying HBV budding
and release, remain largely unknown. However,
knowledge in this area has the potential to lead to a
new class of therapeutic agents.

HBV RESTRICTION FACTORS

Recently, some variants of human apolipoprotein B
mRNA-editing enzyme catalytic polypeptide-like 3
(APOBEC3), that is, APOBEC3B, APOBEC3C, APO-
BEC3F, APOBEC3G, and APOBEC3H, have been
shown to affect HBV by two ways: introducing G-to-A
hypermutations into the nascent minus strand DNA
of HBV by their deaminase activities [Turelli
et al., 2008; Henry et al., 2009; Noguchi et al., 2009;
Ezzikouri et al., 2013] and by inhibiting HBV reverse
transcription independent of the deaminase activities
[Rosler et al., 2004; Turelli et al.,, 2004]. Previous
studies have shown that the prevalence of hyper-
mutated HBV genomes (G>A transitions) varies
between 2% and 35% [Noguchi et al., 2009; Vartanian
et al., 2010; Ezzikouri et al., 2013]. The role of these
restriction factors listed above in the regulation of
HBV replication needs further investigation to fully
elucidate their therapeutic potential.

MicroRNAs (miRNAs) are important small non-
coding RNAs that regulate post-transcriptional gene
expression in diverse biological processes such as
development, immune response, and tumorigenesis
[Lindsay, 2008; Pedersen and David, 2008; Nana-
Sinkam and Croce, 2013]. Several studies have shown
that HBV replication is also regulated by several
miRNAs (miR-1, miR-141, miR-449a, miR-210, miR-
152, miR-148a, etc.) that lead to modification of host
gene expression [Liu et al, 2011; Zhang et al., 2011;
Hu et al, 2012]. In fact, miR-141 suppressed HBV
replication by reducing HBV promoter activities
through the down-regulation of peroxisome prolifera-
tor activated receptor alpha [Hu et al., 2012] and miR-
125a-5p interferes with the HBV translation and
down-regulation of the expression of the surface
antigen, thus reducing the amount of secreted HBsAg
[Potenza et al., 2011]. In addition, other group showed
that miR-1 was able to enhance the HBV core promot-
er transcription activity by up-regulating of farnesoid
X receptor alpha expression [Zhang et al., 2011].

More recently in chronic hepatitis B patients, the
miR-122 was found to be specifically suppressed and
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led to enhanced HBV replication [Wang et al., 2012].
The loss of miR-122 expression by viral mRNAs and/
or chronic inflammation leads to upregulation of its
target binding factor, which initiates pituitary tumor
transforming gene (PTTG1) nuclear translocation,
promoting PTTG1 transcriptional activity and thus
enhancing cell growth and invasion [Li et al., 2013].
These data provide a potential new strategy for the
development of novel therapies to prevent the devel-
opment of HCC under HBV infection. However, the
mechanism underlying the miR-122-mediated regula-
tion of viral mRNAs is unknown. The relationship
between miRNAs and HBYV infection offers a promis-
ing miRNA-based HBV therapy in the future.

CONCLUSIONS AND PERSPECTIVES

To gain insights into HBV infection, advances in
molecular virology are indispensable. The studies
reviewed above have significantly enhanced the un-
derstanding of some cell biological aspects of HBV-
host interactions. Despite significant experimental
hurdles, numerous bona fide HBV host interactions
have been defined with the most recent data about
the discovery of NTCP that allows new insight in the
improvement of cell culture systems, such, HepaRG-
NTCP, and HepG2-NTCP cells. These in vitro sys-
tems will be also accelerated the acquisition of data
revealing the interplay between HBV and host fac-
tors and design new therapy. The most challenging
goal, will be to understand the assembly, budding,
and release of HBV particle and to develop a small
animal model system for HBV studies, which will
have strong implications for drug development and
the decipher of hepatitis B pathogenesis.
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