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Abstract: Hepatitis B virus (HBV) core antigen (HBc) is a structural protein that forms the viral
nucleocapsid and is involved in various steps of the viral replication cycle, but its role in the patho-
genesis of HBV infection is still elusive. In this study, we generated a mouse monoclonal antibody
(mADb) against HBc and used it in antibody-based in situ biotinylation analysis in order to identify
host proteins that interact with HBc. HBc antigen was produced with a wheat germ cell-free protein
synthesis system and used to immunize mice. Among the established hybridoma clones, a single
clone (mAb #7) was selected and further characterized for its ability in the antibody-based in situ
biotinylation analysis to collect host proteins that are in the vicinity of HBc. Using mass spectrome-
try, we identified 215 HBc-interacting host proteins, three of which bind HBc most significantly
under hypoxic conditions. Our results indicate that mAb #7 can be used to systematically identify
host proteins that interact with HBc under pathophysiological conditions, and thus may be useful
to explore the molecular pathways involved in HBV-induced cytopathogenesis.

Keywords: Hepatitis B virus; monoclonal antibody; antibody-based in situ biotinylation;
interactome analysis; hypoxia

1. Introduction

Hepatitis B virus (HBV) infection is a major global health concern. Approximately
350 million people worldwide are chronically infected with HBV, and an estimated 2 bil-
lion are past or present HBV carriers [1,2]. Despite breakthroughs in antiviral therapies,
chronic viral hepatitis is still the major cause of liver fibrosis, cirrhosis, and hepatocellular
carcinoma (HCC) [3]. Vaccination programs have been established to prevent HBV infec-
tion [4], but these are not sufficient to eradicate HBV [5].

HBYV, a member of the Hepadnaviridae family of viruses, contains 3.2 kb of partially
double-stranded DNA that consist of four duplicate RNAs, leading to the production of
seven proteins, specifically viral polymerase (P), envelope proteins (S, M, and L), the reg-
ulatory X protein (HBx), HBeAg, and the core protein (HBc). HBc is a structural protein
required for capsid formation and consists of two major domains, the N-terminal domain
(NTD) and C-terminal domain (CTD), the latter of which contains an arginine-rich do-
main (ARD). While the NTD is responsible for viral assembly, the CTD is important for

Microorganisms 2022, 10, 2381. https://doi.org/10.3390/microorganisms10122381

www.mdpi.com/journal/microorganisms



Microorganisms 2022, 10, 2381

2 of 16

core particle stability and pgRNA encapsidation [6]. In addition, HBc is involved in vari-
ous steps of the HBV life cycle, such as intracellular trafficking [7], reverse transcription
[8], and cccDNA synthesis [9]. In addition to its diverse functions in viral replication, HBc
has recently been shown to play a role in pathogenesis during HBV infection. Previous
studies indicated that HBc plays an oncogenic role in HBV-induced carcinogenesis by
modifying cellular apoptosis [10] and metabolic pathways [11], actions that facilitate can-
cer cell growth and malignant transformation, respectively. However, the molecular
mechanisms underlying HBc-induced cytopathogenesis are not yet fully understood, and
further investigation is needed. In order to achieve this, it is necessary to comprehensively
identify the host proteins that interact with HBc in HBV-infected cells.

Protein-protein interactions (PPIs) are essential elements of cellular signal transduc-
tion and protein networks [12,13]. Therefore, the analysis of PPIs involving viral proteins
is a powerful tool to elucidate the molecular etiology and pathogenesis of virus infection.
Affinity purification mass spectrometry (AP-MS), including immunoprecipitation mass
spectrometry, is a representative method of PPI analysis [14]. In AP-MS, a target protein
fused with peptide tags is overexpressed in cells and the protein complex is purified to
analyze the interacting factors by mass spectrometry [13]. Several studies using the AP-
MS approach have identified host proteins that interact with viral proteins [15-17]. How-
ever, the overexpression of a tag-fused protein may result in background noise, causing
non-specific PPIs [12]. In addition, it is difficult to detect relatively weak or transient in-
teractions using this method [12].

Recently, proximity-dependent biotin identification (BiolD) has been developed as a
new PPI analysis technology in which a target protein fused with a modified biotin ligase
(BirA) is introduced into cells to label the interacting and proximate proteins [18]. BiolD
makes it possible to identify cellular proteins that have relatively weak or transient inter-
actions with the target protein under relevant biological conditions [19]. However, it is
difficult to target native viral proteins expressed in infected cells since this requires over-
expression of BirA-fused viral proteins. In order to overcome this drawback, Bar et al.
recently developed a method of in situ biotinylation based on antibody recognition [20].
The advantage of this method is that endogenous proteins are targeted by specific anti-
bodies, followed by proximal biotinylation via hydrogen peroxide activity that can cata-
lyze biotin-phenol for the biotinylation [20,21]. Although this approach enables PPI anal-
ysis under physiological conditions, it requires high-quality antibodies to specifically tar-
get viral proteins in formalin-fixed cells or tissues.

Hypoxia is an etiologically important microenvironment in liver fibrosis caused by
chronic viral hepatitis, cirrhosis, and HCC [22,23]. The progression of chronic HBV infec-
tion to chronic hepatitis and cirrhosis induces liver fibrosis and extreme hypoxic condi-
tions in hepatocytes [24,25]. Previous studies have shown that hypoxia-inducible factors
(HIFs) can activate the HBV core promoter and enhance HBc expression, thereby increas-
ing the secretion of viral particles under hypoxia in a model system involving cultured
liver cells [26]. This suggests that HBV can adapt to hypoxic environments. However, it is
unknown if or how HBc plays a role in disease progression under pathological conditions.
Therefore, identifying and characterizing host proteins that interact with HBc during hy-
poxia may help clarify the role of HBc in virus-induced cytopathogenesis.

In this study, we generated a mouse monoclonal antibody (mAb) against HBc and
used it in antibody-based in situ biotinylation to identify host proteins that interact with
HBc in hypoxic conditions. Our results demonstrate that this mAb can serve as a powerful
tool in PPI analysis targeting HBc, and should be useful for elucidating the molecular basis
of HBV infection.
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2. Materials and Methods
2.1. Plasmids

The HBV molecular clones pUC19-Ae_US (genotype A), pUC19-Bj_JPN56 (genotype
B), pUC19-C_JPNAT (genotype C), and pUC19-D_IND60 (genotype D) have been de-
scribed previously [27]. HBc cDNAs were amplified from all molecular clones using ap-
propriate primer pairs and subsequently subcloned into the pcDNA-based N-terminal
HA vector (Thermo Fisher Scientific Inc., Waltham, MA, USA).

2.2. Construction of Wheat Germ Cell-Free Expression Vector

Complementary DNAs encoding the precore/core protein of HBV (genotype
Bj_JPN56) were used with a wheat germ cell-free system in order to generate the expres-
sion vector for antigen production. The precore/core protein open reading frame encoding
amino acids —29 to 183 were amplified by PCR using the corresponding primer pairs. The
amplified fragment was cloned into the vector pEU-E01-His-TEV-MCS (CellFree Sciences
Co., Ltd., Yokohama, Japan) with restriction enzymes Xho I and Spe I. Deletion mutants
of HBV-HBc were generated using the PrimeSTAR Mutagenesis Basal Kit (TakaraBio,
Kusatsu, Japan).

2.3. Cell-Free Protein Synthesis and Purification

In vitro wheat germ cell-free protein synthesis was performed as previously de-
scribed [28,29]. WEPRO7240H wheat extract (CellFree Sciences) was used in the bilayer
translation reaction, and synthesized proteins were confirmed by immunoblot analysis.
N-terminal His-tagged precore/core protein (His-precore/core) was synthesized using a
Proteomist XE robotic protein synthesizer (CellFree Sciences) for mouse immunization.
The cell-free translation reaction mixture was separated into soluble and insoluble frac-
tions by centrifugation at 15,000 rpm for 15 min. The insoluble fraction was lysed using 8
M urea and then mixed with Ni-Sepharose High Performance beads (GE Healthcare,
Waukesha, WI, USA) in the presence of 20 mM imidazole. The beads were washed three
times with washing buffer [8 M urea, 20 mM Na-phosphate, 300 mM NaCl] containing 50
mM imidazole. His-precore/core was then eluted in washing buffer containing 500 mM
imidazole. Amicon Ultra centrifugal filters (Millipore, Bedford, MA, USA) were used to
concentrate purified His-precore/core by approximately 10- to 20-fold.

2.4. Immunization and Generation of mAbs

Immunization of BALB/c mice and generation of hybridomas producing anti-HBc
mAbs were carried out as previously described [28]. Briefly, purified His-precore/core
was injected into BALB/c mice using keyhole limpet hemocyanin as a carrier protein. Four
weeks later, lymphocytes were isolated and fused to myeloma cell. Isotype determination
was then performed using the IsoStrip Mouse Monoclonal Antibody Isotyping Kit accord-
ing to the manufacturer’s protocol (Roche Diagnostics, Basel, Switzerland). Purification of
mADbs from hybridoma supernatant was performed using a Spin column based Antibody
Purification Kit (Protein G) (Cosmo Bio Co., Ltd., Tokyo, Japan). The protein concentration
was calculated using a NanoDrop 2000/2000c spectrophotometer (Thermo Fisher Scien-
tific).

2.5. Cell Culture

HepG2 cells (JCRB, #JCRB1054), HepG2.2.15.7 cells [30], HepG2-hNTCP-C4 cells [31]
and Hep38.7-Tet cells [32] were maintained on collagen-coated dishes with DMEM/F-12
GlutaMAX (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum, 10 mM
HEPES, and 5 pg/mL insulin. For hypoxic cultures, cells were adjusted to 1% O: with the
BIONIX-1 hypoxic culture kit (Sugiyamagen, Tokyo, Japan) and incubated for 24 h.
Normoxic cells were cultured at 5% CO2 and 20% O.
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2.6. HBV Infection

HBV was derived from the supernatants of HepG2.2.15.7 cells, which stably express
the HBV genome. The collected supernatants were filtered through a 0.45-um filter (Mil-
lipore) and subsequently concentrated with a PEG Virus Precipitation Kit (BioVision, Mil-
pitas, CA, USA). HepG2-hNTCP-C4 cells were infected with HBV (10,000 GEg/cell) in the
presence of 4% PEG8000. After 16 h, the medium was replaced by medium containing 2%
DMSO. Eight days after infection, the cells or cell lysates were harvested.

2.7. Epitope Mapping and Specificity of mAb #7 Using AlphaScreen Assay

The AlphaScreen assay was performed using 384-well Proxi Plates (PerkinElmer,
Boston, MA, USA). Each biotinylated peptide or DHFR (negative control) was mixed in
15 uL of assay buffer [100 mM Tris-HCI (pH 8.0), 0.1% BSA, 0.01% Tween-20] and incu-
bated at 26 °C for 30 min. Next, 10 pL of a detection mixture containing 0.04 pL protein
G-conjugated acceptor beads and 0.04 uL streptavidin-coated donor beads (AlphaScreen
IgG detection kit, PerkinElmer) were incubated in reaction buffer at 26 °C for 30 min. An-
tigen-antibody interactions were analyzed using an Envision microplate reader (Perki-
nElmer).

2.8. Bioinformatic Analysis

In order to analyze the frequency of amino acid variation among HBc proteins de-
rived from HBV genotypes A-], HBc sequences of 13,893 strains were obtained from the
Hepatitis B Virus database [33] and aligned using MAFFT software version 7 [34]. The
Shannon entropy score was calculated for each position in the protein alignment as pre-
viously described [35]. Kaplan-Meier analysis was carried out with the online Xena plat-
form (http://xena.ucsc.edu/) at the University of California, Santa Cruz (UCSC) [36].

2.9. Immunoblot Analysis

Cell lysates were separated by 12.5% or 15% SDS-PAGE and transferred onto a PVDF
membrane (Millipore). The membrane was then soaked in Tris-buffered saline (TBS) con-
taining 5% (w/v) skim milk for 1 h and incubated with mAbs (1:1000 dilution) or anti-His
polyclonal antibody (1:1000 dilution; GeneTex, Irvine, CA, USA), anti-HA antibody
(1:1000 dilution; MBL, Aichi, Japan), anti-Actin antibody (1:1000 dilution; Santa Cruz Bi-
otechnology, Dallas, TX, USA), or anti-ALDOA antibody (1:1000 dilution; Proteintech
Group Inc., IL, USA) in TBS containing 0.5% (w/v) Triton X-100 (TBST) and 5% (w/v) skim
milk at room temperature (RT) for 2 h. After washing three times with TBST, the mem-
brane was incubated for 1 h in 5% (w/v) skim milk containing anti-mouse IgG-horseradish
peroxidase (HRP) antibody (1:5000 dilution; Santa Cruz Biotechnology) or anti-rabbit IgG-
HRP antibody (1:5000 dilution; Santa Cruz Biotechnology) or anti-goat IgG-HRP antibody
(1:5000 dilution; Santa Cruz Biotechnology). After washing three times in TBST, the blot
was detected with ECL Select (Cytiva, Tokyo, Japan) using LuminoGraph II EM (ATTO
Corp., Tokyo, Japan).

2.10. Immunofluorescence Analysis

HepG2.2.15.7 cells were grown on collagen-coated glass coverslips. HepG2-hNTCP-
C4 cells infected with HBV or mock were grown on 96-well plates. HepG2 cells were
grown on collagen-coated glass coverslips for 24 h and the cells were transfected with HA-
tagged full-length HBc (HA-HBc) of HBV (genotypes A, B, C, and D). The cells were fixed
for 15 min in 4% paraformaldehyde (PFA). Next, the cells were permeabilized with 0.1%
Triton X-100 in phosphate-buffered saline (PBS) for 10 min at RT, and blocked with 10%
normal goat serum (Thermo Fisher Scientific) for 30 min at RT. Then the cells were incu-
bated with supernatants from individual hybridomas (1:50 dilution) or mAb #7 (1:100 di-
lution) overnight at 4 °C. After incubation with secondary antibody for 1 h at RT, co-
verslips were mounted using ProLong Gold Antifade Mountant with 4’,6-diamidino-2-
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phenylindole (DAPI) (Thermo Fisher Scientific). Inmunoreactivity was visualized using
an FV1000-D confocal laser scanning microscope (Olympus, Tokyo, Japan).

2.11. Immunoprecipitation Analysis

Immunoprecipitation analysis was performed according to the method previously
described [29]. In detail, cells were harvested and lysed with radioimmunoprecipitation
assay (RIPA) lysis buffer [50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1 mM EDTA, 1 mM
dithiothreitol (DTT)] containing complete protease inhibitor cocktail (Roche Molecular Bi-
ochemicals, Indianapolis, IN, USA) on ice for 30 min. Cell lysates were cleared by centrif-
ugation at 15,000 rpm for 10 min and immunoprecipitated with 2 pg of mAb #7 mixed
with Protein G Sepharose beads (GE Healthcare, Little Chalfont, UK) at 4 °C for 4 h. Bound
proteins were analyzed by immunoblotting using mAb #7.

2.12. Immunohistochemistry Analysis

HBV (+) and HBV (-) formalin-fixed paraffin-embedded human liver tissues (Tis-
sueArray.Com LLC, Derwood, MD, USA) were deparaffinized and rehydrated prior to
antigen retrieval. Antigen retrieval was performed in citrate buffer by autoclaving for 10
min at 108 °C. Endogenous peroxidase was inactivated by incubation with 3% hydrogen
peroxide in methanol for 15 min at RT. After blocking with Blocking One Histo (Nacalai
Tesque, Inc., Kyoto, Japan) for 10 min at RT, the sections were incubated with mAb #7
(1:300 dilution) in TBST containing 20-fold diluted Blocking One-Hist, then incubated
with EnVision Dual Link System-HRP (Agilent Technologies, Inc., Santa Clara, CA, USA)
for 40 min at RT. Next, the sections were visualized with 3, 3-diaminobenzidine (DAB)
reagent (Agilent Technologies) and counterstained with hematoxylin.

2.13. Antibody-Based In Situ Biotinylation

Antibody-based in situ biotinylation with mAb #7 was performed by modifying pre-
viously reported methods [21]. Briefly, HepG2 or Hep38.7-Tet cells were fixed in 4% PFA
for 10 min at RT. Next, cells were permeabilized in PBS containing 0.5% Triton X-100 for
15 min. After washing two times, blocking was performed for 1 h with Blocking One
(Nacalai Tesque). Cells were incubated with mAb #7 (1:500 dilution) overnight at 4 °C.
Cells were washed with PBS containing 0.05% Triton X-100, then incubated with anti-
mouse IgG-HRP antibody (1:5000 dilution; Santa Cruz Biotechnology) for 45 min at RT.
After washing with PBS, cells were incubated with biotinylation buffer (200 pM biotin-
phenol and 0.0015% H20:in PBS) for 1 min. After washing three times with PBS, cells were
lysed and harvested in 1% SDS RIPA buffer [1% SDS, 150 mM NaCl, 1% Triton X-100,
0.5% sodium deoxycholate (Doc), and 50 mM Tris-HCl (pH 8.0)]. Streptavidin Mag-
neSphere Paramagnetic Particles (Promega, WI, USA) were added to the lysate and incu-
bated for 1 h with rotation. Beads were washed sequentially with 0.5% SDS RIPA buffer
[150 mM NaCl, 1% Triton X-100, 0.5% Doc, 0.5% SDS, and 50 mM Tris-HCI (pH 8.0)], 0.5
M NaCl RIPA buffer [0.5 M NaCl, 1% Triton X-100, 0.5% Doc, 0.1% SDS, and 50 mM Tris-
HCl (pH 8.0)], and 1.2 M NaCl RIPA buffer [1.2 M NaCl, 1% Triton X-100, 0.5% Doc, 0.1%
SDS, and 50 mM Tris-HCI (pH 8.0)], then washed again with 0.5% SDS RIPA buffer. The
beads were then washed with PBS three times. Finally, the biotinylated proteins were
eluted with 4 M Urea buffer [4 M Urea, 50 mM ammonium bicarbonate (NHsHCOs)].

2.14. Sample Preparation for Proteomic Analysis

In order to confirm biotin labeling by antibody-based in situ biotinylation, part of the
eluted sample was used for immunoblotting analysis with Streptavidin HRP Conjugate
(1:2000 dilution; TOKYO CHEMICAL INDUSTRY CO., LTD., Tokyo, Japan). For proteo-
mic analysis, the eluted samples were reduced with 10 mM DTT (FUJIFILM WAKO
CHEMICAL, Osaka, Japan) at 37 °C for 30 min and alkylated with 25 mM iodoacetamide
(FUJIFILM WAKO CHEMICAL) in the dark for 15 min at RT. The samples were diluted
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from 4 M to 2 M urea in 50 mM NHsHCO:s and digested with Trypsin Gold (Promega)
overnight at 37 °C. Digested peptides were desalted using a StageTip [37], and then dried
using a centrifugal evaporator.

2.15. Proteomic Analysis and Data Analysis

LC-MS/MS analysis was performed using a TripleTOF 5600 mass spectrometer (AB-
SCIEX, Foster City, CA, USA) coupled with an UltiMate 3000 HPLC system (Thermo
Fisher Scientific). Peptides were loaded on a trap column (100 pum x 20 mm, C18, 5 pm,
100 A, Thermo Fisher Scientific) and were subsequently separated on a Nano HPLC ca-
pillary column (75 um x 120 mm, C18, 3 um, Nikkyo Technos, Tokyo, Japan) at a flow rate
of 300 nL/min. Solvent A was 0.1% formic acid in 2% acetonitrile, while solvent B was
0.1% formic acid in 80% acetonitrile. The peptides were eluted using a gradient beginning
with 2% B for 0-5 min, then 2% to 40% B for 5-120 min, followed by 95% B for 10 min, and
finally equilibration with 2% B for 20 min. The data were acquired using a survey scan
performed in a mass range from 400 to 1,250 m/z with a scan time of 250 ms. The top 20
peaks were selected for fragmentation. The accumulation time for MS/MS was set to 100
ms, and product ions were scanned in a mass range from 230 to 1800 m/z. A list of peaks
of detected peptides was generated by Progenesis QI for Proteomics software version 4.2.0

(Waters Ltd., Newcastle-upon-Tyne, UK). The peak lists were searched against human
protein sequences in the UniProtKB/Swiss-Prot database (version January 2020) using the
Mascot software version 2.7.0 (Matrix Science, London, UK). The search parameters were
as follows: trypsin digestion with two missed cleavages permitted; variable modifications:
N-terminal acetylation, methionine oxidation, and cysteine carbamidomethylation; pep-
tide charges of 2+, 3+, 4+; peptide mass tolerance +0.05 Da; and MS/MS tolerance +0.1 Da.
An overall peptide false discovery rate of 1% was set as the threshold for identification.

2.16. Statistical Analysis

Statistical differences between normoxic and hypoxic conditions in the proteome
analysis were assessed by two-tailed Student’s ¢-test. The outcomes of Kaplan-Meier anal-
ysis were evaluated based on p-values obtained by the log rank test. p-values < 0.05 were
regarded as statistically significant.

3. Results
3.1. Generation of mAbs Targeting HBc Antigen

To obtain mAbs applicable to antibody-based in situ biotinylation, we first synthe-
sized His-precore/core derived from HBV (genotype Bj_JPN56) using a wheat germ cell-
free system (Figure 1A). Purified His-precore/core was confirmed by CBB staining and
then used to immunize BALB/c mice. Four weeks after immunization, lymphocytes were
isolated and fused with myeloma cells, and finally 48 stable hybridomas were established.
Three of these 48 clones (#7, #32, and #38) were selected and further evaluated. In order to
evaluate the reactivity for the antigen, we performed immunofluorescence analyses and
immunoblot analysis using the three clones. Clones #7 and #32 exhibited specific positiv-
ity for the antigen by immunofluorescence analysis (Figure 1B). Since clone #7 (designated
here as mAb #7) showed the highest reactivity in immunoblot analysis (Figure 1C), we
selected it for further characterization.



Microorganisms 2022, 10, 2381

7 of 16

Production of precore/core Immunization Hybridoma cells

(Genotype B)
(kDa)
100
80

@\,w,,%— 60

50

B i o

precore/core

20 BALB/c
15 mice 3 clones
(#7, #32, #38)
In vitro transcription Purified with
and translation Ni-Sepharose
B C
HA HBc Merge Purified mAb

IB:  #7 #32 #38
HA-HBc: - + -+ - 4
(kDa)

#7

100

#38
& =| ==|<HaHBC

Figure 1. Production and screening of anti-HBc mouse mAbs. (A) Schematic of the generation of
hybridoma cells that produce anti-HBc mouse mAbs. Recombinant His-precore/core (derived from
HBV genotype B) was synthesized by a wheat germ cell-free system and purified with Ni-Se-
pharose. The red dot indicates the target protein. The purified protein was injected into BALB/c
mice. Four weeks later, isolated lymphocytes were fused with myeloma cells, and hybridoma clones
were established. SP6, SP6 promoter sequence; EO1, translation enhancer sequence; His, histidine-
tagged sequence; TEV, TEV protease-recognized sequence. (B,C) The reactivity of three mAbs (#7,
#32, and #38) for HBc. HepG2 cells transfected with HA-HBc were fixed with 4% PFA and stained
with the indicated mAbs (hybridoma supernatants, red; HA-antibody, green) and DAPI (blue).
Scale bar, 10 um (B). HepG2 cell lysates transfected with HA-HBc were analyzed by immunoblot-
ting with the indicated mAbs (C).

3.2. Detection of HBc Antigen in HBV Infected Cells

We next evaluated the effectiveness of our newly developed mAb #7 in several im-
munoassays. Immunoblot analysis showed that mAb #7 specifically detected HBc derived
from HepG2.2.15.7 cells (Figure 2A). We subsequently showed that mAb #7 could be used
for immunoprecipitation (Figure 2B). Next, an immunofluorescence analysis demon-
strated that mAb #7 clearly detected HBc in HepG2.2.15.7 cells (Figure 2C). We also per-
formed immunoblot [38], immunoprecipitation, and immunofluorescence assays using a
HepG2-hNTCP-C4 cell line infected with HBV. Our results showed that mAb #7 detected
endogenous HBc in virus infected cells (Supplementary Figure SIA-C). With regard to
immunohistochemistry, mAb #7 detected HBc within HBV-infected hepatocytes in paraf-
fin-embedded liver tissue (Figure 2D). In addition, our results revealed that the localiza-
tion of HBc differed from cell to cell; for instance, some cells exhibited HBc primarily in
the nucleus, whereas other cells demonstrated HBc only in the cytoplasm (Supplementary
Figure S2A,B). These results confirm that the mAb #7 developed in this study can be useful
for analyzing the subcellular localization of HBc. Taken together, these results showed
that our newly developed mAb #7 detected endogenous HBc in virus-infected cells and
tissues.
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Figure 2. The newly developed mAb #7 detects HBc in HBV-infected cells. (A) Lysates of HepG2
cells (HBV (-)) or HepG2.2.15.7 cells (HBV (+)) were analyzed by immunoblotting with mADb #7. (B)
HepG2.2.15.7 cell lysates were immunoprecipitated with mAb #7, then bound proteins were ana-
lyzed by immunoblotting with mAb #7. (C) HepG2 cells (HBV (-)) and HepG2.2.15.7 cells (HBV (+))
were fixed with 4% PFA and then stained with mAb #7 (red) and DAPI (blue). Scale bar, 10 pm. (D)
HBV negative (-) and positive (+) paraffin-embedded human liver tissues were stained with mAb
#7 using peroxidase conjugate and DAB chromogen, and then counterstained with hematoxylin.
Scale bar, 100 pm.

3.3. mAb #7 Recognizes the Arginine-Rich Domain (ARD) of HBc

In order to determine the antibody binding site(s) within the antigen, we performed
epitope mapping analysis. We first generated six deletion mutants from full-length HBc
(HBcA1-HBcA®6) and then performed an immunoblot analysis (Figure 3A). The results re-
vealed that mAb #7 binds to the C-terminal ARD (Figure 3B). To further evaluate the
epitope within ARD, we synthesized nine peptides (ARD1-ARDY) and analyzed them
with the AlphaScreen assay (Figure 3C). In this case, mAb #7 showed higher signal inten-
sity with four different peptides (ARD], 3, 6, and 8) (Figure 3D), suggesting that mAb #7
could recognize multiple regions within the ARD of HBc.
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Figure 3. Epitope mapping for the newly developed mAbD #7. (A) Schematic of a full-length HBc
and six deletion mutants (HBcA1-6). These N-terminal His-tagged proteins were produced using a
wheat germ cell-free system. ARD, arginine-rich domain. (B) His-HBc and its deletion mutants
were analyzed by immunoblotting using mAb #7 or anti-His antibody. (C) Schematic of the Al-
phaScreen assay. Protein G-conjugated acceptor beads and streptavidin-conjugated donors were
used to monitor the interaction of mADb #7 with the synthesized peptides. (D) AlphaScreen assay.
Nine biotin-tagged ARD peptides (ARD1-9) were synthesized (left panel). The binding activity
was measured as the level of the AlphaScreen luminescence signal (right panel). Error bars repre-
sent standard deviations from three independent experiments. NC, negative control.

3.4. mAb #7 Detects HBc Derived from Multiple Genotypes

We next investigated whether mAb #7 detected HBc derived from multiple HBV
strains. Initially, we compared HBc amino acid sequences of 13,893 strains from clinical
isolates registered in the Hepatitis B Virus database (Figure 4A). Shannon entropy analysis
revealed that the epitope region of mAb #7 was relatively conserved among clinical
strains. We next addressed whether mAb #7 could broadly detect HBc from different gen-
otypes (A, B, C, and D). These genotypes have different clinical and virological features;
for example, genotype A is known to cause chronic infections more frequently [39,40].
Amino acid alignment showed that the ARD region is similarly conserved among repre-
sentative strains (Figure 4A). Both immunoblot analysis (Figure 4B) and immunofluores-
cent analysis (Figure 4C) demonstrated that mAb #7 consistently detected the HBc from
all four HBV genotypes.
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Figure 4. mAb #7 detects HBc derived from multiple HBV genotypes. (A) Shannon entropy was
calculated for each amino acid residue of HBc derived from 13,893 strains (upper panel). The mAb
#7 binding region is represented in green. Multiple alignment of sequences in HBc ARD derived
from genotypes Ae_US, Bj_JPN56, C_JPNAT, and D_IND60 (lower panel). The substituted amino
acids are highlighted in red. (B) Recombinant HA-HBc (HBV genotypes A, B, C, and D) were syn-
thesized using a wheat germ cell-free system and analyzed by immunoblotting with mAb #7 or anti-
HA antibody. (C) HepG2 cells transfected with HA-HBc (HBV genotypes A, B, C, and D) were fixed
with 4% PFA and stained with mAb #7 (red) or anti-HA antibody (green), and then counterstained
with DAPI (blue). Scale bar, 10 pm.

3.5. Antibody-Based In Situ Biotinylation with mAb #7

Using the newly produced mAb #7, we next performed an antibody-based in situ
biotinylation analysis to identify host proteins that interact with HBc under either
normoxia or hypoxia (Figure 5A). We first used HBV-expressing (Hep38.7-Tet) or HBV-
negative (HepG2) cells to confirm the biotin labeling in the antibody-based in situ bioti-
nylation analysis using mAb #7 (Figure 5B). Multiple bands corresponding to protein bi-
otinylation were detected in HBV-positive cells but not in HBV-negative cells, indicating
that only the host proteins proximal to HBc were biotinylated by mAb #7. Interestingly,
there was no visually distinct difference in band patterns between normoxic and hypoxic
conditions. Subsequently, we purified the biotinylated proteins to identify interacting pro-
teins, and then compared the protein profiles between normoxic and hypoxic conditions.
Proteome analysis identified 215 host proteins (Supplementary Table S1), including four
proteins (EEF2, KPNB1, NPM1, and FLNB) that have been previously reported to interact
with HBc [41]. In this case, 11 proteins showed a significant difference of more than two-
fold between the two conditions, and exhibited various intracellular localizations, such as
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the cytoplasm or nucleus (Supplementary Table S2). Of these, KRT9 and KRT10 were ex-
cluded from subsequent analyses because they are known to be common contaminants in
sample preparation for MS analysis [42]. Three of the proteins (MT2A, ALDH18A1, and
ALDOA) were shown to associate with HBc predominantly under hypoxic conditions,
while six (ACLY, MVP, RRP12, AP1B1, KHSRP, and KRT9) associated mainly under
normoxic conditions (Figure 5C). We next used the UCSC Xena platform and public
mRNA sequence databases to determine whether gene expression of these nine proteins
correlated with overall survival of liver cancer patients. Kaplan-Meier analysis showed a
significant correlation between survival and mRNA levels for ALDOA (Figure 5D) but
not for the eight remaining proteins (Supplementary Figure S3A-H). Therefore, we fur-
ther investigated the interaction between HBc and ALDOA. Proteins biotinylated using
mADb #7 were purified with streptavidin beads. Subsequent immunoblot analysis demon-
strated that the interaction between ALDOA and HBc was enhanced under hypoxic con-
ditions (Figure 5E). This indicates that mAb #7 could be useful in comprehensive in
teractome analyses of HBc in antibody-based in situ biotinylation.
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Figure 5. Antibody-based in situ biotinylation analysis with mAb #7. (A) Schematic of proteomic
analysis for the identification of host proteins that interact with HBc in HBV-positive (Hep38.7-Tet)
and HBV-negative (HepG2) cells under normoxic and hypoxic conditions. Each cell was fixed and
permeabilized. After mAb #7 bound to HBc, the proximal portion of HBc was biotinylated by add-
ing biotin-phenol and H20:. The cell extracts were analyzed by immunoblotting, followed by mass
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spectrometric analysis of the biotinylated proteins. (B) Biotinylation of each cell extract was con-
firmed by immunoblot analysis with Streptavidin HRP Conjugate. (C) Volcano plot representing
differences in abundance of 215 host proteins near HBc under normoxic and hypoxic conditions.
The x-axis indicates the logz fold change and the y-axis indicates the —logio p-value based on the two-
tailed Student’s t-test. The proteins that were significantly upregulated (red) or downregulated
(blue) under the hypoxic condition were identified based on two criteria: |fold changel >2 and p-
value < 0.05. The dotted lines show the criteria. FC, fold change. (D) Kaplan-Meier analysis of
ALDOA was performed using the UCSC Xena platform and mRNA sequence databases of the Can-
cer Genome Atlas Program (TCGA). Log-rank p = 0.003662. Log-rank p-value < 0.05 was regarded
as statistically significant. The x-axis indicates the days and the y-axis indicates the survival proba-
bility. (E) HBc interacts with ALDOA. The streptavidin-purified biotinylated samples were ana-
lyzed by immunoblotting with anti-ALDOA antibody. AISB, antibody-based in situ biotinylation.

4. Discussion

In addition to its involvement in various viral replication processes, HBc has recently
been shown to play a role in the cytopathogenesis of HBV-associated diseases by affecting
host signaling pathways [43]. In order to gain a better understanding of the pathogenetic
role of HBc in liver diseases, it is important to comprehensively identify host proteins that
functionally interact with HBc. In this study, we newly generated mAb #7, a mouse mAb
against HBc, and investigated its applicability to antibody-based in situ biotinylation. Our
results indicate that mAb #7 can be used with this technique and is useful to explore the
molecular pathways relevant to HBV-induced pathogenesis.

Beyond its function as a structural protein, HBc was shown by a number of studies
to be involved in various biological processes such as viral replication and pathogenesis
[43,44], and to interact with several host proteins [41,45]. While these studies revealed im-
portant aspects of HBc function, many employed co-immunoprecipitation of overex-
pressed tag-fused HBc followed by mass spectrometry [11,46,47], a technique that can
cause background noise leading to non-specific PPlIs. In order to elucidate the role of HBc
in pathogenesis, it is essential to identify host proteins that interact with endogenous HBc
under physiological and pathological conditions with proper expression levels and sub-
cellular localization. Antibody-based in situ biotinylation analysis is a recently developed
approach that enables proximal biotin labeling using specific antibodies against endoge-
nous proteins [20]. In order to target endogenous proteins, this method utilizes antigen-
antibody reactions in fixed cells or tissues for the in situ proximity-dependent biotin la-
beling [20,21]. In the current study, we produced mAb #7, a high-quality anti-HBc anti-
body that reacted broadly with the antigens of different HBV genotypes. By targeting HBc
antigens that are natively expressed in virus-infected cells, mAb #7 is suitable for anti-
body-based in situ biotinylation analysis. Indeed, the results of several immunoassays in
this study showed that mAb #7 detected endogenous HBc in HBV-infected cells and tis-
sues. Immunohistochemical analysis results also showed that mAb #7 could be useful for
detecting subcellular localization of HBc, that occurs predominantly in either the cyto-
plasm or nucleus. In addition, our results demonstrated that mAb #7 is suitable for anti-
body-based in situ biotinylation analysis with very slight background noise in the absence
of HBV infection.

We demonstrated that mAb #7 recognizes multiple epitopes within the C-terminal
ARD. Previous studies reported that the ARD is highly conserved in all genotypes [48],
which is consistent with our results. There are 16 arginine residues within the ARD, and
14 of these constitute four distinct subdomains each composed of three to four arginine
residues [49]. mAb #7 can react with four oligopeptides, suggesting that it may bind to
multiple regions within a single HBc. When used for antibody-based in situ biotinylation,
it would be desirable that mAb #7 binds to multiple regions within a single HBc. The as-
sociation of host proteins with epitope regions of HBc may interfere with antibody bind-
ing following in situ biotinylation. If mAb #7 can recognize multiple regions of HBc anti-
gen, this situation will be avoided, making it possible to efficiently biotinylate proximal
proteins. However, the data presented here were obtained using synthetic peptides, and



Microorganisms 2022, 10, 2381

13 of 16

further studies are needed to determine whether mAb #7 recognizes multiple or single
epitope regions within the ARD of full-length and multimerized HBc.

Hypoxia is one of fibrotic tissue microenvironments that develops in chronic viral
hepatitis, liver cirrhosis, and HCC [22]. Several studies have reported an association be-
tween hypoxia and HBV. Guidotti et al. found that in HBV transgenic mice, HBc was lo-
calized in the nucleus in hepatocytes around the periportal region, whereas around the
central vein region with lower oxygen concentrations, HBc was localized not only in the
nucleus but also in the cytoplasm [50]. Riedl et al. showed that in liver tissue sections from
patients with end-stage chronic hepatitis B, the number of HBc-positive nuclei was higher
in hypoxic regions expressing HIF1a than in normoxic regions [25]. These results support
the possibility that the functions of HBc differ between hypoxia and normoxia due to its
interactions with different host proteins in each condition. Importantly, most previous
studies analyzed HBc function in normoxic conditions, which is insufficient to understand
the role of HBc in HBV-associated cytopathogenesis. Here, we compared the profiles of
host proteins interacting with HBc in normoxic and hypoxic environments. Our antibody-
based in situ biotinylation analysis with mAb #7 followed by quantitative proteomic anal-
ysis identified 215 host proteins that are proximal to HBc. These included four proteins
previously reported to interact with HBc [41], suggesting that antibody-based in situ bio-
tinylation analysis using mAb #7 indeed achieves sufficient biotin labeling of the proteins
that are in the vicinity of HBc. We also identified three host proteins (MT2A, ALDH18A1,
and ALDOA) that preferentially associate with HBc under hypoxic conditions. MT2A
(metallothionein 2A) is a low-molecular-weight (6—7 kDa) protein belonging to a large
family of cysteine-rich molecules consisting of 11 functional families [51]. MT2A is known
to be induced by hypoxia and to have diverse functions including metal homeostasis, de-
toxification, oxidative stress protection, and angiogenesis. It was also found to be upreg-
ulated in chronic hepatitis and to suppress fibrosis by upregulating collagenase gene ex-
pression through activation of stellate cells in liver fibrosis [52]. ALDH18A1 (delta-1-pyr-
roline-5-carboxylate synthase) is a key enzyme in the proline metabolic pathway. Tang et
al. showed that hypoxia significantly increases the expression level of ALDH18A1 in HCC
cells in a time-dependent manner, while knockdown of ALDH18A1 significantly induced
apoptosis of HCC cells under hypoxia [53]. These results suggest that ALDH18A1 is im-
portant for tumor cell survival during hypoxia and for supplying the proline required for
the hypoxia response. ALDOA (Fructose-bisphosphate aldolase A) is a key enzyme in the
glycolytic pathway that catalyzes the reversible conversion of fructose-1,6-bisphosphate
to glyceraldehyde-3-phosphate and dihydroxyacetone phosphate. Zhang et al. reported
that aberrant expression of many glycolysis-related genes is associated with the develop-
ment and recurrence of HCC [54]. These results suggest that HBc may be involved in
HBV-related pathogenesis through interactions with multiple host proteins associated
with carcinogenesis and liver diseases under hypoxic conditions. However, this study did
not fully investigate the functional significance of the HBc-host protein interactions, and
therefore further research is needed.

In conclusion, we generated mAb #7, a mouse mAb that targets the HBc antigen and
can be used in antibody-based in situ biotinylation analysis. We used mAb #7 to identify
host proteins that are potentially involved in HBV-induced pathogenesis. Our data also
indicate that the newly produced mAb #7 may serve as an important tool for elucidating
the role of HBc in different phases of HBV infection.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/microorganisms10122381/s1. Table S1: List of proteins dif-
ferentially expressed between normoxic and hypoxic conditions based on quantitative proteome
analysis; Table S2: The panel shows host proteins whose abundance differed significantly between
normoxic and hypoxic conditions. “Infinity” indicates that only one condition was detected; Figure
S1: The newly developed mAb #7 detects HBc in HBV-infected HepG2-hNTCP-C4 cells. (A) The
lysates of HepG2-hNTCP-C4 cells infected or uninfected (mock) with HBV were analyzed by im-
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munoblotting with mAb #7. (B) The lysates of HepG2-hNTCP-C4 cells infected with HBV were im-
munoprecipitated with mAb #7. Bound proteins were subsequently analyzed by immunoblotting
with mAD #7. (C) HepG2-hNTCP-C4 cells infected or uninfected (mock) with HBV were fixed with
4% PFA and then stained with mAb #7 (red) and DAPI (blue). Scale bar, 50 um; Figure S2: The newly
developed mAb #7 allows for visualization of the subcellular localization of HBc in HBV-infected
liver tissues. HBV-positive paraffin-embedded human liver tissues were stained with mAb #7 using
peroxidase conjugate and DAB chromogen, and then counterstained with hematoxylin. mab #7 de-
tects nuclear (A) and cytoplasmic (B) localization of HBc. Scale bar, 10 um; Figure S3: Kaplan-Meier
analysis of eight proteins was performed using the UCSC Xena platform and mRNA sequence da-
tabases of the Cancer Genome Atlas Program (TCGA). (A) MT2A, log-rank p = 0.4838. (B)
ALDHI18A1, log-rank p = 0.3151. (C) ACLY, log-rank p = 0.8405. (D) MVP, log-rank p = 0.3204. (E)
RRP12, log-rank p = 0.05357. (F) AP1Bl1, log-rank p = 0.1882. (G) KHSRP, log-rank p = 0.3962. (H)
KRTY, log-rank p = 0.5700. log-rank p-value < 0.05 was regarded as statistically significant. The x-
axis indicates the days and the y-axis indicates the survival probability.

Author Contributions: Y.N. designed and performed the research, analyzed the data, and wrote
the manuscript. KM. and Y.Y. performed the research, analyzed the data, and provided valuable
suggestions about the study. Y.H. performed the bioinformatics analysis. M.N. performed the re-
search. H.S.,, HK.,, H.T. and Y K. provided valuable suggestions about the study. A.R. directed the
research, analyzed the data, and wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by AMED, grant numbers JP21fk0310103 and JP22fk0310507.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All proteomics data are deposited in the ProteomeXchange Consor-
tium (http://www.proteomexchange.org (accessed on 21 November 2022).) via the jPOST
(https://jpostdb.org accessed on 21 November 2022) partner repository (Project ID: PXD036961).

Acknowledgments: We sincerely appreciate Koichi Watashi, Takaji Wakita (National Institute of
Infectious Diseases) and Masaya Sugiyama (National Center for Global Health and Medicine) for
providing valuable materials. We also thank Kyohei Kurobe for technical assistance.

Conflicts of Interest: Y.Y. is a current employee of Kanto Chemical Co., Inc. A.R. received a collab-
orative research grant from Kanto Chemical Co., Inc.

References

1.  Megahed, F.A K,; Zhou, X,; Sun, P. The interactions between HBV and the innate immunity of hepatocytes. Viruses 2020, 12, 285.
https://doi.org/10.3390/v12030285.

2. D’Arienzo, V.; Ferguson, J.; Giraud, G.; Chapus, F.; Harris, ] M.; Wing, P.A.C.; Claydon, A.; Begum, S.; Zhuang, X,; Balfe, P.; et
al. The CCCTC-binding factor CTCF represses hepatitis B virus enhancer I and regulates viral transcription. Cell. Microbiol. 2021,
23, e13274. https://doi.org/10.1111/cmi.13274.

3. Virzi, A,; Motos, V.G,; Tripon, S.; Baumert, T.F.; Virzi, A.; Motos, V.G.; Tripon, S.; Baumert, T.F.; Profi-, ].L.; Virz, A,; et al.
Profibrotic Signaling and HCC Risk during Chronic Viral Hepatitis: Biomarker Development To cite this version: HAL Id: Hal-
03603544 Profibrotic Signaling and HCC Risk during Chronic Viral Hepatitis: Biomarker Development. |. Clin. Med. 2021, 10,
977.

4. Fisman, D.N.; Agrawal, D.; Leder, K. The effect of age on immunologic response to recombinant hepatitis B vaccine: A meta-
analysis. Clin. Infect. Dis. 2002, 35, 1368-1375. https://doi.org/10.1086/344271.

5. Pattyn, J.; Hendrickx, G.; Vorsters, A.; Van Damme, P. Hepatitis B Vaccines. J. Infect. Dis. 2021, 224 (Suppl. 4), S343-S351.
https://doi.org/10.1093/infdis/jiaa668.

6. Lubyova, B.; Hodek, J.; Zabransky, A.; Prouzova, H.; Hubalek, M.; Hirsch, 1.; Weber, ]. PRMT5: A novel regulator of Hepatitis
B virus replication and an arginine methylase of HBV core. PLoS ONE 2017, 12, e0186982.
https://doi.org/10.1371/journal.pone.0186982.

7.  Blondot, M.L,; Bruss, V.; Kann, M. Intracellular transport and egress of hepatitis B virus. J. Hepatol. 2016, 64, S49-S59.
https://doi.org/10.1016/j.jhep.2016.02.008.

8.  Basagoudanavar, S.H.; Perlman, D.H.; Hu, J. Regulation of Hepadnavirus Reverse Transcription by Dynamic Nucleocapsid
Phosphorylation. J. Virol. 2007, 81, 1641-1649. https://doi.org/10.1128/jvi.01671-06.

9. Guo, Y.H,; Li, Y.N,; Zhao, J.R.; Zhang, ]J.; Yan, Z. HBc binds to the CpG islands of HBV cccDNA and promotes an epigenetic

permissive state. Epigenetics 2011, 6, 720-726. https://doi.org/10.4161/epi.6.6.15815.



Microorganisms 2022, 10, 2381 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Du, J; Liang, X,; Liu, Y.; Qu, Z,; Gao, L.; Han, L.; Liu, S.; Cui, M,; Shi, Y.; Zhang, Z.; et al. Hepatitis B virus core protein inhibits
TRAIL-induced apoptosis of hepatocytes by blocking DR5 expression. Cell Death Differ. 2009, 16, 219-229.
https://doi.org/10.1038/cdd.2008.144.

Xie, Q.; Fan, F.; Wei, W.; Liu, Y.; Xu, Z.; Zhai, L.; Qi, Y.; Ye, B.; Zhang, Y.; Basu, S.; et al. Multi-omics analyses reveal metabolic
alterations regulated by hepatitis B virus core protein in hepatocellular carcinoma cells. Sci. Rep. 2017, 7, 1-12.
https://doi.org/10.1038/srep41089.

Dunham, W.H.; Mullin, M.; Gingras, A.C. Affinity-purification coupled to mass spectrometry: Basic principles and strategies.
Proteomics 2012, 12, 1576-1590. https://doi.org/10.1002/pmic.201100523.

Sardiu, M.E.; Washburn, M.P. Building protein-protein interaction networks with proteomics and informatics tools. J. Biol. Chem.
2011, 286, 23645-23651. https://doi.org/10.1074/jbc.R110.174052.

Bauer, A.; Kuster, B. Affinity purification-mass spectrometry: Powerful tools for the characterization of protein complexes. Eur.
J. Biochem. 2003, 270, 570-578. https://doi.org/10.1046/j.1432-1033.2003.03428 x.

Bussey, K.A.; Lau, U.; Schumann, S.; Gallo, A.; Osbelt, L.; Stempel, M.; Arnold, C.; Wissing, J.; Gad, H.H.; Hartmann, R.; et al.
The Interferon-Stimulated Gene Product Oligoadenylate Synthetase-Like Protein Enhances Replication of Kaposi’'s Sarcoma-
Associated Herpesvirus (KSHV) and Interacts with the KSHV ORF20 Protein. PLoS Pathog 2018, 14, e1006937.
https://doi.org/10.1371/journal.ppat.1006937.

Wang, Q.; Zhang, Q.; Zheng, M.; Wen, |; Li, Q.; Zhao, G. Viral-Host Interactome Analysis Reveals Chicken STAU2 Interacts
With Non-structural Protein 1 and Promotes the Replication of H5SN1 Avian Influenza Virus. Front. Immunol. 2021, 12, 590679.
https://doi.org/10.3389/fimmu.2021.590679.

Shah, P.S.; Link, N.; Jang, G.M.; Sharp, P.P.; Zhu, T.; Swaney, D.L.; Johnson, ].R.; Von Dollen, J.; Ramage, H.R.; Satkamp, L.; et
al. Comparative Flavivirus-Host Protein Interaction Mapping Reveals Mechanisms of Dengue and Zika Virus Pathogenesis.
Cell 2019, 175, 1931-1945. https://doi.org/10.1016/j.cell.2018.11.028.

Roux, K.J.; Kim, D.I; Raida, M.; Burke, B. A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins
in mammalian cells. ]. Cell Biol. 2012, 196, 801-810. https://doi.org/10.1083/jcb.201112098.

Burke, B.E.; Roux, K.J.; Kim, D.I.; Burke, B.E. BiolD: A Screen for Protein-Protein Interactions. Curr. Protoc. Protein Sci. 2018, 91,
19.23.1-19.23.15. https://doi.org/10.1002/cpps.51.

Bar, D.Z.; Atkatsh, K,; Tavarez, U.; Erdos, M.R.; Gruenbaum, Y.; Collins, E.S. Biotinylation by antibody recognition — A method
for proximity labeling. Nat. Methods 2018, 15, 127-133. https://doi.org/10.1038/nmeth.4533.

Suzuki, H.; Abe, R.; Shimada, M.; Hirose, T.; Hirose, H.; Noguchi, K.; Ike, Y.; Yasui, N.; Furugori, K.; Yamaguchi, Y.; et al. The
3" Pol Il pausing at replication-dependent histone genes is regulated by Mediator through Cajal bodies” association with histone
locus bodies. Nat. Commun. 2022, 13, 3-8. https://doi.org/10.1038/s41467-022-30632-w.

Foglia, B.; Novo, E.; Protopapa, F.; Maggiora, M.; Bocca, C.; Cannito, S.; Parola, M. Hypoxia, hypoxia-inducible factors and liver
fibrosis. Cells 2021, 10, 1764. https://doi.org/10.3390/cells10071764.

Cramer, T.; Vaupel, P. Severe hypoxia is a typical characteristic of human hepatocellular carcinoma: Scientific fact or fallacy? J.
Hepatol. 2022, 76, 975-980. https://doi.org/10.1016/j.jhep.2021.12.028.

Liu, P.J.; Harris, ].M.; Marchi, E.; D’ Arienzo, V.; Michler, T.; Wing, P.A.C.; Magri, A.; Ortega-Prieto, A.M.; van de Klundert, M.;
Wettengel, J.; et al. Hypoxic gene expression in chronic hepatitis B virus infected patients is not observed in state-of-the-art in
vitro and mouse infection models. Sci. Rep. 2020, 10, 14101. https://doi.org/10.1038/s41598-020-70865-7.

Ried], T.; Faure-dupuy, S.; Rolland, M.; Schuehle, S.; Hizir, Z.; Calderazzo, S.; Zhuang, X.; Wettengel, J.; Lopez, M.; Barnault, R ;
et al. Europe PMC Funders Group HIF1 a-mediated RelB / APOBEC3B downregulation allows Hepatitis B Virus persistence.
2021, 74, 1766-1781. https://doi.org/10.1002/hep.31902. HIF1.

Wing, P.A.C,; Liu, P.J.; Harris, ].M.; Magri, A.; Michler, T.; Zhuang, X.; Borrmann, H.; Minisini, R.; Frampton, N.R.; Wettengel,
J.M,; et al. Hypoxia inducible factors regulate hepatitis B virus replication by activating the basal core promoter. ]. Hepatol. 2021,
75, 64-73. https://doi.org/10.1016/j.jhep.2020.12.034.

Sugiyama, M.; Tanaka, Y.; Kato, T.; Orito, E.; Ito, K.; Acharya, S.K; Gish, R.G.; Kramvis, A.; Shimada, T.; Izumi, N.; et al.
Influence of hepatitis B virus genotypes on the intra- and extracellular expression of viral DNA and antigens. Hepatology 2006,
44, 915-924. https://doi.org/10.1002/hep.21345.

Matsunaga, S.; Kawakami, S.; Matsuo, I.; Okayama, A.; Tsukagoshi, H.; Kudoh, A.; Matsushima, Y.; Shimizu, H.; Okabe, N;
Hirano, H.; et al. Wheat germ cell-free system-based production of hemagglutinin-neuraminidase glycoprotein of human
parainfluenza virus type 3 for generation and characterization of monoclonal antibody. Front. Microbiol. 2014, 5, 208.
https://doi.org/10.3389/fmicb.2014.00208.

Yamaoka, Y.; Matsuyama, S.; Fukushi, S.; Matsunaga, S.; Matsushima, Y.; Kuroyama, H.; Kimura, H.; Takeda, M.; Chimuro, T.;
Ryo, A. Development of monoclonal antibody and diagnostic test for Middle East respiratory syndrome coronavirus using cell-
free synthesized nucleocapsid antigen. Front. Microbiol. 2016, 7, 509. https://doi.org/10.3389/fmicb.2016.00509.

Iwamoto, M.; Cai, D.; Sugiyama, M.; Suzuki, R.; Aizaki, H.; Ryo, A.; Ohtani, N.; Tanaka, Y.; Mizokami, M.; Wakita, T.; et al.
Functional association of cellular microtubules with viral capsid assembly supports efficient hepatitis B virus replication. Sci.
Rep. 2017, 7, 10620. https://doi.org/10.1038/s41598-017-11015-4.

Iwamoto, M.; Watashi, K.; Tsukuda, S.; Aly, H.H.; Fukasawa, M.; Fujimoto, A.; Suzuki, R.; Aizaki, H.; Ito, T.; Koiwai, O.; et al.
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. https://doi.org/10.1016/j.bbrc.2013.12.052.



Microorganisms 2022, 10, 2381 16 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Ogura, N.; Watashi, K.; Noguchi, T.; Wakita, T. Formation of covalently closed circular DNA in Hep38.7-Tet cells, a tetracycline
inducible hepatitis B virus expression cell line. Biochem. Biophys. Res. Commun. 2014, 452, 315-321.
https://doi.org/10.1016/j.bbrc.2014.08.029.

Hayer, ].; Jadeau, F.; Deléage, G.; Kay, A.; Zoulim, F.; Combet, C. HBVdb: A knowledge database for Hepatitis B Virus. Nucleic
Acids Res. 2013, 41, 566-570. https://doi.org/10.1093/nar/gks1022.

Katoh, K.; Rozewicki, J.; Yamada, K.D. MAFFT online service: Multiple sequence alignment, interactive sequence choice and
visualization. Brief. Bioinform. 2018, 20, 1160-1166. https://doi.org/10.1093/bib/bbx108.

Yang, O.0. Candidate vaccine sequences to represent intra- and inter-clade HIV-1 variation. PLoS ONE 2009, 4, e7388.
https://doi.org/10.1371/journal.pone.0007388.

Goldman, M.J.; Craft, B.; Hastie, M.; Repecka, K.; McDade, F.; Kamath, A.; Banerjee, A.; Luo, Y.; Rogers, D.; Brooks, A.N.; Zhu,
J. Visualizing and interpreting cancer genomics data via the Xena platform. Nat. Biotechnol. 2020, 38, 675-678.
https://doi.org/10.1038/s41587-020-0546-8.

Rappsilber, J.; Mann, M.; Ishihama, Y. Protocol for micro-purification, enrichment, pre-fractionation and storage of peptides for
proteomics using StageTips. Nat. Protoc. 2007, 2, 1896-1906. https://doi.org/10.1038/nprot.2007.261.

Yamai, T.; Hikita, H.; Fukuoka, M.; Fukutomi, K.; Murai, K.; Nakabori, T.; Yamada, R.; Miyakawa, K.; Watashi, K.; Ryo, A.; et
al. SIRT1 enhances hepatitis virus B transcription independent of hepatic autophagy. Biochem. Biophys. Res. Commun. 2020, 527,
64-70. https://doi.org/10.1016/j.bbrc.2020.04.031.

Sunbul, M. Hepatitis B virus genotypes: Global distribution and clinical importance. World ]. Gastroenterol. 2014, 20, 5427-5434.
https://doi.org/10.3748/wjg.v20.i118.5427.

Lin, CL.; Kao, ]J.H. Hepatitis B virus genotypes and variants. Cold Spring Harb. Perspect. Med. 2015, 5, 1-19.
https://doi.org/10.1101/cshperspect.a021436.

Van Damme, E.; Vanhove, |.; Severyn, B.; Verschueren, L.; Pauwels, F. The Hepatitis B Virus Interactome: A Comprehensive
Overview. Front. Microbiol. 2021, 12, 2581. https://doi.org/10.3389/fmicb.2021.724877.

Keller, B.O.; Sui, J.; Young, A.B.; Whittal, R.M. Interferences and contaminants encountered in modern mass spectrometry. Anal.
Chim. Acta 2008, 627, 71-81. https://doi.org/10.1016/j.aca.2008.04.043.

Lefeuvre, C.; Guillou-Guillemette, H.L.; Ducancelle, A. A pleiotropic role of the hepatitis b virus core protein in
hepatocarcinogenesis. Int. J. Mol. Sci. 2021, 22, 13651. https://doi.org/10.3390/ijms222413651.

Diab, A.; Foca, A.; Zoulim, F.; Durantel, D.; Andrisani, O. The diverse functions of the hepatitis B core/capsid protein (HBc) in
the viral life cycle: Implications for the development of HBc-targeting antivirals. Antiviral Res. 2018, 149, 211-220.
https://doi.org/10.1016/J. ANTIVIRAL.2017.11.015.

Liu, W,; Guo, T.F; Jing, Z.T.; Yang, Z.; Liu, L.; Yang, Y.P.; Lin, X.; Tong, Q.Y. Hepatitis B virus core protein promotes
hepatocarcinogenesis by enhancing Src expression and activating the Src¢/PI3K/Akt pathway. FASEB ]. 2018, 32, 3033-3046.
https://doi.org/10.1096/fj.201701144R.

Chabrolles, H.; Auclair, H.; Vegna, S.; Lahlali, T.; Pons, C.; Michelet, M.; Couté, Y.; Belmudes, L.; Chadeuf, G.; Kim, Y.; et al.
Hepatitis B virus Core protein nuclear interactome identifies SRSF10 as a host RNA-binding protein restricting HBV RNA
production. PLoS Pathog. 2020, 16, €1008593. https://doi.org/10.1371/JOURNAL.PPAT.1008593.

Genera, M.; Quioc-Salomon, B.; Nourisson, A.; Colcombet-Cazenave, B.; Haouz, A.; Mechaly, A.; Matondo, M.; Duchateau, M.;
Koénig, A.; Windisch, M.P.; et al. Molecular basis of the interaction of the human tyrosine phosphatase PTPN3 with the hepatitis
B virus core protein. Sci. Rep. 2021, 11, 944. https://doi.org/10.1038/s41598-020-79580-9.

de Rocquigny, H.; Rat, V.; Pastor, F.; Darlix, ].L.; Hourioux, C.; Roingeard, P. Phosphorylation of the arginine-rich C-terminal
domains of the hepatitis B virus (HBV) core protein as a fine regulator of the interaction between HBc and nucleic acid. Viruses
2020, 12, 738. https://doi.org/10.3390/v12070738.

Li, H.C; Huang, E.Y.; Su, P.Y.; Wu, S.Y.; Yang, C.C;; Lin, Y.S.; Chang, W.C; Shih, C. Nuclear export and import of human
hepatitis B virus capsid protein and particles. PLoS Pathog. 2010, 6, e1001162. https://doi.org/10.1371/journal.ppat.1001162.
Guidotti, L.G.; Matzke, B.; Schaller, H.; Chisari, F. V High-level hepatitis B virus replication in transgenic mice. J. Virol. 1995, 69,
6158-6169. https://doi.org/10.1128/jvi.69.10.6158-6169.1995.

Ling, X.B.; Wei, HW.; Wang, J.; Kong, Y.Q.; Wu, Y.Y.; Guo, J.L,; Li, T.F; Li, ] K. Mammalian metallothionein-2A and oxidative
stress. Int. |. Mol. Sci. 2016, 17, 1483. https://doi.org/10.3390/ijms17091483.

Xu, X.; Shi, F.; Huang, W.; Kang, Y.J. Metallothionein gene transfection reverses the phenotype of activated human hepatic
stellate cells. |. Pharmacol. Exp. Ther. 2013, 346, 48-53. https://doi.org/10.1124/jpet.113.204651.

Tang, L.; Zeng, ].; Geng, P.; Fang, C.; Wang, Y.; Sun, M.; Wang, C.; Wang, J.; Yin, P.; Hu, C.; et al. Global metabolic profiling
identifies a pivotal role of proline and hydroxyproline metabolism in supporting hypoxic response in hepatocellular carcinoma.
Clin. Cancer Res. 2018, 24, 474-485. https://doi.org/10.1158/1078-0432.CCR-17-1707.

Zheng, ].Y,; Liu, J.Y.; Zhu, T,; Liu, C,; Gao, Y.; Dai, W.T.; Zhuo, W.; Mao, X.Y.; He, B.M,; Liu, Z.Q. Effects of Glycolysis-Related
Genes on Prognosis and the Tumor Microenvironment of Hepatocellular Carcinoma. Front. Pharmacol. 2022, 13, 895608.
https://doi.org/10.3389/fphar.2022.895608.



