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Introduction

Abstract

Background and Aim: Interferon-stimulated gene 20 (ISG20) is an interferon-inducible
exonuclease that inhibits the replication of several RNA viruses. In patients with chronic
hepatitis B, ISG20 expression is related to the interferon-o treatment response. However,
the molecular mechanism of ISG20-mediated anti-hepatitis B virus (HBV) activity is un-
clear.

Methods: We have investigated the effect of ISG20 on antiviral activity to address that.
The life cycle of HBV was analyzed by the ectopic expression of ISG20 in HepG2 and
HepG2-NTCP cells. Finally, to provide physiological relevance of our study, the expres-
sion of ISG20 from chronic hepatitis B patients was examined.

Results: Interferon-stimulated gene 20 was mainly induced by interferon-f and dramat-
ically inhibited HBV replication. In addition, ISG20 decreased HBV gene expression
and transcription. Although ISG20 inhibited HBV replication by reducing viral enhancer
activity, the expression of transcription factors that bind the HBV enhancer was not af-
fected. Particularly, ISG20 suppressed HBV enhancer activity by binding to the en-
hancer II and core promoter (EnhIl/Cp) region.

Conclusion: Our findings suggest that ISG20 exerts the anti-HBV activity by acting as
a putative repressor binding to the HBV EnhlIl/Cp region.

by disrupting the post-transcription step.'® These studies suggest

Interferons (IFNs) are key molecules in the innate immune re-
sponse against viral infection and bind to cell surface IFN recep-
tors, leading to the induction of hundreds of IFN-
stimulated genes (ISGs).! The well-characterized classic ISGs
RNA-dependent protein kinase R, 2’-5' oligoadenylate
synthetase/RNase L, and myxovirus resistance protein are essen-
tial for suppressing viral replication. Additionally, the tripartite
motif protein family and IFN-induced proteins with
tetratricopeptides repeats (IFIT), ISG15, and ISG20 participate in
IFN-mediated antiviral activity by targeting various steps of the vi-
ral life cycle.>

Interferon-stimulated gene 20 is a 3’-5’ exonuclease induced by
both type I and II IFNs and is involved in antiviral functions
against several RNA viruses.* ® Ectopic expression of ISG20 in-
hibits the replication of RNA viruses such as hepatitis C virus, bo-
vine viral diarrhea virus, yellow fever virus, hepatitis A virus, and
human immunodeficiency virus type 1 (HIV-1) through their exo-
nuclease activities.®® In influenza A virus, ISG20 showed antivi-
ral activity by interacting with nucleoproteins.” Additionally,
ISG20 suppressed the West Nile virus and dengue virus replication
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that ISG20 plays a key role in IFN-mediated antiviral activity. In
addition to the antiviral activity of ISG20, several studies using
microarray data reported that ISG20 expression was increased by
virus infection."' Rabies virus infection induced ISG20 expression
through the production of IFN-B in neuron-derivative NT2-N cell
lines.'? Epstein—Barr virus infection significantly upregulated
ISG20 mRNA levels in B lymphocytes.'* Additionally, Vpr pro-
tein of HIV-1 led to induction of ISG20 expression in monocyte-
derived macrophages.'*

In hepatitis B virus (HBV) infection, ISG20 was found to be
associated with HBV clearance in the liver of chimpanzees with
acute HBV infection.'> Moreover, 1SG20 expression has been
implicated in the response to IFN-o treatment in patients with
chronic hepatitis B (CHB). ISG20 levels were reduced in the
liver tissue of non-responders before IFN-a treatment'® and
highly upregulated in responders to IFN-a treatment.'” In addi-
tion to CHB patients, ISG20 was shown to have anti-HBV
activity in vivo and in vitro.'®'° However, the detailed mecha-
nism of the antiviral effect against HBV remains unclear. There-
fore, we investigated the molecular target of ISG20-mediated
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HBV suppression in the HBV life cycle and examined the
role of ISG20 in the natural course of chronic infection
with HBV.

Materials and methods

Cell culture and transfection. Human hepatoma HepG2,
HepG2-NTCP, and HepAD38 cells were described in our previous
studies.?®?! All cells were cultured at 37 °C with 5% CO, in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (Gibco, Grand Island, NY, USA).
HepG2-NTCP and HepAD38 cells were maintained in the pres-
ence of G418 and tetracycline, respectively. Plasmid DNA and
small interfering RNA were transfected into HepG2 cells grown
to ~50% confluence in 6-well or 12-well plates with Lipofecta-
mine 2000 and RNAIMAX (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s protocol, respectively.

Plasmids and reagents. Plasmid HBV1.2 encoding 1.2
copies of the HBV genome (3.8 kb, genotype D), Enhl-Il,
Xp-Enhll, NRE-Enhll, Enhl-AEnhll, and Enhll/Cp were described
in our previous studies.”*?' ANRE-Enhll was cloned into the
PGL3-basic vector (Promega, Madison, WI, USA). ISG20 was
cloned into pFLAG-CMV1 at the HindIll and EcoRI sites.
silSG20 (GE Healthcare, Buckinghamshire, UK) and IFNs (IFN-
a, IFN-B, and IFN-y, PBL Assay Science, Piscataway Township,
NJ, USA) were used in this study.

Measurement of HBeAg and HBsAg levels. Three
days after HBV 1.2 transfection with or without ISG20 in HepG2
cells, the culture supernatants were collected to assess viral antigen
levels. HBeAg and HBsAg secretion was measured using a com-
mercial kit (Wantai Bio-Pharm, Beijing, China) according to the
manufacturer’s protocol. To avoid signal saturation, the superna-
tants were diluted in phosphate-buffered saline.

Hepatitis B virus enhancer activity. HepG?2 cells were
grown to 40-50% confluence in 12-well plates and transfected
with the plasmids of enhancer mutants indicated in Figure 3a. Af-
ter 48 h, the cells were harvested and lysed to measure luciferase
activity by using the Luciferase Assay System (Promega). B-
Galactosidase activity was measured by using a B-galactosidase
enzyme assay system (Promega) to normalize the transfection
efficiency.

Hepatitis B virus infection. Hepatitis B virus particles
were collected from the 100-fold concentrated supernatant of
HepAD38 cells using PEG Virus Precipitation Kit (BioVision,
USA) and stored at —80 °C. HepG2-NTCP cells (1 x 10° cells)
were seeded onto six-well plate coated with collagen I (Gibco)
and infected with 2000 HBV genome equivalent per cells (GEq
per cells) in DMEM containing 4% PEG 8000 (Sigma) and 2.5%
dimethylsulfoxide (Sigma) for 16—20 h. Then cells were washed
three times with DMEM, maintained in DMEM containing 2%
dimethylsulfoxide, and harvested 7—12 days post-infection (dpi).
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Southern and northern blotting. Capsid-associated
HBV DNA and RNA were evaluated by southern and northern
blotting as described in our previous reports.?%2! For the detection
of cccDNA, modified Hirt’s extraction procedure was used.
Briefly, the cell pellets were lysed in Tris—HCI1 (pH 7.4) buffer
containing 10-mM EDTA, 150-mM NaCl, and 1% sodium
dodecylsulfate and then treated with 2.5-M KClI at 4 °C for over-
night. A fraction of cccDNA was purified with a mixture of
phenol/chloroform/isoamyl alcohol (25:24:1) (Sigma) and chloro-
form (Sigma) extraction. Purified cccDNA was treated with plas-
mid safe DNase I (PSD, Epicenter Technologies, USA) and
inactivated by incubation for 30 min at 70 °C. PSD-treated
cccDNA was separated on a 0.8% agarose gel and transferred onto
a Hybond-N+ nylon membrane (GE Healthcare). Twenty micro-
grams of total RNA extracted using TRIzol reagent (Invitrogen)
were separated on 1% formaldehyde-agarose gel. HBV DNA
and RNA were detected with highly pure randomly primed probes
labeled with [a->*P] dCTP (PerkinElmer, Waltham, MA, USA). As
loading control, 28S and 18S RNA were detected for gel
electrophoresis.

Western blot. Various proteins were detected by the following
antibodies: ISG20 (Abcam, Cambridge, UK, 1:2000), HBV core
protein (B0586, Dako, Glostrup, Denmark, 1:2000), HBsAg
(ab9193, Abcam, or Dako, 1:2000), hepatocyte nuclear factor la
(HNF1a) (sc-393668, 1:1000, Santa Cruz Biotechnology, Dallas,
TX, USA), FLAG-M2 (A5316, 1:2000, Sigma), CEBPa (sc-
365318, 1:1000, Santa Cruz Biotechnology), HNF4a (sc-374229,
1:2000, Santa Cruz Biotechnology), PGC-la (sc-518025,
1:2000, Santa Cruz Biotechnology), and actin (A5316, 1:5000,
Sigma).

Reverse transcription-polymerase chain reaction
and real-time polymerase chain reaction. Total
RNA was extracted using the RNeasy Plus mini kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions.
Two micrograms of total RNA were reverse-transcribed into
cDNA with the SuperScript III first-strand synthesis kit for reverse
transcription—polymerase chain reaction (PCR) (Invitrogen). Re-
verse transcription—PCR was performed using primers for ISG20
and GAPDH: ISG20 forward, 5’-CGGCTACACAATCTAC
GACA-3’; reverse, 5'-CTGTTCTG GATGCTCTTGTG-3" and
GAPDH forward, 5'-ATCATCCCTGCCTCTACTGG-3’; reverse,
5’-TGGGTGTCGCTGTTGAAGTC-3'. For the analysis of HBV
DNA and cccDNA, total genomic and viral DNA in HepG2-
NTCP cells were extracted using QIAamp DNA minikit (Qiagen)
according to the manufacturer’s protocol. To assess the cccDNA,
500 ng of total DNA were treated with PSD. To quantify HBV
RNA, DNA, cccDNA, and GAPDH, real-time PCR was per-
formed using Power SYBR green PCR master mix (Applied
Biosystems, Foster City, CA, USA) and amplified using
QuantStudio 3.0 (Applied Biosystems) with the following primers:
HBV RNA and DNA forward (nt 256 to 274), 5'-CTCGTGGTG
GACTTCTCTC-3’; reverse (nt 404 to 421), 5'-CTGCAGGAT
GAAGAGGAA-3’. HBV cccDNA forward (nt 1824 to 1843),
5’-TTCACCTCTGCCTAATCATC-3’; reverse (nt 2048 to 2068),
5’-CCTGAGTGCTGTATGGTGAG-3’. To normalize the cell
number, the GAPDH gene was amplified.
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Chromatin immunoprecipitation assay. The chroma-
tin immunoprecipitation (ChIP) assay was performed using the
Ez-Magna ChIP™ A/G kit (Millipore, Billerica, MA, USA).
Briefly, HepG2 cells were seeded into 10-cm dishes and
transfected with HBV 1.2 with or without ISG20. At 3 days
post-transfection, the cells were cross-linked by formaldehyde,
washed with phosphate-buffered saline, and harvested. The lysates
were sonicated by 3 pulses for 15 s at 30% power, and chromatin
was precipitated with anti-ISG20 (sc-514979, 1 pg per sample,
Santa Cruz Biotechnology). Normal mouse IgG and anti-RNA po-
lymerase II (CTD4HS8) were used as negative and positive con-
trols, respectively. Immunoprecipitated DNA fragments were
amplified by PCR with Enhll/Cp primers, which had the following
sequences: forward, 5'-AGCTAGCTCTTGCCCAAGGTCTTA
CAT-3’; reverse, 5'-TAGATCTACAGACCAATTTATGCCTA
CAG-3".

Microarray data analysis. Microarray data of CHB pa-
tients were obtained from the Gene Expression omnibus (GEO)
microarray data repositories.”> GSE65359 included 22 immune-
tolerant (IT), 50 immune activator (IA or immune clearance),
and 11 inactive carrier (IC) samples.>® These phases are defined
by serum alanine aminotransferase, serum HBV DNA levels, and
HBeAg status.>** The IA phase involves an elevated immune re-
sponse to HBV, and the IC phase involves HBeAg seroconversion
to reduce HBV DNA.** The data were processed with the affy R
package using robust multiarray average normalization. Statistical
significance was determined by an unpaired #-test. The P values
"< 0.001 and "< 0.0001 were considered to indicate
significance.

Results

Interferon-stimulated gene 20 inhibits hepatitis B
virus replication. To investigate whether ISG20 exerts the
antiviral activity against HBV, we constructed an expression plas-
mid for ISG20, and the anti-HBV activity was examined after co-
transfection of HBV 1.2 into HepG2 cells. The expression of
ISG20 was confirmed by western blotting (Fig. 1a). ISG20 re-
duced the secretion of viral antigens (HBeAg and HBsAg) into
the media in a dose-dependent and time-dependent manner
(Figs 1b and S1). Additionally, HBV replication was suppressed
by ISG20 expression (Fig. lc). Finally, to elucidate whether
ISG20 is a cellular inhibitor of HBV infection, we examined the
effect of endogenous ISG20 on the secretion of viral antigens.
We co-transfected HBV 1.2 with or without small interfering
RNA to prevent ISG20 expression in HepG2 cells and measured
the secretion of HBeAg and HBsAg. As shown in Figure 1d,
HBYV antigens were elevated by silSG20 treatment, indicating that
endogenous ISG20 has anti-HBV activity. These data demonstrate
that ISG20 is a cellular inhibitor of HBV infection.

Interferon-stimulated gene 20 suppresses hepati-
tis B virus transcription by targeting viral en-
hancer activity. To clarify the molecular mechanism of
anti-HBYV activity by ISG20, we examined HBV gene expression
and transcription. Overexpression of ISG20 significantly
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suppressed HBV proteins (particularly small surface and core)
and RNA (Fig. 2a,b). These results indicate that ISG20 regulates
HBYV at the transcriptional level. HBV transcription is mainly reg-
ulated by two enhancers (Enhl and EnhlI) containing transcription
factors binding sites.>**” Thus, we first investigated the effect of
ISG20 on viral enhancer activity. As shown in Figure 2c, ISG20
decreased HBV enhancer activity. Several studies reported that
HBYV enhancers are positively regulated by liver-enriched tran-
scription factors such as HNFla, HNF40, C/EBP1, and
PGC10.2873! Because ISG20 decreased viral enhancer activity,
we next evaluated the expression of HNFlo, HNF4a, C/EBPla,
and PGCla. Unexpectedly, ISG20 did not affect the expression
of these transcription factors (Fig. 2d), suggesting that ISG20 di-
rectly affects HBV enhancer activity. Collectively, our data demon-
strate that ISG20 inhibits HBV replication by suppressing viral
enhancer activity without dysregulation of liver-enriched tran-
scription factors.

Interferon-stimulated gene 20 suppresses the
Enhll/Cp activity through its binding. To determine
how ISG20 inhibited viral enhancer activity, we identified which
region is targeted by ISG20. We constructed the several mutant
plasmids with serial deletions of the HBV enhancer and deter-
mined the activity of the enhancer mutants (Fig. 3a). ISG20 de-
creased the activities of all deletion mutants by up to 80%
except the EnhI':AEnhIl construct (Fig. 3b), indicating that the
Enhll/Cp region is a main target of ISG20-mediated HBV
inhibition.

Interferon-stimulated gene 20 shows 3’ to 5’ exonuclease ac-
tivity towards RNA and DNA in vitro,>> suggesting that interac-
tions occur between ISG20 and HBV DNA. Accordingly, ChIP
assay was performed to identify the interaction between ISG20
and Enhll/Cp region. As shown in Figure 3c, ISG20 bound to
the Enhll/Cp region. In HBV infection system, we finally exam-
ined whether ISG20 implicates in the covalently close circular
DNA (cccDNA) degradation. Before and after HBV infection,
the transfected ISG20 slightly decreased the HBV DNA but
the cccDNA level was not reduced (Fig. 3d,e). Taken together,
these results indicate that ISG20 inhibits HBV replication by de-
creasing the transcription of HBV RNA from cccDNA through
its binding.

Interferon-stimulated gene 20 is involved in
interferon-f-mediated suppression of hepatitis B
virus. Several studies reported that ISG20 is induced by Type
I and II IFNs.**-* Consistently with previous studies, the mRNA
and protein level of ISG20 were increased after treatment with
Type I and II IFNs, particularly IFN-f (Fig. 4a). To determine
whether ISG20 mediates the antiviral effect of IFN-f against
HBV, we assessed the secretion of viral antigens following
IFN-B treatment with and without siISG20. The levels of viral
antigens were restored by knockdown of ISG20 (Fig. 4b). More-
over, the expression of core protein was also rescued in HepG2-
NTCP-shISG20 cells (Fig. S2C). These results indicate that en-
dogenous ISG20 may be involved in IFN-B-mediated inhibition
of HBV. To validate the physiological relevance of the anti-
HBV activity of ISG20, we examined the relationship between
ISG20 expression and phases of CHB patients who are
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Figure 1 Interferon-stimulated gene 20 (ISG20) inhibits hepatitis B virus (HBV) replication in a dose-dependent manner. (a) Ectopic expression of
ISG20. ISG20 was detected by anti-FLAG antibody. +, 1 ug; ++, 2 pg. Figure represented the representative data obtained from three independent
experiments. (b) Effects of ISG20 on the secretion of s, HBeAg and o, HBsAg. Values represent the mean + SD calculated from at least three indepen-
dent experiments. +, 1 pg; ++, 2 pg. “P<0.005 ~"P < 0.0005. Pvalues were determined using unpaired t-test. (c) Effect of ISG20 on HBV replica-
tion. Values represent the mean = SD calculated from at least three independent experiments. M, marker; +, 1 ug; ++, 2 ng; DS DNA, double-stranded
HBV DNA; SS DNA, single-stranded HBV DNA. "P=0.01, "'P=0.0025. Pvalues were determined using unpaired t-test. (d) Restoration of HBV rep-
lication by silSG20 (20 nM). =, HBeAg; o, H12BsAg. Values represent the mean + SD calculated from three independent experiments. P < 0.05,
""P < 0.01. Pvalues were determined using unpaired ttest. [Correction added on 22 February 2020, after first online publication: figure image and
caption have been amended.]

considered as IC, TA (also termed immune clearance), and IT patients (P < 0.001 and P < 0.0001, Fig. 4c). This finding in-
(GSE65359). We observed that ISG20 expression was signifi- dicates that ISG20 expression is associated with HBV elimina-
cantly upregulated in IC and IA patients compared with IT tion following the natural history of chronic HBV infection.
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Figure 2 Interferon-stimulated gene 20 (ISG20) suppresses hepatitis B virus (HBV) gene transcription by decreasing viral enhancer activity. (a) Effect
of ISG20 on HBV gene expression. L, M, and S, large, middle, and small envelop proteins, respectively; +, 1 pg; ++, 2 pg. (b) Effect of ISG20 on HBV
transcription. HBV RNAs were analyzed by northern blot (left panel) and real-time polymerase chain reaction (right panel). +, 1 ng; ++, 2 ng. Values
represent the mean + SD calculated from three independent experiments. ‘P <0.05 ""P<0.001. Pvalues were determined using unpaired t-test.
(c) Relative luciferase activity of HBV enhancer following treatment with different doses of ISG20. Values represent the mean + SD calculated from two
independent experiments (each performed in duplicate). +, 0.5 pg; ++, 1 pg. (d) Effect of ISG20 on protein level of C/EBPo. and hepatocyte nuclear fac-
tors (HNFs). +, 1 ng; ++, 2 pg. Figures of western (a, d) and northern blot (b) represented the representative data obtained from three independent
experiments. [Correction added on 22 February 2020, after first online publication: figure image and caption have been amended.]
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Figure 3 Interferon-stimulated gene 20 (ISG20) decreases viral enhancer Il activity via direct binding. (a) Schematic diagram of the reporter plasmids
containing hepatitis B virus (HBV) enhancers of various lengths. (b) Relative luciferase activity of HBV enhancer mutants. Values represent the
mean + SD calculated from two independent experiments (each performed in duplicate). +, 0.5 pg; ++, 1 pg. [Correction added on 22 February
2020, after first online publication: figure image and caption have been amended.]
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Figure 3 (continued) (c) Chromatin immunoprecipitation analysis of ISG20. N, negative control (normal IgG); P, positive control (anti-polymerase). (d,
e) Effect of ISG20 on HBV DNA and cccDNA level in HepG2-NTCP cells. ISG20 was detected by anti-FLAG antibody. (d) =, HBV DNA; o, cccDNA.
cccDNA, covalently closed circular DNA; DS DNA, double-stranded HBV DNA; PF RC, protein-free relaxed circular DNA; RC DNA, relaxed circular DNA;
SS DNA, single-stranded HBV DNA. Data were obtained from two (c) or three (d, e) independent experiments. [Correction added on 22 February 2020,
after first online publication: figure image and caption have been amended.]

Discussion HBYV infection, IFNs exert a broad spectrum of anti-HBV activity.

IFN-y participated in cytotoxic T lymphocyte-mediated HBV

Interferons play an essential role in the innate immune response
against viral infection. IFNs are induced by pathogen recognition
receptors, which recognize viral RNA and show antiviral effects
on their target during various stages of the viral life cycle.'** In
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clearance through a noncytopathic mechanism in transgenic
mouse®>*® and reduced cccDNA levels in HBV infected hepato-
cytes.>” IFN-a regulates HBVs at various stages of the HBV life
cycle such as by reducing cccDNA, viral transcription, and capsid
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Figure 4 Interferon-stimulated gene 20 (ISG20) is involved in interferon (IFN)-B-mediated suppression of hepatitis B virus (HBV). (a) The mRNA and

protein level of ISG20 induced by IFNs. To detect the mRNA level of ISG20, HepG2 cells were treated with the indicated IFNs (100 [U) for 3 or 6 h (left
upper panel). N, negative control. The indicated IFNs (500 IU) were treated for 24 h (right panel). In a dose-dependent manner, IFN-B was treated for
24 h. Figure represented the representative data obtained from three independent experiments. (b) Effect of silSG20 (20 nM) on IFN-B-mediated sup-
pression of HBV. -, HBeAg; o, HBsAg. Values represent the mean = SD calculated from at least three independent experiments. ‘P< 0.05, “"P<0.005.
P values were determined using unpaired ttest. (c) Expression level of ISG20 during natural course of chronic hepatitis B in patients. |A, immune ac-

tivation; IC, inactive carrier; IT, immune tolerance. P < 0.001, P < 0.0001. [Correction added on 22 February 2020, after first online publication:
figure image and caption have been amended.]
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assembly.>*~*! However, the details of IFN-B-mediated suppres-
sion of HBV are largely unknown. Although IFN-B inhibited
HBYV replication by disrupting the capsid,*®*! the precise mecha-
nism and downstream molecules of IFN-§ inhibitory effect on
HBYV have not been identified. Here, we found that ISG20 was
mainly induced IFN-f in hepatoma cells (Fig. 4a) and strongly
inhibited the HBV replication (Fig. lc). Furthermore, IFN-f-
mediated suppression of viral antigen secretion was restored by
knockdown of endogenous ISG20 (Fig. 4b). These data suggest
that ISG20 is one of the downstream molecules that participate
in IFN-B-mediated antiviral effects on HBV infection.

Previous studies reported that ISG20 inhibited the replication of
several RNA viruses via its exonuclease activity. Positive-strand
RNA virus infection such as hepatitis C virus, bovine viral diarrhea
virus, yellow fever virus, hepatitis A virus, and HIV-1 were
inhibited by overexpressed ISG20, which depended on its exonu-
clease activity.™ In West Nile virus and dengue virus infection,
ISG20 inhibited replication steps in protein and RNA biosynthe-
sis'® through its enzymatic activity. However, these studies only
showed that antiviral activity was blocked by overexpression of
mutant ISG20 lacking nuclease activity but did not reveal
ISG20-mediated viral RNA degradation. Interestingly, 1SG20
inhibited influenza A virus replication by impairing polymerase
activity through interactions with nucleoproteins.” A recent study
reported that ISG20 restricted chikungunya virus and Venezuelan
equine encephalitis virus replication by inhibiting translation of in-
fecting genomic RNA.** Moreover, ISG20°**C, the enzymatic in-
active form, showed anti-HBV activity through binding to the
epsilon structure of HBV pgRNA without RNA degradation.>
Our data also demonstrated that ISG20°%*S decreased the en-
hancer activity by targeting the Enhll/Cp region (Fig. S3). In addi-
tion, ISG20 suppressed HBV transcription by interacting with the
viral enhancer (Fig. 3c). These studies support that ISG20 has an-
tiviral function without exonuclease function.

Interferon-stimulated gene 20, a 3’-5’ exonuclease, was first
identified as novel ISG induced by Type I and II IFN in various
cell lines.* ISG20 mainly localizes in the nucleolus and Cajal bod-
ies.*>*? In crystal structure analysis, the active site of ISG20 was
found to be very similar to the DEDDh group of DNase.** More-
over, our data showed that ISG20 directly interacts with HBV
Enhll/Cp region (Fig. 3c). These findings suggest that ISG20
may be involved in the cccDNA degradation binding to HBV
DNA. Thus, we investigated cccDNA degradation by ISG20 in
HepG2-NTCP cells. Unexpectedly, ectopic expression of ISG20
did not affect the cccDNA level (Fig. 3d,e). However, recent stud-
ies reported that IFN-a and its agonist reduced the cccDNA level
through induction of IFN signaling molecules such as APOBEC3
deaminases and several ISGs,>** suggesting that depletion of
cccDNA by ISG20 could require for several host factors.

Several studies reported that various molecules are involved in
cytokine-mediated inhibition of HBV transcription. Interleukin-
32, induced by IFN-y and TNF-a, controls HBV transcription by
downregulating HNF1a and HNF4a in hepatoma cells and primary
human hepatocytes.*® Hepatocystin contributes to IFN-y-mediated
anti-HBV activity by decreasing viral enhancer activity by regulat-
ing HNF4a expression,*’ and p22-FLIP is involved in TNF-a-
mediated suppression of HBV transcription through dysregulating
HNF3p and HNF40.%° Additionally, IFN-a and IFN-y-induced tri-
partite motif-containing 22 impaired HBV enhancer activity, which
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depended on the nuclear-located RING domain.*® In this context,
our results demonstrate that ISG20 induced by IFN-B suppressed
HBYV transcription by interacting with the EnhIl/Cp region (Figs 3¢
and 4a). Our findings reveal a novel mechanism of cytokine-
mediated inhibition of HBV transcription.

Hepatitis B virus is a partially 3.2-kb double-stranded DNA vi-
rus that chronically infects hepatocytes.*” The natural history of
chronic HBV infection is dependent on the interaction between
the host immune response and HBV and divided into four phases,
IT, IA (or immune clearance), IC, and reactivation, which are de-
fined by serum alanine aminotransferase, serum HBV DNA levels,
and HBeAg status.>**> Although these phases are defined based
on clinical and not immunological measures, the IA phase in-
volves an elevated immune response to HBV, and the IC phase in-
volves HBeAg seroconversion to reduce HBV DNA.>* To search
for the host factors involved in the phases of chronic HBV infec-
tion, previous researchers investigated immune response-
associated genes and signaling pathways in the liver and peripheral
blood mononuclear cells from different phases in patients with
CHB.**® However, these studies focused on immune response
signaling-mediated hub genes or serum cytokines induced by leu-
kocytes. Thus, we analyzed the level of ISG20 expression using a
GEO dataset (GSE65359) to investigate the physiological rele-
vance of the anti-HBV activity of ISG20 and found that ISG20
was increased in IC and IA patients compared with IT patients
(Fig. 4c), suggesting that ISG20 is responsible for HBV clearance
in CHB patients.

In this study, we determined the antiviral effect of ISG20 on
HBYV replication. We showed that ISG20 is induced by IFN-f
in HepG2 cells and that it strongly inhibits HBV transcription
and replication. Additionally, ISG20 was found to be involved
in IFN-B-mediated suppression of HBV. Further studies revealed
that ISG20 inhibits the HBV enhancer activity by directly bind-
ing to the EnhIl/Cp region, leading to inhibition of viral tran-
scription and replication. Finally, we found that ISG20
expression is associated with HBV elimination following the
natural history of chronic HBV infection in CHB patients. Our
findings reveal a novel mechanism by which IFN-f suppresses
HBYV infection.
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Figure S1. ISG20 inhibits HBV antigen secretion in a time-depen-
dent manner.

Figure S2. The knock-down of ISG20 using shRNA restores the
inhibition of HBV infection by IFN-f.

Figure S3. ISG20P%*Y decreases viral enhancer activity by
targeting Enh II/Cp region.
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