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ABSTRACT

Hepatitis B virus (HBV) barely induces host interferon (IFN)-stimulated genes
(ISGs), which allows efficient HBV replication in the immortalized mouse hepatocytes
as per human hepatocytes. Here we found that transfection of Isg20 plasmid robustly
inhibits the HBV replication in HBV-infected hepatocytes irrespective of IRF3 or IFN
promoter activation. Transfection of Isg20 is thus effective to eradicate HBV in the
infected hepatocytes. Transfection of HBV genome or g-stem of HBV pgRNA (active
PIRNA moiety) failed to induce Isg20 in the hepatocytes, while control polyI:C (a viral
dsRNA analogue mimic) activated MAVS pathway leading to production of type I IFN
and then ISGsg20 via the IFN-a/p receptor (IFNAR). Consistently, addition of IFN-a
induced Isg20 and partially suppressed HBV replication in hepatocytes. Chasing HBV
RNA, DNA and proteins by blotting indicated that ISG20 expression decreased HBV
RNA and replicative DNA in HBV-transfected cells, which resulted in low HBs antigen
production and virus titer. The exonuclease domains of ISG20 mainly participated in
HBV-RNA decay. In vivo hydrodynamic injection, ISG20 was crucial for suppressing
HBYV replication without degrading host RNA in the liver. Taken together, ISG20 acts as
an innate anti-HBV effector that selectively degrades HBV RNA and blocks replication
of infectious HBV particles. ISG20 would be a critical effector for ameliorating chronic
HBYV infection in the IFN therapy.

INTRODUCTION

Hepatitis B virus (HBV) is a DNA virus having a
unique life cycle consisting of DNA and RNA phases [1].
Type I interferon (IFN) appears effective at eradicating
HBYV in ~30% of infected patients, but minimal type III
and virtually no type I IFN can be induced in HBV-infected

human hepatocytes [2]. The mechanisms for insufficient
response of DNA/RNA sensors and IFN-mediated
protection against HBV remain unclear.

Chronic infection with HBV accompanies covalently
closed circular (ccc) DNA in the nucleus. Following
cccDNA formation, viral mRNAs and pre-genomic (pg)
RNA are transcribed [1]. The pgRNA is subsequently
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converted to a partially double-stranded genome by viral
DNA polymerase. Unlike other DNA viruses, HBV uses
an RNA proviral intermediate that must be copied back
into DNA for replication [3]. Hence, both DNA and
RNA sensors in the host cells can theoretically recognize
HBYV infection in human hepatocytes [4]. The DNA/
RNA sensing system is conserved in mice and mouse
hepatocytes permit HBV replication as in humans [4].

Mammals possess DNA/RNA-sensing pathways
that activate a transcription factor, IRF3 to induce IFN-
inducible genes via IFN-B and/or IFN-A [4, 5]. The
released IFNs engage with cell surface IFN receptors
(IFNAR, IFNLR) that amplify IFN production via the
JAK-STAT pathway. IFNAR consists of IFNaR1 and
IFNaR2 while IFNLR of IL-28Ra and IL-10Rb [6].
Activation of IRF3 and STAT pathways induces the
expression of hundreds of IFN-stimulated genes (ISGs)
[5, 7]. Since the IFN-inducible genes may block the
process of DNA/RNA amplification in hepatocytes during
HBYV replication, new antiviral strategies against CHB
compensating for IFN therapy are being anticipated [5—7].

Although HBV has a strategy to circumvent host
innate sensors by suppressing type I IFN induction [8],
treatment of CHB patients with IFN suppresses viral
replication to a certain extent. Ultimately, the host innate
sensors stop viral replication through the recognition of
replicative intermediate in both RNA and DNA phases.
However, IFN-derived effectors that target the HBV life-
cycle remain largely unexplored.

We screened a number of ISGs that may be involved
in impeding HBV replication and found an anti-HBV
activity in ISG20. ISG20 is an IFN-inducible 3'- to
5'-exonuclease that degrades DNA and RNA, as well as
suppresses HBV antigen production in the hepatocytes. In a
previous study, ISG20 is up-regulated for viral clearance in
the liver of chimpanzees in response to infected HBV [9].

This study focused on the HBV-RNA-degrading
function of ISG20 on the natural HBV replication system
in immortalized mouse hepatocytes and the in vivo
hydrodynamic injection model using IFNAR knockout
mice. We demonstrated that ISG20 is one of the innate
anti-HBV effectors of type I IFN output that is expected to
be a target therapy for degradation of HBV RNAs.

RESULTS

IFN-B-induction in mouse hepatocytes correlates
to the MAVS pathway

We first examined the pathways involved in the
induction of IFN-B and IFN—A in immortalized mouse
hepatocytes. Lipofection of polyl:C into the hepatocytes
induced expression of IFN-B/A mRNAs but not by the
addition of polyl:C (Figure 1A). Only MAVS pathway
was found responsible for the IFN-B/A induction when
the gene-disrupted hepatocytes were transfected with

polyl:C (Figure 1B). Knockout of IFNAR barely affected
the levels of IFN-B/A mRNAs (Figure 1B). On the other
hand, exogenous addition of IFN-a to these hepatocyte
sublines induced uniformly low response levels of IFN-f
mRNA expression irrespective of the gene disruption
(Figure 1C). IFN-A was not detected in all the sublines
stimulated with IFN-o (Figure 1C). These observations are
in good agreement with previous reports in which MAVS
pathway in the cytoplasm signals the presence of dSRNA
in the mouse hepatocyte sublines without involvement of
TICAM-1 [10]. Type I IFN and IFNAR barely influence
the inducible levels of IFN-B/A mRNA. IFN-A is not
induced in response to IFN-a or beta in the hepatocytes.

Next we transfected the gene-disrupted hepatocyte
sublines with e-stem of HBV pgRNA, whilstl Polyl:C was
used as a control (Figure 1D). Upon polyl:C stimulation,
IFN-B and -A expression level was up-regulated in
WT, TICAM-17- and IFNAR™ hepatocytes with
similar profiles. The IFN-B/A expression was decreased
about 100-fold in Mavs™ hepatocytes and abrogated
completely in IRF3/77 hepatocytes (Figure 1D). When
these hepatocyte sublines were transfected with the
e—stem of HBV pgRNA, no up-regulation of IFN-B/A
expression was observed in all these sublines except
TICAMI1~ cells, where the IFN-B mRNA detected was
about 10-fold higher than the WT hepatocytes (Figure 1D).
In addition, we also transfected the hepatocyte sublines
with a plasmid of the HBV full genome and found that
IFN-B/A expression level was not upregulated in any of
the hepatocyte sublines (Figure 1E). The HBs mRNA,
a product of the replicative HBV increased nearly one
log in IFNAR™~ and IRF3/7 hepatocytes 48 h after the
transfection with HBV plasmid (Figure 1E). In contrast, a
lower expression level of HBs was detected in TICAM1~
hepatocytes at 24 and 48 h after the transfection. Thus,
it can be concluded that HBV is well replicable in the
IFNAR™ and IRF3/77 hepatocytes and essentially
no IFNs are principally produced in these hepatocytes
during the infection. TICAM1~~ hepatocytes show subtle
susceptibility to HBV and permit mild induction of IFN-f.
The reason for this controversial result is however remain
unclear.

IFN-inducible genes inhibit the HBs Ag
production

The immortalized WT hepatocytes permitted HBs
production when transfected with the plasmid of HBV full
genome, and the HBs level in the medium was suppressed
by pre-treatment of the cells with IFN-a (Figure 2A).
This IFN-a-mediated blockage of HBs production was
abrogated in IFNAR™" cells (Figure 2A), suggesting that
some of the IFN-inducible rather than IRF3-inducible
genes take part in the suppression of HBV replication.
Therefore, we have chosen IFN-inducible genes from
microarray DATA deposited to Gene Expression Omnibus,
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Figure 1: Interferon-inducible genes are expressed by MAVS-IFNAR pathway in immortalized mouse hepatocytes.
(A) Immortalized mouse hepatocytes were seeded to 24-well plate (1.5 x 10%/well) the day before stimulation. Poly I:C was directly added
to medium (final 20 pg/ml) or transfected by lipofection (final 1.6 pg/ml) and cells were incubated for 3,6, or 12 hours. After stimulation,
cells were harvested, total RNA was purified, and mRNA expression level was determined by quantitative RT-PCR. (B) Immortalized
mouse hepatocytes generated established from Ticam!™~, Mavs™, or Ifnar” mice were seeded to 24-well plate the day before stimulation.
Poly I:C transfection was performed as (A) and cells were incubated for 3, 6, or 24 hours. After transfection, mRNA quantification was
performed as (A). (C) Immortalized mouse hepatocytes were stimulated with mouse IFN-a (final 2000 U/ml) for 6 or 24 hours. After
stimulation, mRNA quantification was performed as (A). (D) Poly I:C or HBV eRNA was transfected to immortalized mouse hepatocytes
by lipofection (final 1.6 pg/ml) and cells were incubated for 24 hours. After transfection, mRNA quantification was performed as (A).
(E) The pTER1.4 x HBV plasmid was transfected to immortalized mouse hepatocytes from Ticam1™, Mavs™", Ifnar”", or Irf3/7" mice by
lipofection. Twenty-four hours after transfection, cells were harvested and mRNA quantification was performed as in (A).
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NCBI (Supplementary Table S1) to examine for their
potential antiviral activity against HBV replication (Figure
2B). The IFN-inducible properties of these genes were
confirmed in our microarray data (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE75690). The selected
genes were over-expressed in hepatocytes that were co-
transfected with HBV plasmid, and the levels of HBs were
determined by ELISA (Figure 2B). Of the genes tested,
ISG20 strongly suppressed HBs production in the HBV-
replicating mouse hepatocytes (Figure 2B). Similar results
were obtained by ELISA using Huh7 cells transfected with
HBYV plasmid (Supplementary Figure S1A). Hence, we
are able to demonstrate the HBV-suppressive function of
ISG20 in hepatocytes-derived cell lines.

ISG20 is barely induced by HBV or pgRNA
stimulation in hepatocytes

ISG20 was induced in mouse hepatocytes in response
to the transfected polyl:C but such induction was barely
detected in MAVS™-and IFNAR™ hepatocytes stimulated
with polyl:C (Figure 3A and 3B). With the IFN-a treatment,
ISG20 expression was up-regulated in WT, TICAM1 " and
to a lesser extent MAVS™ hepatocytes. However, such
exogenous additions of IFN-a did not lead to any increases
of ISG20 expression in IFNAR™ hepatocytes (Figure 3C).
We also transfected these hepatocyte sublines with the
e-stem of HBV pgRNA and plasmid of HBV full genome.
ISG20 mRNA was up-regulated in MAVS™ and IFNAR™-
hepatocytes when stimulated with pgRNA (e-stem)
(Figure 3D). On the contrary, up-regulation of the ISG20
expression was not observed in hepatocytes transfected
with the plasmid of HBV full genome and parallels with
the previous data that HBV full genome did not induce any
production of IFN-f as well (Figure 3E). Thus, ISG20 is an
IFN-inducible but not IRF3-inducible gene.

ISG20 suppresses HBV replication in the
hepatocytes-derived cell lines

We then overexpressed ISG20 in WT hepatocytes.
The mRNA of ISG20 increased up to 48 h after the
transfection (Figure 4A). In order to examine ISG20 for its
potential antiviral activity against HBV replication, ISG20
was co-transfected with HBV full genome. The levels of
HBV mRNA were suppressed in hepatocytes transfected
with ISG20 compared to the control (Figure 4B).

In human HepG2 cells transfected with Isg20 and
HBYV plasmids, HBs production started increasing around
24 h and ISG20 mRNA was elevated concomitant with
the blocking of HBs production (Supplementary Figure
S1B and S1C). These results were similar to the results
obtained with mouse hepatocytes transfected with Isg20
and HBV plasmids (Figure 4A and 4B). Thus, ISG20
ectopically expressed in mouse hepatocytes extensively
suppressed HBs products after the expression of Isg20.

We further investigated the mechanisms of HBV
inhibition by ISG20. We used Huh?7 cells for this purpose
to detect substantially high levels of HBV DNA/RNA
signal. Total cellular RNA from HBV-plasmid-transfected
cells was analyzed with Northern blots using an HBV-
specific probe. A significant reduction in HBV RNAs of 3.5
kb, 2.4/2.1 kb and 0.7 kb was observed (Figure 4C, right
figure). In the same ISG20-overexpressed cells, HBV-RNAs
were specifically reduced with reference to the control host
RNAs (Figure 4C, left and center figures). Reduction in
steady-state levels of viral pgRNA, which is the template
for HBV DNA synthesis, could be the primary cause of
HBYV replication suppression in Huh7 cells. However, the
levels of the 2.4/2.1 kb and 0.7 kb HBV mRNA, which
showed 100% sequence identity to the partial pgRNA, were
also decreased in response to ISG20 expression.

Since ISG20 is a 3'-to-5' exonuclease in vitro with
a lesser specificity to DNA [11, 12], we needed to rule
out the possibility that ISG20 suppressed HBV replication
by altering the stability of HBV transcription templates
directly by degrading transfected HBV plasmids. ISG20
overexpression reduced HBV DNA replication levels as
detected by Southern blots (Figure 4D, upper left and
upper right figure). Examination of the co-transfected
HBYV plasmids or input plasmid signals, detected by Pstl
digestion and DNA hybridization (~9.7 kbp), showed that
the input plasmid were almost unaffected in response
to ISG20 overexpression, although the replicative
HBYV DNAs, relatively quantified as the ratio between
plasmid and replicative HBV-DNA, were significantly
decreased compared to controls (Figure 4D, lower figure).
Consequently, down-regulated HBV RNA and replicative
DNA mediated by the ISG20 led to a reduction in HBs
antigen during viral replication in Huh7 cell culture
supernatant (Figure 4E). These results suggest that
ISG20 antiviral function is a host factor in controlling the
intracellular HBV replication cycle.

ISG20 post-transcriptionally regulates the steady
state of HBYV RNA

To determine if ISG20-mediated down-
regulation of HBV RNA was due to a transcriptional or
posttranscriptional mechanism, we overexpressed ISG20
in the HBV-stable cell line HBV-T23, in which HBV
RNA is transcribed from an integrated transgene [13].
ISG20 was expressed in transfected cells at 12 h and
24 h (Figure 5A). ISG20-mediated suppression of the
HBs mRNA was detected in the HBV-T23 cells at 24 h
(Figure 5B). At this time point after the transfection, HBs
Ag levels (Figure 5C) and product DNA levels (Figure
5D) were also decreased in the culture supernatant.
ISG20-mediated down-regulation of HBV replication is a
post-transcriptional mechanism.

To further endorse the above finding, we directly
measured decay kinetics of HBV RNA upon ISG20
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overexpression in the presence or absence of actinomycin
D. HBV-T23 cells were transfected with control or ISG20
expression vector for 24 h before the addition of actinomycin
D, a compound that non-specifically inhibits transcription
by forming a stable complex with double-stranded DNA via
deoxyguanosine residues. This inhibits DNA-primed RNA
synthesis from HBV DNA. The HBV RNA was quantified
with real-time RT-PCR in a time-course study. HBV RNA
degradation was faster in the presence of overexpressed
ISG20 than in the control vector (Figure 5E), suggesting that
ISG20 promotes HBV RNA degradation.

ISG20’s Exo domains sustain anti-HBV function

ISG20 belongs to the DEDD superfamily and
contains three separate exonuclease domain (Exo I-III)
motifs that are highly conserved among rat, mouse and
human ISG20 [11, 14]. The conformation and spatial
disposition of ISG20 are known from the crystal structure
of human ISG20 [14].

Aspll, Asp94 and Asp 154 in the Exo I, II and III
domains are active centers for [ISG20 exonuclease [11, 12].
To determine the requirement of each exonuclease domain
for ISG20-mediated HBV suppression, we introduced amino
acid mutations into the Exo domains to disrupt the active site
structure based on previous studies (Figure 6A). The mutant
ISG20 proteins were co-expressed with HBV in Huh7 cells
and effects on viral RNA (Figure 6B), DNA (Figure 6C)
and protein (Figure 6D) were analyzed. Disruption of each
individual Exo domain, particularly ISG20-D11G (Exo
I) or ISG20-D94G (Exo II), abolished ISG20-mediated
HBYV RNA decay (Figure 6B) and led to high production
of HBs antigen in the culture supernatant of transfected
Huh7 cells (Figure 6E). Mutation of the Exo III domain
(ISG20-D154G) only partially decreased the antiviral

activity of ISG20 concomitant with viral genome or RNA
degradation (Figure 6B, 6C). Although protein expression
appeared similar in ISG20-transfected and ISG20 mutant-
transfected Huh7 cells, only wild-type ISG20-transfected
cells failed to produce PreS1 protein (Figure 6D). These
observations indicate that the exonuclease activity of ISG20
is indispensable for HBV-suppressing activity of 1SG20.
The Asp residues in the exonuclease-active domains I and
II contribute to the anti-HBV function of ISG20, though the
Asp in the Exo III domain little participates in the optimal
antiviral activity of ISG20.

ISG20 is crucial for in vivo suppression of HBV
replication in Ifnar”’ mice

Since immortalized Ifnar’”~ hepatocytes we
previously established [15] were more permissive to HBV
replication via plasmid transfection than WT hepatocytes,
we hypothesized that type I IFN and IFNAR were required
to suppress HBV replication in mouse hepatocytes in vivo.
We tested if HBV replication in Ifinar~~ mice was blocked
by simultaneous administration of Isg20 plasmid to livers
in vivo. We used hydrodynamic injection to introduce
replication-competent full HBV genomes into the livers
of Ifnar”~ mice [10]. HBV DNA reaches the nucleus
of hepatocytes in mouse livers, where it is transcribed
into viral transcripts and rapidly translated to produce
high serum titers of HBs, HBc and Dane particles [15].
When we hydrodynamically injected HBV DNA and
Isg20 plasmid, Isg20 was highly expressed in the liver
(Figure 7A), indicating that hydrodynamically injected
genes and HBV plasmid were predominantly expressed
in the liver. Based on these results, we examined the
in vivo effectiveness of ISG20 in [fnar”~ mice by
hydrodynamically injecting the Isg20 expression plasmid
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Figure 2: Identification of ISG20 as an inhibitor of HBV replication from interferon-inducible genes. (A) Pre-treatment
of IFN-a is crucial in suppressing HBV replication. The immortalized hepatocytes derived from the wild type and Ifnar-/- mice were pre-
treated with 1000 unit of recombinant mus-IFN-a for 12 hours before transfected with the pTER1.4 x HBV. HBs antigen in the culture
supernatant after 72 h post transfection was analyzed with ELISA. (B) Overexpressed ISG20 suppresses HBsAg production in HBV-
transfected mouse hepatocytes. ISGs were cloned into the expression vector and co-transfected with the pTER1.4 x HBV into the wild-
type immortalized hepatocytes to screen for the anti-HBV activity. HBs antigen in the culture supernatant after 72h post transfection was
analyzed with ELISA. Data represent 3 independent experiments. *p < 0.05.x
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together with the full HBV genome. Isg20 was expressed
in mouse livers that received the plasmid.

A time-course of HBV DNA and HBs Ag in the
sera of Ifnar’ mice is shown in Figure 7B and C. HBs
antigen and HBV DNA in the serum of the Ifhar”" mice
were highly elevated at day 4 and 7 post injection compared
to mice receiving the control plasmid. In contrast, robust
viral replication at an early time point was abrogated when
the Isg20 was overexpressed in mouse livers. Similar
experiments were conducted using WT mice to investigate
the effect on HBV replication of silencing the intrahepatic
endogenous Isg20 (Figure 7D and 7E). Endogenous Isg20
was abolished in mice using specific but not non-specific
siRNA (Figure 7D). Reduced Isg20 with siRNA resulted in
higher HBs antigen in mouse serum compared to the control.
These results indicate that ISG20 is a crucial molecule for
IFN-stimulated genes that suppress HBV replication in vivo.

The Ifnar’~ mice transfected with the HBV full
genome and control or Isg20 plasmid exhibited different
HBc Ag expression in livers (Figure 7F). The frequency
of the HBc Ag-positive hepatocytes was decreased in
mouse livers ectopically expressing 1sg20 (Figure 7F),
consistent with results from intrahepatic viral replication
and serum antigenemia. We also examined intrahepatic
viral replication in mouse livers post injection. Southern
blots using total DNA from mouse livers on day 3 post
injection (Figure 7G) showed that ISG20 overexpression
did not have a notable effect on the input plasmid but a
more significant impact was observed on HBV replicative
intermediates (Figure 7G).

ISG20 inhibits the susceptibility of NTCP-
HepG2 to HBV

Recently, the sodium taurocholate cotransporting
polypeptide (NTCP) membrane transporter was reported
as an HBV entry receptor [16, 17]. We engineered a strain
of HepG2 cells to overexpress the NTCP gene to produce
HBV-permissive cell lines (Figure 8A) [18]. Two of
these clones that expressed an equivalent level of cell-
surface NTCP protein showed different permissiveness
to HBV [HepG2-NTCP-high permissive (HP) and
HepG2-NTCP-low permissive (LP) cells] (Figure §B).
To investigate host factors leading to differences in viral
permissiveness, we analyzed endogenous expression of
ISG20 in these two different clones and found that ISG20
expression was about 80% lower in the clone susceptible
to HBV infection (Figure 8C), despite their similar NTCP
expression levels (Figure 8D). Thus, low endogenous
expression of ISG20 might be associated with host cell
permissiveness to HBV.

DISCUSSION

IFN-inducible RNases, RNaseL. and ISG20,
cooperatively act for immediate eradication of viruses.
[12, 19]. ISG20 inhibits replication of various RNA
viruses [11, 20]. However, solid in vivo evidence on
its antiviral properties has not been reported on a DNA
virus HBV. Type I and III IFNs induce ISG20, but HBV
infection does not facilitate IFN induction, thereby no
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Figure 3: ISG20 is induced by type I IFN but not induced by HBYV replication. (A-E) All cDNAs were prepared as described
in Figure 1(A-E), and ISG20 expression was determined by quantitative RT-PCR.
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ISG20 functioning for HBV eradication in human and
mouse hepatocytes.

Here we demonstrated that overexpression of Isg20
impeded the replication of HBV in a mouse hepatocyte

system. /n vivo transfection studies employing the
hydrodynamic injection method shows that HBV replication
was more progressive in [fnar”~ mice than in WT mice.
Furthermore, simultaneous introduction of Isg20 and HBV

A B
1ISG20 mRNA HBV mRNA
Control 25.0 " Control
c .
_g 10.0 } o 1sg20 S 20.0 7 15920
S 3]
5 80 32150
c
S 6.0 £ 100
S 40 3
L 50
20 :
0.0 0.0
12h 24h 12h 24 h
Tlme post transfectlon T|me post transfechon
C
Ctrl Isg20
HBV-RNA/ p-actin GAPDH / p-actin 35K
- 2.1/2.4 kb
1.5 1.5 ke}
m
c
1 1 =
2 0.7 kb
=
05 05 2
0 0
control  Isg20 control  1sg20
D 12h  24h  48h  72h  96h
- Ctrl Isg20 Ctrl Isg20 Ctrl Isg20 Ctrl Isg20 Ctrl Isg20 _ i IngO ctrl IngO
Input Input
I plasmid plasmid
: :
o Replicated c Replicated
£ HBVDNA g HBV DNA
Q <
E 5
>
o
o
U) (D
E
) 25 = Control
HBV-DNA / Input plasmid
20 0 1sg20
Control  1sg20 T
E; 1.5
24h  0.809 0.692 =
3 1.0
m
48h 0532  0.480 T os
96h 0409 0.332 0.0
48 h 72h 96 h

Time post transfection

Figure 4: Inhibitory effects of ISG20 on HBV replication in cell culture. (A) The immortalized mouse hepatocytes were
cultured in the 24-well plates and co-transfected with 0.5 pg of Isg20 or control plasmid together with pTER1.4 x HBV. Total RNA was
isolated at the time point post transfection and the expression of Isg20 mRNA was determined. (B) HBs mRNA were quantified with real-
time RT-PCR under the same time-frame as panel A. (C) Similar experiment was repeated in Huh7 cells and 1 pg or 25 pg of the total
cellular RNA was subjected to real-time RT-PCR or Northern blot analysis using the DIG-labelled probe specific to HBV, respectively.
(D) The total cellular DNA was isolated 24 h, 48 h, 72 h, and 96 h after transfection and 500 ng of the isolated DNA was subjected to
southern blot analysis using DIG-labelled probe specific to HBV (upper left and right figures). Cells with no pTER1.4 x HBV were used as
a negative control (left lane in upper left and right figures). Relative values of replicated HBV DNA were quantified using upper left figure
and showed at lower figure. Data represent 3 independent experiments. (E) The culture supernatant of hepatocytes transfected with Isg20
or control plasmid was collected at the indicated time points. The levels of HBs Ag were analyzed with ELISA.
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plasmid into the Ifirar”~ mice suppressed HBV replication.
In fact, the increase of ISG20 expression paralleled the
suppression of HBs production in the liver of I[fnar”
mice injected with HBV plasmid and Isg20. In NTCP-
transfected HepG2 studies [18], low HBV susceptibility
was attributable to high expression of ISG20; the result
appears to be on-target. Several clinical studies suggest
that high ISG20 level is associated with positive response
to IFN-a treatment in CHB patients [21, 22]. Our current
study supports the correlation between IFN responders and
incremental ISG20 mRNA level in CHB patients [23].
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replicative DNA without degrading the host 18S and
28S rRNA. If the type I IFN-IFNAR axis induces Isg20,
it is therefore crucial for the early phase protection of
hepatocytes against HBV as demonstrated in the mice in
vivo transfection studies. Because HBV replication barely
activates the IFN-inducing or MAVSS pathway while, the
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constitutively produces the HBV virion were transfected with the control plasmid or /sg20-expressing plasmid, and the levels of Isg20 were
measured by qPCR at 12 and 24 h. (B) The levels of HBs mRNA was determined by qPCR at 12 and 24 h post transfection. (C) Culture
supernatant was collected after 24 h post transfection with Isg20-expressing plasmid and HBs Ag was determined by ELISA. (D) In the
same samples as panel B, the DNA content of the virions in the culture supernatant reflecting the HBV copies was determined by qPCR.
(E) ISG20 HBV-regulatory function is apart from transcription. Actinomycin D was used as a transcription inhibitor for the addition to the
HBV-T23 cells that had been transfected with the control or ISG20 expression plasmid. Total RNA was isolated at the indicated time point

and HBs mRNA was quantified with real-time RT-PCR.
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way for direct induction of ISG20 as well as IFN-(B/A) is
an interesting therapy for HBV-infected patients.

RNase L is a prominent IFN-inducible RNase that
is critical for evoking the innate antiviral response. RNase
L is localized to ‘stress granule’ near mitochondria [23],
while ISG20 is mainly found in the nucleolus and the Cajal
bodies [24, 25]. In earlier studies, RNase L degrades non-
self (viral) RNA [11, 20], but recent analysis suggests that
RNase L sequesters even self RNA and the fragmented
RNAs are recognized by RIG-I and MDA-5 [26]. Hence,
RNase L degrades viral RNAs along with cellular 18 S
and 28 S rRNAs, which leads to infected cell apoptosis
to prevent viral spreading. ISG20 essentially differs from
RNase L for HBV targeting in that its exonuclease function
specifically directs only to viral RNA/DNA [26]. Our
results also suggest that ISG20 degrades HBV RNA more
rapidly than HBV DNA including the replicative DNA in
the HBV life cycle. The two different modes of nucleases

may cooperatively act to eliminate HBV DNA and pgRNA
during IFN therapies in CHB patients [22, 27].

HBYV RNAs possess a unique stem-loop structure at
the 5’- end of the pgRNA, called the epsilon element (&)
[28]. The e-stem loop is vital for the HBV life cycle since
reverse transcription of the virus RNA requires recognition
by the e-stem to trigger assembly of the nucleocapsid [28].
The stem-loop structure might recruit nucleases including
ISG20, similar to the stem-coupling nucleases that tune
transcript stability [29, 30]. However, the g-stem of pgRNA
per se is unlikely to recruit other intrinsic host proteins
to ISG20 to suppress the HBV replication cycle. Direct
expression of Isg20 may be a better strategy than e-stem
introduction to specifically degrade HBY DNA/RNA.

We previously found that STING predominantly
participates as a DNA sensor in HBV-DNA recognition in
mouse cells [4]. RIG-I/MDAS and MAVS facilitate IRF3
activation in human but not mouse hepatocytes [4, 10].
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Figure 6: Mapping the exonuclease domain of Isg20 on the HBV antiviral activity. (A) Schematic structure of the ISG20
with the three exonuclease domains. Mutations that disrupt each individual Exo domain are indicated as superscript according to previous
studies [11]. (B) Huh7 cells were co-transfected with pTER1.4HBV and the wild type ISG20 or its mutants. Total RNA was isolated from
the cells at 48 h post transfection and the RNA (25 pg) was subjected to Northern blot using the HBV specific probe. (C) The cellular
DNA of Huh 7 cells co-transfected with the pTER1.4 x HBV and ISG20 or its mutant(s) expression plasmid was isolated and subjected to
Southern blot analysis using DIG-labelled probe specific to the HBV. (D) Western blot was performed for protein analysis of Huh7 cells
with pTER1.4HBYV and the wild type ISG20 or its mutants. Proteins were detected with anti-FLAG and anti-Pre-S1 antibodies. Beta-actin
served as a protein loading control. (E) HBsAg in the culture supernatants was analyzed with ELISA. The culture supernatant of Huh7 cells
transfected with pTER1.4HBV and the wild type ISG20 or its mutants were harvested 48 h after the transfection. The HBs Ag levels were

determined by ELISA.
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Figure 7: ISG20 suppresses HBV replication in Ifnar”- mice liver. (A) The /fiar”~ mice were hydrodynamically injected with
50 pg of the pTER-1.4 x HBV plasmid together with the control or ISG20 plasmid. Total RNA was isolated from liver on day 3 post
injection and determined the mRNA levels of ISG20 by qRT-PCR. (B) HBsAg was measured with sera isolated at the indicated time
points from Ifiar”~ mice injected with the plasmid as in panel A. The HBsAg titers were determined with 1000-fold diluted sea. (®), mice
receiving the control plasmid; (0), mice receiving the ISG20 plasmid. (C) The serum HBsAg titers were determined with an enzyme
immunoassay at O.D 450 nm [calculated as signal over noise ratios (S/N)]. HBV DNA in the sera was measured as in panel B. The levels of
HBYV DNA were determined by qPCR and indicated as copies per mL. Error bars indicate SD here and in the other figures. (D) Knockdown
of Isg20 by injection of shRNA in the mouse liver. Hydrodynamic injection was performed with the plasmid containing shRNA for Isg20
(20 pg per mice). After 3 days, the total RNA was isolated from the liver as in Panel A, and the levels of Isg20 were determined by qPCR. A
scrambled RNA was used as a control. (E) Similar study to panel B and C was conducted in the wild-type mice using the pTER-1.4 x HBV
and the plasmid of Zsg20 shRNA to silence the endogenous ISG20. The scrambled RNA was the control for the sSiRNA. (F) Histochemical
analysis of the Ifinar” mice. The mice were hydrodynamically injected with 20 pg of the pTER 1.4 x HBV plasmid together with the control
(right upper panel) of ISG20 expression plasmid (left upper panel). HBc protein in the livers on day 3 post injection were visualized with
immunohistochemical staining of the mouse liver sections embedded in the OCT compound using an anti-HBc antibody for the detection
of HBcAg. Representative sections are shown. HBcAg-positive cells in the Ifnar” mice receiving the ISG20 expression plasmid (upper
panel) or those with control plasmid (lower panel). The scale bars represent 10 um. The images are displayed at 200x magnification.
Frequency of HBcAg-positive signals between the different mouse strains shown is based on the 3 images of each (right lower panel).
(G) On day 3 post injection, the mice were sacrificed and liver DNA was extracted. The extracted DNA was analyzed with Southern
blot using an HBV-specific probe. The sizes corresponding to the injected DNA (arrow) and the replicative intermediates (DNA, ss) are
indicated to the left. M, marker.
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Hence, our results are, in part, incompatible with previous
reports on human studies, which may reflect the difference
of species- and cell type-specific expression profiles of I[FN-
related genes. Whether the HBV receptors including NTCP
work in conjunction with antiviral signaling including DNA-
sensing pathways is intriguing as a future study. Although
we do not know by what degrees DNA-sensing pathways
participate in inhibiting HBV replication in hepatocytes, non-
parenchymal cells appear to be source of the IFN for induction
of hepatocyte ISG20 (Funami, Seya et al., unpublished data).
Since therapeutic type I IFN up-regulates the potential of
the MAVS pathway in stromal cells, HBV DNA or RNA
(including mRNA and pgRNA) may act on stromal cells to
further liberate type I IFN, that in turn up-regulate ISG20 in
hepatocytes. Yet, we have not identified the route of stroma
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cell stimulation either indirectly (via exosomes released from
HBV-infected hepatocytes) or directly (via HBV plasmid) [31].

The chimpanzee studies show that most genes
up-regulated by HBV are IFN-y-inducible genes,
implicating cellular immunity involving T and NK cells
in the protective response against HBV infection [32, 33].
Consistently, IFN-y is highly up-regulated in a mouse
hydrodynamic injection model of HBV [10]. Activated
NK cells and T cells are major sources of IFN-y and
actively take part in eliminating HBV-infected cells
[34, 35]. IFN-y in cellular immunity induces 1sg20 and
other antiviral genes including Ddx60 in hepatocytes.
DDX60 is a RNA helicase that acts as an agent of the
RNA exosome, which may act for eliminating viral RNA
[36, 37]. Other IFN-inducible genes would contribute
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Figure 8: ISG20 expression is crucial in the HBV susceptibility. (A) Schematic illustration of the establishment of HepG2 clones
that constitutively express the entry receptor of HBV, NTCP as described previously [18]. (B) The susceptibility of these clones to HBV was
examined by imaging analysis. Two HepG2 clones overexpressing NTCP (HepG2-NTCP-HP and -LP) were incubated with HBV for 16 h
and detected for intracellular HBc protein at 12 days post-infection by immunofluorescence. The panel a top shows a clone that was highly
susceptible while the panel at the bottom shows the clone with lower susceptibility to HBV. Red and blue signals indicate HBc protein
and nucleus, respectively. NTCP protein on the cell surface was probed with a fluorescence-labeled preS1-peptide (2-48 a.a). Red, black
and gray indicate HepG2-NTCP-LP, HepG2-NTCP-HP and parental HepG2 cells, respectively. (C) The endogenous expression levels of
ISG20 in the two clones were determined by gPCR. (D) The expression levels of NTCP in the two clones were checked by flow cytometry.
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to network formation from innate to cellular immune
activation in microenvironment [38, 39].

In conclusion, early phase IFN-inducible nucleases
and late phase cellular effectors participate in HBV
regulation. ISG20 is induced by IFNs and targets HBV
RNAs to eliminate early phase of HBV throughout early
and late phases. The function of ISG20 in conjunction
with the cellular immune system needs to be further
characterized in HBV patients.

MATERIALS AND METHODS

Mouse and hepatocytes

All mice were backcrossed with C57BL/6 mice
more than seven times before use. Irf3/77 and Ifnar’™
mice were kindly provided by T. Taniguchi (University
of Tokyo, Tokyo, Japan). Ticaml™~ and Mavs-1"" mice
were established in our laboratory as described previously
[24, 40, 41]. Irf37~and Irf77" mice were generated from a
single backcross of r/3/77~ double knockout mice in our
laboratory. Female C57BL/6J mice were purchased from
Japan Clea (Tokyo) and used at 7-9 weeks of age. All mice
were maintained under specific pathogen-free conditions
in the Animal Facility at Hokkaido University Graduate
School of Medicine (Sapporo, Japan). Animal experiments
were performed according to the guidelines set by the
animal safety center, Hokkaido University, Japan.

Mouse immortalized hepatocytes were established
from Ifhar™, Irf3/77°, Mavs™, Ticaml”~ mice in our
previous report [15]. Hepatocytes were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM,;
Invitrogen, Tokyo, Japan) supplemented with 2 mM
L-glutamine, 100 U of penicillin/ml, 100 pg of streptomycin/
ml, 10% fetal bovine serum, 20 mM HEPES (Invitrogen),
30 pg/mL L-proline, 0.5 ng/mL insulin (Sigma, St. Louis,
MO, USA), 100 pM dexamethasone (Wako, Osaka, Japan),
44 mM NaHCO,, 10 mM nicotinamide (Wako), 10 ng/mL
EGF (Wako), 0.2 mM L-ascorbic acid 2-phosphate (Wako),
and 1% MEM-non essential amino acids (Invitrogen).

Animal studies with hydrodynamic injection of
HBY full genome plasmid

A total of 50 nug of the HBV plasmid [42] was
injected into the tail vein of mice in a volume of 2.0 ml
TransIT-QR hydrodynamic delivery solution (Mirus,
USA) [10]. In some experiments, Isg20 plasmid or siRNA
was co-injected with HBV plasmid. Plasmid DNA was
prepared by using an EndoFree plasmid system (Qiagen,
Germany) according to manufacturer’s instructions. The
endotoxin-free quality was checked by Limulus test with
all DNAs before use [43]. The total volume was delivered
within 3-8 seconds as described [10].

Cell cultures and plasmid

Human hepatocytes-derived HepG2 and Huh7 cells
were obtained from the ATCC and maintained in DMEM
medium supplemented with 10% fetal bovine serum, 100
U/mL penicillin and 100 pg/mL streptomycin [4, 44].
The HBV119 T23 is a human hepatocyte-derived cell
line that constitutively produces the HBV virions [13];
the cells were cultured in the DMEM with the addition
of hygromycin B to maintain the HBV genome-integrated
cells. Recombinant mouse IFN-a was purchased from
Sigma-Aldrich. The pTER1.4 x HBV plasmid containing
1.4 genome length sequences of HBV was used in this
study to produce a similar sedimentation in sucrose density
gradient centrifugation to HBV extracted from the serum
of HBV carriers [13]. The human Isg20 was cloned into
the plasmid with a CMV-IE promoter using the specific
primers. Disruption of the individual exonuclease domain
in the Isg20 cDNA was carried out using QuickChange 11
site-Directed mutagenesis kit (Agilent). All of the above
wild-type and mutant Isg20 genes have an N-terminal
Flag-tag sequence in the expression vectors.

Northern blot assay

Total cellular RNA including viral RNA was isolated
with Trizol and 25 pg of the isolated RNA was resolved
in a 1.5% agarose gel containing 2.2 M formaldehyde.
The RNA in the gel was transferred onto IMMOBILON
NY+ charged nylon membrane (Milipore) for Northern
blot analysis. RNAs on the sheet were detected with
specific DIG-labeled probe using a full-length HBV-DNA
template as described previously [45]. The RNA was
detected with the DIG DNA labeling and detection kit
(Roche Diagnostics, Basel, Switzerland) according to the
instructions. The levels of reference gene mRNAs in total
RNA were quantified by quantitative PCR as described
below.

Southern blot assay

Viral DNA was isolated from intracellular viral
capsids and detected with specific DIG-labeled probe as
described previously [10]. In brief, to isolate the viral
DNA, homogenized mouse livers or cells transfected with
the HBV plasmid were subjected to an overnight sodium
dodecyl sulfate-proteinase K digestion followed by phenol
extraction and ethanol precipitation. 20 pg of the isolated
DNA was separated in a 1% agarose gel, transferred onto
IMMOBILON NY+ charged nylon membrane (Milipore)
and detected with a HBV-specific DIG-labeled probe using
a full-length HBV-DNA template. HBV-DNA-specific
signals were quantified using Image J, and plasmid DNA
signal was used as reference.
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Western blot assay

Cells were lysed with RIPA buffer and separated on a
10% SDS-PAGE. Proteins were transferred onto Immobilon
PVDF-FL membrane (Milipore). The membranes were
blocked with 3% skim milk and probed with antibodies
against FLAG-tag, HBc antigen, or B-actin. Bound antibodies
were visualized with HRP-bound secondary antibodies. The
immunoblotting signals were quantified as reported [46].

HBY preparation and infection

HepG2 and HepG2-NTCP-HP and HepG2-NTCP-
LP cells that constitutively express the sodium taurocholate
co-transporting polypeptide (NTCP) membrane transporter
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-NTCP-HP and —LP cells) or absence (HepG2
cells) of 400 pg/ml G418 (Nacalai) as reported previously
[18]. NTCP-expressing HepG2 cells were infected with
HBYV at 6,000 genome equivalent (GEq)/cell.

HepG2, HepG2-NTCP-HP or HepG2-NTCP-LP
cells (1 x 106) were incubated for 30 min with 1 uM
FITC-labeled preS1 peptide (preS1-FITC) and then free
peptide were washed out with PBS supplemented with
0.5% BSA and 0.1% sodium azide. Positive signal was
analyzed on Cell Sorter 8000 (SONY).

HBYV e¢RNA preparation

Dr. A. Takaoka (Hokkaido university) kindly
provided the e-stem template of HBV [47]. To generate
HBV-5" end of HBV pgRNA (or epsilon (e-stem RNA),
we used 100 ng of the annealed DNA oligonucleotides
(Supplementary Table S1) as template for in vitro
transcription under the control of the T7 promoter with
MEGAscript (Ambion) as described previously [47].

Expression profile analysis

All microarray experiments and their data were
analyzed according to MIAME guidelines. We identified
the genes induced by type I IFN from two GEO Datasets,
GSE45365 and GSE32137. From the datasets, we selected
seven genes, which contain specific functional domains
and whose function in the field of innate immunity remains
unknown (Supplementary Table S1). The IFN-inducible
properties of these genes were confirmed in our laboratory
using mouse dendritic cells (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE75690).

Cell transfection

Cells in each well of the 24-well-plate were
transfected with 1 pg of plasmid using Lipofectamine
2000 (Life technologies) according to the manufacturer’s

directions. Transfected cells were harvested at the
indicated time points.

Immunofluorescence

The Huh7 cells were transfected with the plasmids
expressing ISG20 and HBV proteins for 48 h and
followed by fixation with 2% paraformaldehyde and
permeabilization of the cell membrane with 0.1% Triton
X-100. Cells were then immunostained with anti-FLAG
or anti-HBc antibodies and the bound antibodies were
visualized by Alexa Fluor 488 goat anti-mouse IgG [48].
Nuclei were counterstained with DAPI. Cell were imaged
with a Nikon fluorescence microscope and photographed
with a charge-coupled device camera.

ELISA of HBs antigen

Concentration of HBsAg in the mice serum
or culture supernatant was quantified by sandwich
ELISA wusing commercial ELISA kits following the
manufacturer’s protocol (XpressBio, USA). The reporting
unit was calculated based on O.D 450 nm and extrapolated
into the standard curve at ng/mL [10].

Quantitative RT-PCR (qPCR)

Dnase-I-treated total cellular RNA was used to
generate cDNA by SuperScript IIT Reverse Transcriptase
(Life Technologies). Real-time PCR was performed with
SYBR Green Master (Roche) and the LightCycler 480
System (Roche) by using HBV, Isg20, and some other
gene-specific primers (Supplementary Table S1). The
gene expression data were normalized with reference to
the level of GAPDH or B-actin in the same samples.

Statistical analysis

The statistical significance of the obtained data in
this study was analyzed using a two tail unpaired ¢ test and
p <0.05 was regarded as statistically significant.

Abbreviations

BMDC, marrow-derived dendritic cells; cccDNA,
covalently closed circular DNA; CHB, chronic hepatitis B;
DC, dendritic cells; HBV, hepatitis B virus; IFN, interferon;
IFNAR, IFN-alpha receptor; IRF, interferon-regulatory factor;
ISG, interferon-inducible gene; MAVS, mitochondrial antiviral
signaling; TICAM-1, TIR-containing adaptor molecule-1;
TLR, toll-like receptor; pgRNA, pre-genomic RNA;

ACKNOWLEDGMENTS

We are grateful to Seya lab members for their
valuable discussions. Acknowledgement is also due to
Ms. H. Sato for her secretory help. The e-stem template is
provided by Drs Sato and Takaoka (Hokkaido university,

www.impactjournals.com/oncotarget

68191

Oncotarget



Japan). This work was in part supported by the grant from
MEXT (HBV program: 15fk0310017h0004) Japan.

CONFLICTS OF INTEREST

None.

FINANCIAL SUPPORT

This work was supported in part by Grants-in-Aid
from the Ministry of Education, Culture, Sports, Science,
and Technology (MEXT) and the Ministry of Health, Labor,
and Welfare of Japan, and by a MEXT Grant-in-Project ‘the
Carcinogenic Spiral’, ‘the National Cancer Center Research
and Development Fund (23-A-44)’. Part of this study
(Koichi Watashi and Kazuaki Chayama) was supported by
the Research Program on Hepatitis from the Japan Agency
for Medical Research and Development, AMED (Research
program on hepatitis), and the JST-Core Research for
Evolutional Science and Technology (CREST). This work
was supported by the Takeda Science Foundation, the Yasuda
Cancer Research Foundation, and the Iskra Foundation.

REFERENCES

1. Guidotti LG, Chisari FV. Immunobiology and pathogenesis
of viral hepatitis. Annu rev pathol. 2006; 1:23-61.

2. Ganem D, Prince AM. Hepatitis B virus infection—natural
history and clinical consequences. N Engl J Med. 2004;
350:1118-1129.

3. Seeger C, Mason WS. Hepatitis B virus biology. Microbiol
Mol Biol Rev. 2000; 64:51-68.

4. Suzuki T, Oshiumi H, Miyashita M, Aly HH, Matsumoto M,
Seya T. Cell type-specific subcellular localization of
phospho-TBK1 in response to cytoplasmic viral DNA.
PLoS One. 2013; 8:€83639.

5. Schoggins JW, Rice CM. Interferon-stimulated genes and
their antiviral effector functions. Curr Opin Virol. 2011;
1:519-525.

6. Lin FC, Young HA. Interferons: Success in anti-viral
immunotherapy. Cytokine Growth Factor Rev. 2014;
25:369-376.

7.  Schneider WM, Chevillotte MD, Rice CM. Interferon-
stimulated genes: a complex web of host defenses. Annu
Rev Immunol. 2014; 32:513-545.

8. ChenJ, Wu M, Zhang X, Zhang W, Zhang Z, Chen L, He J,
Zheng Y, Chen C, Wang F, Hu Y, Zhou X, et al. Hepatitis B
virus polymerase impairs interferon-alpha-induced STA T
activation through inhibition of importin-alphaS and protein
kinase C-delta. Hepatology. 2013; 57:470-482.

9. Wieland S, Thimme R, Purcell RH, Chisari FV. Genomic
analysis of the host response to hepatitis B virus infection.
P Natl Acad Sci USA. 2004; 101:6669—6674.

Leong CR, Oshiumi H, Okamoto M, Azuma M, Takaki H,

Matsumoto M, Chayama K, Seya T. A MAVS/TICAM-

I-independent interferon-inducing pathway contributes

to regulation of hepatitis B virus replication in the mouse

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

hydrodynamic injection model. J Innate immun. 2015;
7:47-58.

Espert L, Degols G, Gongora C, Blondel D, Williams BR,
Silverman RH, Mechti N. ISG20, a new interferon-induced
RNase specific for single-stranded RNA, defines an
alternative antiviral pathway against RNA genomic viruses.
J Biol Chem. 2003; 278:16151-16158.

Degols G, Eldin P, Mechti N. ISG20, an actor of the innate
immune response. Biochimie. 2007; 89:831-835.

Hayes CN, Akamatsu S, Tsuge M, Miki D, Akiyama R,
Abe H, Ochi H, Hiraga N, Imamura M, Takahashi S,
Aikata H, Kawaoka T, et al. Hepatitis B virus-specific
miRNAs and Argonaute2 play a role in the viral life cycle.
PLoS One. 2012; 7:¢47490.

Horio T, Murai M, Inoue T, Hamasaki T, Tanaka T, Ohgi T.
Crystal structure of human ISG20, an interferon-induced
antiviral ribonuclease. FEBS letters. 2004; 577:111-116.
Aly HH, Oshiumi H, Shime H, Matsumoto M, Wakita T,
Shimotohno K, Seya T. Development of mouse hepatocyte
lines permissive for hepatitis C virus (HCV). PLoS One.
2011; 6:21284.

Yan H, Zhong G, Xu G, He W, Jing Z, Gao Z, Huang Y, Qi Y,
Peng B, Wang H, Fu L, Song M, et al. Sodium taurocholate
cotransporting polypeptide is a functional receptor for
human hepatitis B and D virus. Elife. 2012; 1:¢00049.
Watashi K, Sluder A, Daito T, Matsunaga S, Ryo A,
Nagamori S, Iwamoto M, Nakajima S, Tsukuda S, Borroto-
Esoda K, Sugiyama M, Tanaka Y, et al. Cyclosporin A
and its analogs inhibit hepatitis B virus entry into cultured
hepatocytes through targeting a membrane transporter,
sodium taurocholate cotransporting polypeptide (NTCP).
Hepatology. 2014; 59:1726-1737.

Iwamoto M, Watashi K, Tsukuda S, Aly HH, Fukasawa
M, Fujimoto A, Suzuki R, Aizaki H, Ito T, Koiwai O,
Kusuhara H, Wakita T. Evaluation and identification
of hepatitis B virus entry inhibitors using HepG2 cells
overexpressing a membrane transporter NTCP. Biochem
Biophys Res Commun. 2014; 443:808-813.

Silverman RH. Viral encounters with 2',5'-oligoadenylate
synthetase and RNase L during the interferon antiviral
response. J Virol. 2007; 81:12720-12729.

Zhou Z, Wang N, Woodson SE, Dong Q, Wang J, Liang Y,
Rijnbrand R, Wei L, Nichols JE, Guo JT, Holbrook MR,
Lemon SM, et al. Antiviral activities of ISG20 in positive-
strand RNA virus infections. Virology. 2011; 409:175-188.
Hao Y, Yang D. Cloning, eukaryotic expression of human
ISG20 and preliminary study on the effect of its anti-HBV.
J Huazhong Univ Sci Technolog Med Sci. 2008; 28:11-13.
Lu X, Qin B, Ma Q, Yang C, Gong XY, Chen LM.
Differential expression of ISG20 in chronic hepatitis B
patients and relation to interferon-alpha therapy response.
J Med Virol. 2013; 85:1506—-1512.

Oshiumi H, Miyashita M, Matsumoto M, Seya T. A distinct
role of Riplet-mediated K63-Linked polyubiquitination
of the RIG-I repressor domain in human antiviral innate
immune responses. PLoS pathog. 2013; 9:¢1003533.

www.impactjournals.com/oncotarget

68192

Oncotarget



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Oshiumi H, Okamoto M, Fujii K, Kawanishi T,
Matsumoto M, Koike S, Seya T. The TLR3/TICAM-1
pathway is mandatory for innate immune responses to
poliovirus infection. J Immunol. 2011; 187:5320-5327.
Gongora C, David G, Pintard L, Tissot C, Hua TD,
Dejean A, Mechti N. Molecular cloning of a new interferon-
induced PML nuclear body-associated protein. J Biol Chem.
1997; 272:19457-19463.

Malathi K, Dong B, Gale M, Jr., Silverman RH. Small
self-RNA generated by RNase L amplifies antiviral innate
immunity. Nature. 2007; 448:816-819.

Micco L, Peppa D, Loggi E, Schurich A, Jefferson L,
Cursaro C, Panno AM, Bernardi M, Brander C, Bihl F,
Andreone P, Maini MK. Differential boosting of innate and
adaptive antiviral responses during pegylated-interferon-
alpha therapy of chronic hepatitis B. J Hepatol. 2013;
58:225-233.

Ryu DK, Kim S, Ryu WS. Hepatitis B virus polymerase
suppresses translation of pregenomic RNA via a mechanism
involving its interaction with 5' stem-loop structure.
Virology. 2008; 373:112-123.

Mino T, Murakawa Y, Fukao A, Vandenbon A, Wessels HH,
Ori D, Uehata T, Tartey S, Akira S, Suzuki Y, Vinuesa CG,
Ohler U, et al. Regnase-1 and Roquin Regulate a Common
Element in Inflammatory mRNAs by Spatiotemporally
Distinct Mechanisms. Cell. 2015; 161:1058-1073.

Leppek K, Schott J, Reitter S, Poetz F, Hammond MC,
Stoecklin G. Roquin promotes constitutive mRNA decay
via a conserved class of stem-loop recognition motifs. Cell.
2013; 153:869-881.

Okamoto M, Oshiumi H, Azuma M, Kato N, Matsumoto M,
Seya T. IPS-1 is essential for type III IFN production by
hepatocytes and dendritic cells in response to hepatitis C
virus infection. J Immunol. 2014; 192:2770-2777.

Robek MD, Boyd BS, Chisari FV. Lambda interferon
inhibits hepatitis B and C virus replication. J Virol. 2005;
79:3851-3854.

Wieland SF, Spangenberg HC, Thimme R, Purcell RH,
Chisari FV. Expansion and contraction of the hepatitis B
virus transcriptional template in infected chimpanzees. P
Natl Acad Sci USA. 2004; 101:2129-2134.

Okazaki A, Hiraga N, Imamura M, Hayes CN, Tsuge M,
Takahashi S, Aikata H, Abe H, Miki D, Ochi H, Tateno C,
Yoshizato K, et al. Severe necroinflammatory reaction
caused by natural killer cell-mediated Fas/Fas ligand
interaction and dendritic cells in human hepatocyte chimeric
mouse. Hepatology. 2012; 56:555-566.

Isogawa M, Chung J, Murata Y, Kakimi K, Chisari FV.
CDA40 activation rescues antiviral CD8(+) T cells from PD-
1-mediated exhaustion. PLoS Pathog. 2013; 9:¢1003490.
Miyashita M, Oshiumi H, Matsumoto M, Seya T. DDX60, a
DEXD/H box helicase, is a novel antiviral factor promoting
RIG-I-like receptor-mediated signaling. Mol Cell Biol.
2011; 31:3802-3819.

Oshiumi H, Miyashita M, Okamoto M, Morioka Y,
Okabe M, Matsumoto M, Seya T. DDX60 Is Involved in

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

RIG-I-Dependent and Independent Antiviral Responses,
and Its Function Is Attenuated by Virus-Induced EGFR
Activation. Cell Rep. 2015; 11:1193-1207.

Takashima K, Takeda Y, Oshiumi H, Shime H, Okabe M,
Tkawa M, Matsumoto M, Seya T. STING in tumor and
host cells cooperatively work for NK cell-mediated tumor
growth retardation. Biochem Biophys Res Commun. 2016;
(in press).

Azuma M, Takeda Y, Nakajima H, Sugiyama H, Ebihara T,
Oshiumi H, Matsumoto M, Seya T. Biphasic function
of TLR3 adjuvant on tumor and spleen dendritic cells
promotes tumor T cell infiltration and regression in a
vaccine therapy. Oncoimmunol. 2016; 5: e1188244.
Akazawa T, Ebihara T, Okuno M, Okuda Y, Shingai M,
Tsujimura K, Takahashi T, Ikawa M, Okabe M, Inoue N,
Okamoto-Tanaka M, Ishizaki H, et al. Antitumor NK
activation induced by the Toll-like receptor 3-TICAM-1
(TRIF) pathway in myeloid dendritic cells. P Natl Acad Sci
USA. 2007; 104:252-257.

Ebihara T, Azuma M, Oshiumi H, Kasamatsu J, Iwabuchi K,
Matsumoto K, Saito H, Taniguchi T, Matsumoto M, Seya T.
Identification of a polyl:C-inducible membrane protein that
participates in dendritic cell-mediated natural killer cell
activation. J Exp Med. 2010; 207:2675-2687.

Noguchi C, Ishino H, Tsuge M, Fujimoto Y, Imamura M,
Takahashi S, Chayama K. G to A hypermutation of hepatitis
B virus. Hepatology. 2005; 41:626—633.

Tsuji S, Matsumoto M, Takeuchi O, Akira S, Azuma I,
Hayashi A, Toyoshima K, Seya T. Maturation of human
dendritic cells by cell wall skeleton of Mycobacterium
bovis bacillus Calmette-Guerin: involvement of toll-like
receptors. Infect Immun. 2000; 68:6883—-6890.

Nakai M, Seya T, Matsumoto M, Shimotohno K,
Sakamoto N, Aly HH. The J6JFHI strain of hepatitis C
virus infects human B-cells with low replication efficacy.
Viral Immunol. 2014; 27:285-294.

Begum NA, Ishii K, Kurita-Taniguchi M, Tanabe M,
Kobayashi M, Moriwaki Y, Matsumoto M, Fukumori Y,
Azuma I, Toyoshima K, Seya T. Mycobacterium bovis BCG
cell wall-specific differentially expressed genes identified
by differential display and cDNA subtraction in human
macrophages. Infect Immun 2004; 72:937-948.

Seya T, Holers VM, Atkinson JP. Purification and functional
analysis of the polymorphic variants of the C3b/C4b
receptor (CR1) and comparison with H, C4b-binding
protein (C4bp), and decay accelerating factor (DAF). J
Immunol. 1985; 135:2661-2667.

Sato S, Li K, Kameyama T, Hayashi T, Ishida Y,
Murakami S, Watanabe T, lijima S, Sakurai Y, Watashi K,
Tsutsumi S, Sato Y, et al. The RNA sensor RIG-I dually
functions as an innate sensor and direct antiviral factor for
hepatitis B virus. Immunity. 2015; 42:123-132.

Funami K, Sasai M, Ohba Y, Oshiumi H, Seya T,
Matsumoto M. Spatiotemporal mobilization of Toll/IL-1
receptor domain-containing adaptor molecule-1 in response
to dsRNA. J Immunol. 2007; 179:6867—6872.

WWW

.impactjournals.com/oncotarget

68193

Oncotarget



