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Abstract: HBx, a multifunctional regulatory protein, plays an essential role in the replication and
pathogenesis of the hepatitis B virus (HBV). In this study, we found that in human hepatoma cells,
the tumor suppressor p53 downregulates HBx via ubiquitin-dependent proteasomal degradation.
p53 transcriptional activity that results from HBV infection was not essential for this effect. This was
shown by treatment with a potent p53 inhibitor, pifithrin-α. Instead, we found that p53 facilitated
the binding of E6-associated protein (E6AP), which is an E3 ligase, to HBx and induced E6AP-
mediated HBx ubiquitination in a ternary complex of p53, E6AP, and HBx. The ability of p53 to
induce E6AP-mediated downregulation of HBx and inhibit HBV replication was demonstrated
in an in vitro HBV infection system. This study may provide insights into the regulation of HBx
and HBV replication, especially with respect to p53 status, which may also help in understanding
HBV-associated tumorigenesis in patients.
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1. Introduction

Hepatitis B virus (HBV) is a major human hepatotropic pathogen that causes acute and
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma (HCC) [1,2]. As a member
of the Hepadnaviridae family, HBV encapsidates a partially double-stranded circular DNA
genome of approximately 3.2 kbp via reverse transcription of pregenomic RNA [2,3].
Among the four open reading frames, S, C, P, and X, in the HBV genome, the smallest, X,
encodes a 17 kDa regulatory protein named HBV X protein (HBx). This multifunctional
protein has attracted particular attention because it is implicated as a viral oncoprotein
in HBV-mediated HCC development [1,4]. In addition, HBx has been demonstrated to
be a positive regulator of HBV replication in several experimental systems, including
human hepatocyte chimeric mice [5], HBV-transgenic mice [6], murine hydrodynamic
injection [7], and in vitro infection models [7,8]. HBx stimulates four viral promoters to
synthesize HBV mRNA and pre-genomic RNA from a covalently closed circular DNA
template [2,9,10]. HBx also contributes to HBV replication indirectly by deregulating
cellular signaling pathways, such as the cytosolic calcium signaling pathway [11] and the
phosphatidylinositol 3-kinase/Akt pathway [12]. While our knowledge on the role of HBx
as a positive regulator of HBV replication is expanding, the underlying mechanism of HBx
regulation during HBV replication remains limited.

The ubiquitin (Ub)–proteasome system (UPS) serves as an anti-viral defense system by
facilitating degradation of viral proteins. It also acts against HBV infection, and degrades
several viral proteins, including HBx [13]. Early studies have shown that HBx is present at
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an extremely low level in patients with chronic hepatitis and HBV infection because it is
rapidly degraded by the UPS in the host cells [14,15]. Further studies have identified several
cellular proteins that limit HBV replication by downregulating HBx via UPS. Seven in
absentia homologue 1 (Siah-1), an E3 ligase, can induce Ub-dependent proteasomal degra-
dation of HBx, resulting in inhibition of HBV replication [16,17]. Additionally, inhibitors
of DNA binding-1 and the X-linked tumor suppressor TSPX interact with proteasome
subunit C8 and proteasome regulatory subunit RPN3, respectively, to decrease the stability
of HBx [18,19]. A better understanding of the HBx-UPS interaction may provide insights
into the mechanisms involved in HBV replication and viral pathogenesis.

p53 is a tumor suppressor that plays a central role in maintaining genomic integrity in
response to intracellular and extracellular mutagenic stimuli [20]. It also contributes to host
defense against viral infections [21]. The antiviral role of p53 against HBV has been proven
through ectopic expression of p53 in a cell culture-based in vitro replication system, which results
in inhibition of HBV replication [22]. Further studies have demonstrated direct interactions
between p53 and HBx both in vivo and in vitro [23,24]. E6-associated protein (E6AP) was
first identified as an E3 ligase that binds to p53, in conjunction with the E6 protein of human
papillomavirus types 16 (HPV-16) and 18, to induce its degradation [25,26]. These findings
prompted us to investigate the possible role of E6AP in the degradation of HBx by forming
a trimeric complex with p53. In this study, we investigated whether the inhibition of HBV
replication by p53 was through downregulation of HBx. We also attempted to provide
evidence supporting that E6AP is responsible for the p53-dependent ubiquitination and
proteasomal degradation of HBx. Next, we attempted to elucidate the detailed mechanism
through which E6AP induces HBx ubiquitination. Finally, we attempted to show that p53
inhibits HBV replication via the E6AP-mediated proteasomal degradation of HBx in cell
culture systems.

2. Materials and Methods
2.1. Plasmids

The plasmid pCMV-3 × HA1-HBx (HA-HBx) encodes full-length HBx (genotype
D) downstream of the three copies of the influenza virus hemagglutinin (HA) [27]. The
1.2-mer WT HBV replicon containing 1.2 units of the HBV genome (genotype D) and
its HBx-null counterpart have been described previously [28]. The plasmids pCMVT
N-HA-hE6AP encoding human HA-tagged E6AP (amino acids 262–853) and pCH110
encoding the Escherichia coli β-galactosidase (β-Gal) gene were purchased from Addgene
(Watertown, MA, USA). The plasmid RC210241, encoding the human Na+-taurocholate
cotransporting polypeptide (NTCP), was obtained from OriGene (Rockville, MD, USA).
Scrambled (SC) shRNA, E6AP shRNA, and p53 shRNA plasmids were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). For the mammalian two-hybrid assay,
the PCR fragment from pCMVT N-HA-hE6AP encoding E6AP (amino acids 262–853)
was cloned in pSG424, in-frame and downstream of Gal4 (amino acids 1–147) [29] to
generate G4-E6AP. In addition, the PCR fragment encoding HBx (amino acids 1–154) from
pCMV-3 × HA1-HBx was fused upstream of the VP16 activation domain (amino acids
423–490) in pCMV-VP16 [30] to generate HBx-VP16. The reporter G5E1b-luc contained five
copies of the GAL4 binding site upstream of a minimal E1b promoter in pGL3 (Promega,
Madison, WI, USA), as described previously [30].

2.2. Cell Culture and Transfection

The HepG2 and Hep3B cell lines were obtained from the Korean Cell Line Bank
(KCLB, Seoul, South Korea). For transient expression, 2 × 105 cells per 60 mm dish
were transfected with 2 µg of the appropriate plasmid(s) using the TurboFect transfection
reagent (Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer’s
instructions. Two stable cell lines, HepG2-NTCP and Hep3B-NTCP, were established
by transfection with RC210241, followed by selection with 500 µg·mL−1 G418 sulfate
(Sigma-Aldrich, St. Louis, MO, USA). All cells were cultured in Dulbecco’s modified
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eagle medium (DMEM, WelGENE, Gyeongsan, South Korea) supplemented with 10% fetal
bovine serum (FBS; Capricorn Scientific, Ebsdorfergrund, Germany) and 100 µg·mL−1

streptomycin (Gibco, Waltham, MA, USA). Cells were treated with cycloheximide (CHX,
Sigma-Aldrich), pifithrin-α (PFT-α, Sigma-Aldrich), or MG132 (Sigma-Aldrich) under the
indicated conditions.

2.3. HBV Cell Culture Systems

For HBV stock preparation, Hep3B-NTCP cells were transiently or stably transfected
with the 1.2-mer HBV replicon plasmid as described above. The culture supernatant
was collected for preparation of HBV stocks to determine HBV titers, as described in the
next section. HBV infection was conducted in 6-well plates at a multiplicity of genome
equivalents (GEQ) of 50 for 4 days, unless otherwise stated. Briefly, 2 × 105 cells were
inoculated with 1 × 107 GEQ of HBV and incubated for 24 h in DMEM containing 4%
polyethylene glycol 8000 (PEG 8000, Sigma-Aldrich) and 2% dimethyl sulfoxide (DMSO,
Sigma-Aldrich). After washing twice with serum-free DMEM, the cells were incubated
in DMEM supplemented with 3% FBS, 4% PEG 8000, and 2% DMSO for three days. The
culture medium was changed every 3 days, if necessary.

2.4. Quantitative Real-Time PCR of HBV DNA

The extracellular HBV titers were measured by quantitative real-time PCR (qPCR)
as described previously [31]. Briefly, HBV genomic DNA was purified from the culture
supernatant using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). For conventional
PCR analysis of HBV DNA, genomic DNA was amplified using 2× Taq PCR Master mix 1
(BioFACT, Daejeon, Korea) and a primer pair, HBV 1399F (5′-TGG TAC CTG CGC GGG
ACG TCC TT-3′) and HBV 1632R (5′-AGC TAG CGT TCA CGG TGG TCT CC-3′), as
described previously [24]. Additionally, qPCR for HBV was performed as previously
described [31]. Briefly, HBV DNA was amplified using SYBR premix Ex Taq II (Takara
Bio, Kusatsu, Japan) and a primer pair, HBV 379F (5′-GTG TCT GCG TTT TAT CA-3′)
and HBV 476R (5′-GAC AAA CGG GCA ACA TAC CTT-3′), using a Rotor Gene qPCR
machine (Qiagen).

2.5. Southern Blot Analysis of Intracellular HBV DNA

The Hirt protein-free DNA extraction procedure was used to isolate HBV DNA from
HBV-infected cells [32]. Intracellular HBV DNA was detected by Southern blot analysis
using the protocol described by Wang et al. [33] with slight modifications. Initially, HBx
DNA fragments were obtained by PCR amplification from the 1.2-mer-WT HBV replicon
using the primer pair of HBV1399F and HBV 1632R. The amplified DNA fragments were
labelled using the DIG Probe Synthesis Kit (Roche, Basel, Switzerland). Hirt-extracted
DNA was electrophoresed on a 1.2% agarose gel and transferred onto a nitrocellulose
blotting membrane (GE Healthcare Life Sciences, Buckinghamshire, UK). Pre-hybridization
was performed for 30 min at 60 ◦C in 10 mL of DIG Easy Hyb buffer (Roche) followed by
overnight hybridization at 54 ◦C in 3.5 mL of pre-warmed DIG Easy Hyb buffer (Roche)
containing 1µg of DIG-labeled HBx probe. The membrane was then washed with a
wash and block buffer (Roche). Probe-target hybrids were detected by spraying an anti-
digoxigenin-AP conjugate (Roche) and NBT/BCIP solution (Roche).

2.6. HBV e Antigen Enzyme-Linked Immunosorbent Assay

For quantitative analysis of secreted HBV e antigen (HBeAg), 30µL of culture su-
pernatant was loaded onto 96-well plates using an enzyme-linked immunosorbent as-
say (ELISA) kit designed for detection of HBeAg, following the manufacturer’s instruc-
tions (Cusabio, Houston, TX, USA). The amount of HBeAg was determined using a mi-
croplate reader by measuring the optical density of each well at 450 nm (Bio-Rad, Hercules,
CA, USA).
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2.7. Immunofluorescence Analysis

Double-label indirect immunofluorescence assay (IFA) was performed as previously
described [34]. Briefly, cells grown on coverslips were fixed in 4% formaldehyde at 20 ◦C
for 15 min and permeabilized in methanol at −20 ◦C for 10 min. The coverslips were
incubated with an appropriate polyclonal antibody and a monoclonal antibody overnight
at 4 ◦C and subsequently incubated with anti-rabbit IgG-rhodamine (Invitrogen Cat No.
31670, Waltham, MA, USA; 1:200 dilution) and anti-mouse IgG-FITC (Sigma-Aldrich
Cat No. F0257-1ML; 1:100 dilution) at room temperature for 1 h. Slides were prepared
with UltraCruz mounting medium (Santa Cruz Biotechnology) and visualized using an
Eclipse fluorescence microscope (Nikon, Tokyo, Japan). Densitometric analysis of the
immunofluorescence signal was performed using the ImageJ software (NIH, Bethesda,
MD, USA).

2.8. Luciferase Reporter Assay

Approximately 1 × 105 cells per well in 12-well plates were transfected with 0.2 µg of
a reporter plasmid along with the experimental plasmids under the indicated conditions.
To control for the variation in transfection efficiency, 0.1 µg pCH110 was co-transfected
as an internal control. Luciferase assay was performed 48 h after transfection using the
Luciferase Reporter 1000 Assay System (Promega). Luciferase activity was measured
using a microplate luminometer (LuBi; MicroDigital, Seongnam, Korea). β-gal activity
was measured using a β-gal assay kit (Thermo Fisher Scientific). Luciferase activity was
normalized to the β-gal activity measured in the corresponding cell extracts.

2.9. Western Blot Analysis

Cells were lysed in buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% SDS, and
1% NP-40) supplemented with protease inhibitors (Roche). The protein concentrations
of the cell extracts were measured using a protein assay kit (Bio-Rad). Cell extracts were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred
onto nitrocellulose blotting membranes (GE Healthcare Life Sciences). The membranes
were incubated with the respective antibodies—anti-p21 (Santa Cruz Biotechnology, Cat
No. sc-6246; 1:200 dilution), anti-p53 (Santa Cruz Biotechnology, Cat. sc-126; 1:1000
dilution), anti-p53 upregulated modulator of apoptosis (PUMA, Cell Signaling Cat No.
49765, Danvers, MA, USA; 1:1000 dilution), anti-E6AP (Thermo Scientific Cat No. PA3-843;
1:2000 dilution), anti-HA (Santa Cruz Biotechnology, Cat No. sc-7392; 1:500 dilution),
anti-hepatitis B core antigen (HBcAg; Santa Cruz Biotechnology, Cat No. sc-52406; 1:400
dilution), anti-hepatitis B surface antigen (HBsAg; Santa Cruz Biotechnology; Cat No.
sc-53300; 1:500 dilution), anti-NTCP (Santa Cruz Biotechnology Cat No. sc-518115; 1:500
dilution), anti-Siah-1 (Abcam, Cat No. ab2237, Cambridge, UK; 1:2000 dilution), anti-Ub
(Santa Cruz Biotechnology, Cat No. sc-9133; 1:500 dilution), anti-γ-tubulin (Santa Cruz
Biotechnology, Cat. sc-17787; 1:500 dilution), or anti-HBx (Millipore Cat No. MAB8419,
Burlington, MA, USA; 1:500 dilution)—and subsequently with a horseradish peroxidase-
conjugated anti-mouse secondary antibody (Bio-Rad, Cat No. BR170-6516; 1:3000 dilution),
anti-rabbit IgG (H + L)-HRP (Bio-Rad, Cat No. BR170-6515; 1:3000 dilution), or anti-goat
IgG (H + L)-HRP (Thermo Scientific Cat No. 31400; 1:10,000 dilution). Protein bands were
detected using an ECL kit (Advansta, San Jose, CA, USA) and ChemiDoc XRS imaging
system (Bio-Rad).

2.10. Immunoprecipitation

An immunoprecipitation (IP) assay was performed using a classic magnetic IP/Co-
IP assay kit (Thermo Scientific) according to the manufacturer’s specifications. Briefly,
1 × 106 cells per 100 mm diameter plate were transiently transfected with the indicated
amounts of eukaryotic expression plasmids encoding HBx, E6AP, p53, or Ub for 48 h. Whole
cell lysates (900 µg) were incubated with anti-HBx antibody (Millipore Cat No. MAB8419;
Burlington, MA, USA; 2 µg/mL) overnight at 4 ◦C to allow formation of immune complexes.
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After intensive washing, the immune complexes were harvested with Protein A/G magnetic
beads (0.25 mg) by incubation for 1 h while mixing. The beads were then collected using a
magnetic stand (Pierce, Waltham, MA, USA), and the eluted antigen/antibody complexes
were subjected to Western blotting using an anti-HA antibody.

2.11. Statistical Analysis

Values indicate the mean ± standard deviation (SD) from at least three independent
experiments. A two-tailed Student’s t-test was used for all statistical analyses. Differences
were considered statistically significant at p ≤ 0.05.

3. Results
3.1. p53 Inhibits HBV Replication in Human Hepatoma Cells

Two human liver cancer cell lines, HepG2 and Hep3B, are frequently used as ex-
perimental models for in vitro studies on HBV-related molecular mechanisms [27,35,36].
HepG2 cells, but not Hep3B cells, express wild-type (WT) p53, which provides a unique
platform for parallel comparisons of the roles of p53 [35,37]. Therefore, we investigated the
effect of p53 on HBV replication by comparing viral replication in these two cell lines. For
this purpose, we employed an in vitro HBV infection system using HBV particles derived
from a 1.2-mer HBV replicon [28,38]. Western blot analysis of viral proteins in the cell
lysates (Figure 1A,B), and measurement of virus particles in the culture medium by qPCR
(Figure 1C,D) and HBeAg by ELISA (Figure 1E,F) confirmed the dose- and time-dependent
replication of HBV in HepG2-NTCP and Hep3B-NTCP cells, both of which stably express
the HBV receptor NTCP [38,39]. The infected cells synthesized three different forms of
HBsAg, that is, large (L)-, middle (M)-, and small (S)-HBsAg, each of which was composed
of polypeptides of diverse sizes (Figure 1A,B), due to differences in glycosylation patterns
of the S and PreS2 domains [40]. Additionally, Western blotting detected small amounts of
HBsAg derived from the integrated HBV genome [37,41] in the cell lysates of uninfected
Hep3B-NTCP cells (Figure 1A,B), whereas both qPCR and ELISA failed to detect evidence
of HBV replication in these cells (Figure 1C–F). Both the dose- and time-dependent infection
experiments clearly showed that the levels of intracellular HBV proteins, including HBx and
three different forms of HBsAg, were higher in Hep3B-NTCP cells than in HepG2-NTCP
cells (Figure 1A,B). In addition, the levels of extracellular virions and HBeAg released
from Hep3B-NTCP cells were significantly higher than those released from HepG2-NTCP
cells (Figure 1C–F). These results suggest that p53 inhibits HBV replication in human
hepatoma cells.

Besides p53 status, HepG2 and Hep3B cells exhibit several other differences, including
ethnic origins, distinct chromosome aberrations, HBV DNA integration, and tumorigenic-
ity [35,37], which may affect HBV replication in these two cell lines. This was addressed
by measuring HBV replication in HepG2-NTCP cells after p53 knockdown and in Hep3B-
NTCP cells after ectopic p53 expression. p53 knockdown stimulated HBV replication in
HepG2-NTCP cells, as demonstrated by the elevated levels of intracellular HBV proteins
and cccDNA in the cell lysates, and extracellular HBV virions and HBeAg in the culture
supernatants (Figure 2A–D). Additionally, ectopic p53 expression inhibited HBV replication
in Hep3B-NTCP cells, as evidenced by the lowered levels of intracellular HBV proteins and
cccDNA in the cell lysates, and extracellular virions and HBeAg in the culture supernatants
(Figure 2A–D). Ectopic p53 expression inhibited HBV replication in HepG2-NTCP cells
(Figure 3A,B). Taken together, we concluded that p53 inhibits HBV replication in human
hepatoma cells.



Viruses 2022, 14, 2313 6 of 21

Viruses 2022, 14, x FOR PEER REVIEW 6 of 21 
 

 

NTCP cells (Figure 3A,B). Taken together, we concluded that p53 inhibits HBV replication 

in human hepatoma cells. 

 

 

Figure 1. HBV replication is impaired in p53-positive human hepatoma cells. (A) HepG2-NTCP and 

Hep3B-NTCP cells were infected with HBV at the indicated genome equivalent (GEQ) per cell for 4 

days. Levels of HBx and three HBV envelope proteins, large hepatitis B surface antigen (L-HBsAg), 

middle HBsAg (M-HBsAg), and small HBsAg (S-HBsAg) in cell lysates were measured by Western 

blotting. The levels of p53, Na+-taurocholate cotransporting polypeptide (NTCP), and γ-tubulin 

were also determined. (B) HepG2-NTCP and Hep3B-NTCP cells were infected with HBV at 50 

GEQ/cell as in (A), followed by Western blotting at 0, 4, and 7 days post-infection (dpi). (C) Levels 

of HBV particles in cell supernatants prepared in (A) were determined by quantitative real-time 

PCR (qPCR) (n = 7). (D) The levels of HBV particles in cell supernatants prepared in (B) were deter-

mined by qPCR (n = 6). (E) The levels of HBeAg in cell supernatants prepared in (A) were measured 

by ELISA (n = 4). (F) The levels of HBeAg in cell supernatants prepared in (B) were measured by 

ELISA (n = 4). 

3.2. p53 Transcriptional Activity Is Not Essential for the Inhibition of HBV Replication 

As demonstrated in previous reports, HBV infection upregulated p53 in HepG2-

NTCP cells (Figure 1A,B) [17, 36]. HBV infection also upregulated two representative p53 

targets, p21 and PUMA, in HepG2-NTCP cells (Figure 3A). Ectopic p53 expression further 

elevated p21 and PUMA levels in HBV-infected HepG2-NTCP cells (Figure 3A). There-

fore, it can be hypothesized that p53 inhibits HBV replication through the transcriptional 

activation of genes involved in cell cycle arrest and apoptotic cell death, such as p21 and 

Figure 1. HBV replication is impaired in p53-positive human hepatoma cells. (A) HepG2-NTCP and
Hep3B-NTCP cells were infected with HBV at the indicated genome equivalent (GEQ) per cell for 4
days. Levels of HBx and three HBV envelope proteins, large hepatitis B surface antigen (L-HBsAg),
middle HBsAg (M-HBsAg), and small HBsAg (S-HBsAg) in cell lysates were measured by Western
blotting. The levels of p53, Na+-taurocholate cotransporting polypeptide (NTCP), and γ-tubulin were
also determined. (B) HepG2-NTCP and Hep3B-NTCP cells were infected with HBV at 50 GEQ/cell
as in (A), followed by Western blotting at 0, 4, and 7 days post-infection (dpi). (C) Levels of HBV
particles in cell supernatants prepared in (A) were determined by quantitative real-time PCR (qPCR)
(n = 7). (D) The levels of HBV particles in cell supernatants prepared in (B) were determined by qPCR
(n = 6). (E) The levels of HBeAg in cell supernatants prepared in (A) were measured by ELISA (n = 4).
(F) The levels of HBeAg in cell supernatants prepared in (B) were measured by ELISA (n = 4).



Viruses 2022, 14, 2313 7 of 21

Viruses 2022, 14, x FOR PEER REVIEW 7 of 21 
 

 

PUMA, respectively. To test this hypothesis, we employed a specific p53 inhibitor, 

pifithrin-α (PFT-α), which prevents the transactivation of p53-responsive genes and thus 

suppresses p53-dependent apoptosis [42]. Treatment with PFT-α resulted in a dramatic 

decrease in the levels of p21 and PUMA in HepG2-NTCP cells, irrespective of whether 

they were infected with HBV or not, and thus, almost completely abolished the effects of 

HBV infection and ectopic p53 expression on p21 and PUMA levels (Figure 3A). Treat-

ment with PFT-α unexpectedly decreased the levels of p21 and PUMA in the absence of 

p53 (Figure 3B), which has been demonstrated in a previous report [43]. Additionally, 

PFT-α almost completely abolished the potential of ectopic p53 expression to upregulate 

p21 and PUMA in Hep3B-NTCP cells (Figure 3C). These results indicated that PFT-α ef-

fectively inhibited p53 transcriptional activity under our experimental conditions. 

 

Figure 2. p53 inhibits HBV replication in human hepatoma cells. HepG2-NTCP and Hep3B-NTCP 

cells were transfected with the indicated amounts of scrambled (SC) shRNA, p53 shRNA, or p53 

expression plasmid for 24 h, and then either mock-infected or infected with HBV at 50 GEQ/cell for 

4 days. (A) Levels of the indicated proteins in cell lysates were measured by Western blotting. (B) 

Southern blotting was performed to detect HBV DNA extracted from the infected cells using the 

Hirt method. (C) The levels of HBeAg released from infected cells were measured by ELISA (n = 4). 

(D) Levels of HBV particles released from infected cells were determined by conventional PCR and 

qPCR (n = 6). 

As demonstrated by the elevated levels of intracellular HBx and HBsAg in the cell 

lysates and extracellular HBeAg in the culture supernatants (Figure 3A,B), treatment with 

PFT-α resulted in an increase in HBV replication in HepG2-NTCP cells both in the pres-

ence and absence of exogenous p53. Similarly, PFT-α stimulated HBV replication in 

Hep3B-NTCP cells in the presence of exogenous p53, but not in the absence of p53 (Figure 

3C,D). These results indicated that p53 transcriptional activity plays a role in the inhibition 

of HBV replication in human hepatoma cells. Interestingly, ectopic p53 expression effec-

tively inhibited HBV replication in both HepG2-NTCP and Hep3B-NTCP cells in the pres-

ence of PFT-α, as demonstrated by the lowered levels of intracellular HBx and HBsAg in 

the cell lysates and extracellular HBeAg in the culture supernatants (Figure 3A–D). These 

Figure 2. p53 inhibits HBV replication in human hepatoma cells. HepG2-NTCP and Hep3B-NTCP
cells were transfected with the indicated amounts of scrambled (SC) shRNA, p53 shRNA, or p53
expression plasmid for 24 h, and then either mock-infected or infected with HBV at 50 GEQ/cell
for 4 days. (A) Levels of the indicated proteins in cell lysates were measured by Western blotting.
(B) Southern blotting was performed to detect HBV DNA extracted from the infected cells using the
Hirt method. (C) The levels of HBeAg released from infected cells were measured by ELISA (n = 4).
(D) Levels of HBV particles released from infected cells were determined by conventional PCR and
qPCR (n = 6).

3.2. p53 Transcriptional Activity Is Not Essential for the Inhibition of HBV Replication

As demonstrated in previous reports, HBV infection upregulated p53 in HepG2-NTCP
cells (Figure 1A,B) [17,36]. HBV infection also upregulated two representative p53 targets,
p21 and PUMA, in HepG2-NTCP cells (Figure 3A). Ectopic p53 expression further elevated
p21 and PUMA levels in HBV-infected HepG2-NTCP cells (Figure 3A). Therefore, it can
be hypothesized that p53 inhibits HBV replication through the transcriptional activation
of genes involved in cell cycle arrest and apoptotic cell death, such as p21 and PUMA,
respectively. To test this hypothesis, we employed a specific p53 inhibitor, pifithrin-α
(PFT-α), which prevents the transactivation of p53-responsive genes and thus suppresses
p53-dependent apoptosis [42]. Treatment with PFT-α resulted in a dramatic decrease in
the levels of p21 and PUMA in HepG2-NTCP cells, irrespective of whether they were
infected with HBV or not, and thus, almost completely abolished the effects of HBV
infection and ectopic p53 expression on p21 and PUMA levels (Figure 3A). Treatment
with PFT-α unexpectedly decreased the levels of p21 and PUMA in the absence of p53
(Figure 3B), which has been demonstrated in a previous report [43]. Additionally, PFT-α
almost completely abolished the potential of ectopic p53 expression to upregulate p21 and
PUMA in Hep3B-NTCP cells (Figure 3C). These results indicated that PFT-α effectively
inhibited p53 transcriptional activity under our experimental conditions.
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Figure 3. p53 transcriptional activity is not essential for inhibition of HBV replication. (A,B) HepG2-
NTCP and Hep3B-NTCP cells were transfected with either an empty vector or p53 expression plasmid
for 24 h and either mock-infected or infected with HBV at 50 GEQ/cell for 4 days in the presence or
absence of pifithrin-alpha (PFT-α), followed by Western blotting. (B) Levels of HBeAg released from
the cells prepared in (A) were measured by ELISA (n = 4). (D) The levels of HBeAg released from the
cells prepared in (C) were measured by ELISA (n = 5).

As demonstrated by the elevated levels of intracellular HBx and HBsAg in the cell
lysates and extracellular HBeAg in the culture supernatants (Figure 3A,B), treatment with
PFT-α resulted in an increase in HBV replication in HepG2-NTCP cells both in the presence
and absence of exogenous p53. Similarly, PFT-α stimulated HBV replication in Hep3B-
NTCP cells in the presence of exogenous p53, but not in the absence of p53 (Figure 3C,D).
These results indicated that p53 transcriptional activity plays a role in the inhibition of
HBV replication in human hepatoma cells. Interestingly, ectopic p53 expression effectively
inhibited HBV replication in both HepG2-NTCP and Hep3B-NTCP cells in the presence of
PFT-α, as demonstrated by the lowered levels of intracellular HBx and HBsAg in the cell
lysates and extracellular HBeAg in the culture supernatants (Figure 3A–D). These results
indicate that p53 transcriptional activity is implicated in, but not essential for, inhibition of
HBV replication in human hepatoma cells.

3.3. p53 Prevents HBx from Stimulating HBV Replication in Human Hepatoma Cells

Next, we investigated the mechanism of p53-mediatied inhibition of HBV replication
in human hepatoma cells. We first compared the replication of WT HBV and HBx-null HBV
in HepG2-NTCP and Hep3B-NTCP cells to assess the possible role of HBx in p53-mediated
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inhibition of HBV replication. Consistent with previous reports demonstrating the role
of HBx as a positive regulator of HBV replication [7,8], infection with WT HBV produced
higher levels of intracellular HBcAg, M-HBsAg, and extracellular viral particles in both
cell lines (Figure 4A,B). Interestingly, the fold difference in levels of extracellular virus
particle between WT HBV-transfected and HBx-null HBV-transfected Hep3B-NTCP cells
(55.5-fold) was over five times higher than that in HepG2-NTCP cells (9.9-fold) (Figure 4B).
In addition, the fold difference of viral particles between WT HBV-transfected HepG2-
NTCP and Hep3B-NTCP cells (10.1-fold) was over five times higher than that between the
two HBx-null HBV-transfected cells (1.8-fold). These results suggest that p53 inhibits HBV
replication by preventing HBx from stimulating HBV replication in human hepatoma cells.
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Figure 4. p53 prevents HBx from stimulating HBV replication in human hepatoma cells. (A) HepG2-
NTCP and Hep3B-NTCP cells were either mock-infected or infected with WT HBV or HBx-null HBV
at 50 GEQ/cell for four days, followed by Western blotting. (B) Levels of HBV particles released from
the cells prepared in (A) were determined by qPCR (n = 7). (C) HepG2-NTCP and Hep3B-NTCP
cells were transfected with either an empty vector or HBx expression plasmid for 24 h and either
mock-infected or infected with HBx-null HBV at 50 GEQ/cell for four days, followed by Western
blotting. (D) Levels of HBV particles released from the cells prepared in (C) were determined by
qPCR (n = 5).

To prove the possible role of HBx in p53-mediated inhibition of HBV replication, we
attempted to supplement HBx through ectopic expression during HBx-null HBV infection
in HepG2-NTCP and Hep3B-NTCP cells. Ectopic HBx expression stimulated the replication
of HBx-null HBV in both HepG2-NTCP and Hep3B-NTCP cells, as evidenced by an increase
in the levels of intracellular viral proteins and extracellular virus particles. This effect was
more dramatic in Hep3B-NTCP cells (Figure 4C,D). Ectopic HBx expression induced a
23.9-fold increase in the level of extracellular HBx-null HBV particles in Hep3B-NTCP cells.
This effect was only approximately 4.9-fold in HepG2-NTCP cells (Figure 4D). Additionally,
the potential of p53 to inhibit HBx-null HBV replication was much higher in the presence of
ectopic HBx, as demonstrated by the fold difference in the levels of HBx-null HBV particles
between Hep3B-NTCP cells and HepG2-NTCP in the presence and absence of ectopic HBx
(8.5-fold and 1.7-fold, respectively). Therefore, we conclude that HBx plays a role in the
p53-mediated inhibition of HBV replication in human hepatoma cells.

3.4. p53 Downregulates HBx to Inhibit HBV Replication in Human Hepatoma Cells

To explore the possible mechanism by which p53 prevents HBx from stimulating
HBV replication, we examined whether p53 affects HBx levels in human hepatoma cells.
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Higher levels of HBx were consistently detected during HBV infection in Hep3B-NTCP cells
than in HepG2-NTCP cells under all infection conditions (Figure 1A,B). Additionally, p53
knockdown upregulated HBx during HBV infection in HepG2-NTCP cells, while ectopic
p53 expression downregulated HBx during HBV infection in Hep3B-NTCP cells (Figure 2A),
suggesting that p53 downregulates HBx to inhibit HBV replication in human hepatoma
cells. However, it is possible to argue that downregulation of HBx is not a cause, but a result
of p53-mediated inhibition of HBV replication. To address this, we examined whether
p53 downregulated HBx expression in human hepatoma cells. Ectopic HBx expression
consistently resulted in higher levels of HBx in Hep3B cells than in HepG2 cells (Figure 5A).
According to data from IFA, a stronger HBx signal was primarily detected in the cytoplasm
of Hep3B cells than those of HepG2 cells, where p53 was detected in the nucleus (Figure 5B).
In addition, p53 knockdown upregulated HBx in HepG2 cells, while ectopic p53 expression
downregulated HBx in Hep3B cells (Figure 5C). Ectopic p53 expression also weakened the
HBx signal in the cytoplasm of Hep3B cells (Figure 5D). Based on these observations, we
conclude that p53 downregulates HBx in human hepatoma cells.

3.5. p53 Induces Ubiquitination and Proteasomal Degradation of HBx

Previous reports have demonstrated that HBx levels are primarily regulated by the
UPS [17,44]. Therefore, we first examined whether p53 decreased the stability of HBx in
human hepatoma cells. Hep3B cells expressing HBx, with or without exogenous p53, were
treated with CHX to block further protein synthesis, while increasing the levels of HBx,
p53, and γ-tubulin in these cells (Figure 6A). HBx is a fairly stable protein in Hep3B cells,
with a half-life (t1/2) of 115.1 min. Ectopic p53 expression reduced the t1/2 value of HBx to
63.2 min, indicating that p53 destabilizes HBx in human hepatoma cells. Treatment with
PFT-α did not lead to a detectable change in HBx stability in the absence of p53, but resulted
in an 11.8% increase in HBx stability in the presence of p53 (Figure 3A), suggesting that
p53 transcriptional activity is involved, at least in part, in the destabilization of HBx. These
results were consistent with the HBx levels detected during HBV infection in Hep3B-NTCP
cells in the presence and absence of PFT-α (Figure 3C). Interestingly, p53 induced a 38.8%
reduction in the t1/2 value of HBx in the presence of PFT-α, which was slightly lower than
the effect (45.1% reduction) obtained in the absence of PFT-α (Figure 6A), indicating that
p53 transcriptional activity is not required for the HBx destabilization process. Based on
these observations, we conclude that p53 downregulates HBx by decreasing its protein
stability through two different mechanisms—one dependent on the p53 transcriptional
activity, and one independent of it.
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Figure 5. p53 downregulates HBx expression in human hepatoma cells. (A) HepG2 and Hep3B
cells were transiently transfected with increasing concentrations of HBx expression plasmid for 48
h, followed by Western blotting. Each band was quantified using ImageJ image analysis software
(NIH, Bethesda, MD, USA), and the values indicate the levels of HBx relative to the loading control
(γ-tubulin). (B) An equal number of HepG2 and Hep3B cells grown on coverslips were transiently
transfected with HBx expression plasmid for 48 h. Cells were fixed, incubated with anti-HBx
monoclonal and anti-p53 polyclonal antibodies, and then incubated with anti-mouse IgG-FITC and
anti-rabbit IgG-rhodamine antibodies to visualize HBx (green) and p53 (red), respectively. Nuclei
(blue) were stained with 4′, 6-diamidino-2-phenylindole (DAPI). Representative images are shown.
Hep3B cells expressing HBx are shown as straight arrows, whereas one HepG2 cell expressing both
HBx and p53 is indicated with a broken arrow. The fluorescence intensity was analyzed using ImageJ
image analysis software (n = 3). Scale bar = 50 µm. (C) HepG2 and Hep3B cells were transiently
transfected with the HBx expression plasmid along with SC shRNA, p53 shRNA, or p53 expression
plasmid for 48 h, followed by Western blotting. (D) Hep3B cells were co-transfected with HBx and
p53 expression plasmids for 48 h. Cells were subjected to double-label indirect immunofluorescence
assays as described in (B) to visualize HBx (green) and p53 (red). Hep3B cells expressing HBx are
shown with straight arrows, whereas cells expressing both HBx and p53 are indicated by broken
arrows. The fluorescence intensity was analyzed using ImageJ image analysis software (n = 3). Scale
bar = 50 µm.
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Figure 6. p53 induces ubiquitin-dependent proteasomal degradation of HBx. (A) Hep3B cells were
transfected with HBx expression plasmid along with either an empty vector or p53 expression
plasmids for 48 h in the presence or absence of 30 µM PFT and treated with 50 µM cycloheximide
(CHX) for the indicated time before harvesting and Western blotting. The levels of HBx and γ-tubulin
were quantified, as described in Figure 5A, to determine the half-life (t1/2) of HBx. (B) Hep3B cells
were transfected with HBx and HA-Ub expression plasmids along with either an empty vector or p53
expression plasmids for 48 h in the presence or absence of 30 µM PFT-α. Total HBx protein in cell
lysates was immunoprecipitated with an anti-HBx antibody and subjected to Western blotting using
anti-p53, anti-E6AP, anti-Siah-1, anti-HBx, and anti-HA antibodies to detect p53, E6AP, Siah-1, HBx,
and HA-Ub-complexed HBx, respectively. The input shows the levels of the indicated proteins in
the cell lysates. (C) Each band in (B) was quantified as described in Figure 5A, and the values show
the levels of each protein relative to γ-tubulin in the cell lysates (left) and the levels of each protein
relative to IgG in the immunoprecipitates (right).
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Having established that p53 decreases the stability of HBx, we investigated whether
p53 induces ubiquitination of HBx in human hepatoma cells. For this purpose, we intro-
duced HBx and HA-tagged Ub into Hep3B cells with and without p53 and immunopre-
cipitated HBx in cell lysates. According to the results of the co-immunoprecipitation, HBx
was ubiquitinated in Hep3B cells in the absence of p53, as demonstrated by a major band
and smeared multiple bands of Ub(n)-HBx (Figure 6B, lane 2). Ectopic p53 expression
increased the levels of ubiquitinated HBx, resulting in a decrease in HBx levels in cell
lysates (Figure 6B,C, lane 3), indicating that p53 induces ubiquitination and proteasomal
degradation of HBx in human hepatoma cells. PFT-α treatment had a minimal effect on
HBx ubiquitination in the presence and absence of p53 (Figure 6B,C, lanes 2, 3, 5, and
6). Therefore, ectopic p53 expression could induce ubiquitination of HBx in the presence
of PFT-α (Figure 6B,C, lanes 5 and 6), indicating that p53 transcriptional activity is not
essential for ubiquitination of HBx in human hepatoma cells.

To further explore the mechanism responsible for p53-induced ubiquitination of HBx,
we first compared the binding affinities of two E3 ligases, Siah-1 and E6AP, to HBx in the
presence and absence of p53 in Hep3B cells. Ectopic p53 expression upregulated Siah-1
in Hep3B cells expressing HBx in the absence of PFT-α but not in the presence of PFT-α
(Figure 4B, lanes 3 and 6), indicating that p53 transcriptionally activates Siah-1 expression in
the presence of HBx. This has also been demonstrated in a previous report [17]. In contrast,
ectopic p53 expression downregulated E6AP in the absence of PFT-α, however the effect
was largely diminished in the presence of PFT-α (Figure 6B,C, lanes 3 and 6), indicating
that the ability of p53 to downregulate E6AP in the presence of HBx also depends on the
transcriptional activity of p53. According to the co-IP data, ectopic p53 expression increased
the amount of Siah-1 and E6AP bound to HBx (Figure 6B,C, lane 3), suggesting that both
Siah-1 and E6AP contribute to the p53-induced ubiquitination of HBx. Considering the
lower E6AP levels in the cell lysates, increased E6AP binding to HBx in the presence of
p53 suggests a possible role for p53 in the interaction between E6AP and HBx. Treatment
with PFT-α almost completely abolished the potential of p53 to upregulate Siah-1 in the cell
lysates and the amount of Siah-1 bound to HBx (Figure 6B,C, lane 6), indicating that Siah-1-
mediated HBx ubiquitination depends on p53 transcriptional activity. In contrast, treatment
with PFT-α upregulated both E6AP in the cell lysates and the amount of E6AP bound to
HBx in the presence of p53 (Figure 6B,C, lane 6), suggesting that the interaction between
E6AP and HBx does not require p53 transcriptional activity. Taken together, we conclude
that although both E6AP and Siah-1 are implicated in the p53-induced ubiquitination of
HBx, E6AP plays a more critical role during ubiquitination of HBx through a mechanism
that does not require p53 transcriptional activity.

3.6. E6AP Is Responsible for the p53-Induced Ubiquitination of HBx

Since it has been established that p53 activates Siah-1 expression at the transcriptional
level to induce ubiquitination of HBx [16,17], we focused on the p53-dependent E6AP-
mediated downregulation of HBx. To confirm that E6AP is responsible for p53-induced
downregulation of HBx, we examined whether E6AP overexpression or knockdown affects
HBx levels in the presence and absence of p53. Ectopic E6AP expression downregulated
HBx, while E6AP knockdown upregulated HBx in HepG2 cells (Figure 7A). In contrast,
neither ectopic E6AP expression nor E6AP knockdown induced recognizable changes in
HBx levels in Hep3B cells (Figure 7B). IFA data also clearly showed that ectopic E6AP
expression downregulated HBx in the presence of p53, but not in the absence of p53
(Figure 7C). The Pearson correlation coefficients showed an inverse correlation between
HBx and E6AP in HepG2 cells, but not in Hep3B cells (Figure 7D). Additionally, both
ectopic E6AP expression and E6AP knockdown affected HBx levels in Hep3B cells in the
presence of p53 (Figure 7E), similar to that in HepG2 cells (Figure 7A). Therefore, we
conclude that E6AP is responsible for the p53-induced downregulation of HBx in human
hepatoma cells.
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Figure 7. E6AP is responsible for the p53-mediated downregulation of HBx in human hepatoma cells.
(A,B,E) HepG2 and Hep3B cells were transiently transfected with the HBx expression plasmid along
with the indicated plasmids for 48 h, followed by Western blotting. HBx levels were quantified as
described in Figure 5A. (C) HepG2 and Hep3B cells grown on coverslips were co-transfected with HBx
and E6AP expression plasmids for 48 h and processed for double-label indirect immunofluorescence,
as shown in Figure 5B, to visualize E6AP (green) and HBx proteins (red). A representative cell
expressing both HBx and exogenous E6AP is indicated by the broken arrow, whereas a cell expressing
HBx alone is indicated by the straight arrow. The fluorescence intensity was analyzed using ImageJ
image analysis software (n = 3). Scale bar = 50 µm. (D) Pearson’s correlation coefficient was calculated
to demonstrate an inverse correlation between HBx and E6AP in the presence of p53 as in (A) or
absence of p53 as in (B) (n = 3).

To examine whether E6AP decreases the stability of HBx protein in a p53-dependent
manner, we treated HepG2 and Hep3B cells expressing HBx with or without exogenous
E6AP with CHX and analyzed the HBx and γ-tubulin levels in these cells. The t1/2 value of
HBx in HepG2 and Hep3B cells was 78.1 min and 138.6 min, respectively (Figure 8A), which
was consistent with HBx levels in these cell lines (Figure 1A). Ectopic E6AP expression
resulted in a 56.8% decrease in HBx stability in HepG2 cells (t1/2 = 33.7 min), while it caused
a 3.2% decrease in Hep3B cells (t1/2 = 134.1 min). In contrast, ectopic E6AP expression led to
a 76.2% decrease in HBx stability in Hep3B cells expressing exogenous p53 (t1/2 = 32.9 min),
suggesting that E6AP decreased the stability of HBx protein in a p53-dependent manner.
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Figure 8. p53 induces E6AP-mediated ubiquitination and proteasomal degradation of HBx.
(A) HepG2 and Hep3B cells were transfected with HBx, E6AP, and p53 expression plasmids for
48 h as described in (B) and treated with 50 µM CHX for the indicated time before harvesting. The
levels of HBx and γ-tubulin were quantified, as described in Figure 5A, to determine the t1/2 value
of HBx. (B) HepG2 and Hep3B cells were transfected with HBx expression plasmid along with the
indicated plasmids for 48 h and then treated with 10µM MG132 for 4 h before harvesting. Total
HBx protein in the cell lysates was immunoprecipitated with an anti-HBx antibody and subjected to
Western blotting using anti-p53, anti-E6AP, anti-HBx, and anti-HA antibodies to detect p53, E6AP,
HBx, and HA-Ub-complexed HBx, respectively. The input shows the levels of the indicated proteins
in the cell lysates. (C) Hep3B cells were transfected with the HBx expression plasmid along with
either an empty vector or p53 expression plasmid for 48 h and then treated with 10µM MG132 for
4 h before harvesting. E6AP and HBx in cell lysates were immunoprecipitated with anti-E6AP and
HBx antibodies, respectively. Western blotting was performed to detect HBx, E6AP, and p53 in the
immunoprecipitates and cell lysates. (D) For mammalian two-hybrid assays, HepG2 and Hep3B
cells were transfected with G5E1b-luc, pSG424-E6AP (G4-E6AP), and pCMV HBx-VP16 (HBx-VP16),
along with SC shRNA, p53 shRNA, or p53 expression plasmid for 48 h, followed by a luciferase assay.
The values indicate the relative luciferase activity compared with the basal level of the control (n = 5).
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3.7. p53 and E6AP Help Each Other in Binding to HBx in Human Hepatoma Cells

We investigated how E6AP induced p53-dependent HBx ubiquitination. In the pres-
ence of the proteasome inhibitor MG132, ectopic E6AP expression minimally affected
total p53 and HBx levels in HepG2 and Hep3B cells (Figure 8B). Ectopic E6AP expression
substantially increased the amount of E6AP bound to HBx in HepG2 cells, resulting in
a dramatic increase in HBx ubiquitination (Figure 8B, Lane 3). However, ectopic E6AP
expression barely managed to add a small amount of E6AP to HBx in Hep3B cells, result-
ing in minimal effect on HBx ubiquitination (Figure 8B, lane 6). Ectopic p53 expression
facilitated the binding of E6AP to HBx in Hep3B cells, resulting in a dramatic increase in
HBx ubiquitination (Figure 8B,C). Interestingly, ectopic E6AP expression also increased the
amount of p53 bound to HBx in HepG2 cells (Figure 8B, lane 3), suggesting that p53 and
E6AP help each other bind to HBx in human hepatoma cells.

The role of p53 in the binding of E6AP to HBx was further investigated using a mam-
malian two-hybrid assay with the reporter plasmid G5E1b-luc, which contains five copies
of GAL4 binding site [30]. High reporter gene activity from G5E1b-luc was observed when
both G4-E6AP and HBx-VP16 were included in the HepG2 cells because of the interaction
between E6AP and HBx (Figure 8D, column 3). The interaction between E6AP and HBx in
the absence of p53 also induced a significantly higher reporter activity from G5E1b-luc in
Hep3B cells, although the strength was much lower than that in HepG2 cells (Figure 8D,
columns 3 and 8). Consistent with the data obtained from the co-immunoprecipitation
(Figure 8B,C), p53 knockdown decreased the luciferase activity in HepG2 cells, while ec-
topic p53 expression increased the luciferase activity in Hep3B cells (Figure 8D), suggesting
that E6AP and HBx can interact with a much higher affinity with the aid of p53.

3.8. p53 Inhibits HBV Replication by Downregulating HBx via E6AP-Mediated
Proteasomal Degradation

Finally, we investigated whether p53 inhibits HBV replication via the E6AP-mediated
downregulation of HBx. Ectopic E6AP expression downregulated HBx during HBV in-
fection, resulting in the inhibition of viral replication, as demonstrated by a decrease in
intracellular HBcAg and HBsAg levels and extracellular HBV particles in HepG2-NTCP
cells, whereas none of these effects were observed in Hep3B-NTCP cells (Figure 9A,B).
Additionally, ectopic p53 expression was sufficient to restore the ability of E6AP to down-
regulate HBx and inhibit HBV replication in Hep3B cells (Figure 9A,B). Moreover, E6AP
minimally affected the replication of HBx-null HBV in HepG2-NTCP cells, as demonstrated
by the effects of ectopic E6AP expression on the levels of intracellular viral proteins and ex-
tracellular HBV particles (Figure 9C,D). Taken together, we concluded that p53 inhibits HBV
replication by downregulating HBx via E6AP-mediated ubiquitination and proteasomal
degradation in human hepatoma cells.
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Figure 9. p53 inhibits HBV replication via the E6AP-mediated proteasomal degradation of HBx.
(A) HepG2-NTCP and Hep3B-NTCP cells were transfected with the indicated amounts of E6AP and
p53 expression plasmids for 24 h and either mock-infected or infected with HBV at 50 GEQ/cell
for an additional 4 days. (B) Levels of HBV particles released from the cells prepared in (A) were
determined by qPCR (n = 5). (C) HepG2-NTCP cells were transfected with an empty vector or E6AP
expression plasmid for 24 h and either mock-infected or infected with HBx-null HBV at 50 GEQ/cell
for an additional four days. (D) Levels of HBV particles released from the cells prepared in (C) were
determined by qPCR (n = 5).

4. Discussion

p53 plays a central role in maintaining genomic integrity in response to intracellular
and extracellular mutagenic stimuli [20]. The role of p53 as the guardian of the genome
contributes to the host defense system against viral infections [21]. For example, p53
often induces G1 arrest in response to viral infection to inactivate cellular DNA synthesis
machinery, causing abortive infection. Thus, several DNA viruses have evolved various
strategies to inactivate or degrade p53 for genome replication, providing a potent oncogenic
mechanism for DNA tumor viruses [45]. p53-mediated apoptosis also provides a powerful
means of preventing the spread of infectious viruses from infected cells [46]. p53 can
also directly induce antiviral immune responses by activating the expression of innate
immunity-related genes, such as IRF9, TRL3, ISG15, and MCP-1 [47–50]. Moreover, p53 may
directly inhibit HBV replication by inhibiting transcription from the HBV core promoter
and enhancers [51,52]. Therefore, it was not surprising to observe that absence of p53
results in increased levels of HBV replication in HBV infection, as compared to its levels
in the presence of p53 (Figure 1). p53 knockdown stimulated HBV replication in HepG2-
NTCP cells, while ectopic p53 expression inhibited HBV replication in Hep3B-NTCP cells
(Figure 2). Treatment with PFT-α, a potent p53 inhibitor, stimulated HBV replication in the
presence of p53 (Figure 3), suggesting that p53 can inhibit HBV replication, at least in part,
by transcriptionally activating the expression of target genes involved in the regulation
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of the cell cycle, apoptosis, and innate immunity, or directly inactivating the HBV core
promoter and enhancers. Interestingly, the potential of p53 to inhibit HBV replication
remained active after treatment with PFT-α, which completely inhibited the ability of p53
to activate the expression of its target genes, such as p21 and PUMA (Figure 3), suggesting
that p53 can act as a negative regulator of HBV replication via another mechanism that
does not involve its transcriptional activity.

Considering the essential role of HBx during HBV replication both in vivo and
in vitro [5–8,53], HBx can be considered as a preferential target of p53 to inhibit HBV
replication. The role of HBx as a positive regulator of HBV replication was more evident
in the absence of p53 (Figure 4). Additionally, the ability of p53 to inhibit replication of
HBx-null HBV was relatively lower than its ability to inhibit the replication of WT HBV
(Figure 4). These results suggest that p53 inhibits HBV replication by restricting the po-
tential of HBx as a positive regulator of HBV replication. As p53 is still able to inhibit the
replication of HBx-null HBV (Figure 4), other viral proteins may be involved in the p53-
mediated anti-HBV defense. It is also possible to assume that p53 inhibits the replication of
HBx-null HBV by directly inactivating the HBV core promoter and enhancer, as previously
described [51,52].

Transient expression of HBx consistently produced higher protein levels in the absence
of p53 (Figure 5), as previously demonstrated [54]. Therefore, it was possible to speculate
that p53 inhibits HBV replication by downregulating HBx. Consistent with the regulatory
function of HBx, it is usually present at low levels in HBV-infected cells because it is rapidly
degraded by the UPS [14,15]. The role of p53 as a negative regulator of HBx stability has
been proposed based on data from both p53 overexpression and knockdown experiments in
HCC cell lines [54], which was also demonstrated in this study (Figure 6). It has been further
demonstrated that Siah-1, an E3 ligase, induces ubiquitination and proteasomal degradation
of HBx [16]. As p53 activates the expression of Siah-1 at the transcriptional level [17], Siah-1
obviously contributes to the role of p53 as a negative regulator of HBx stability. However,
the observation that p53 still decreased the protein stability of HBx when PFT-α completely
abolished the potential of p53 to activate Siah-1 (Figure 6) suggests the presence of another
E3 ligase involved in p53-induced HBx ubiquitination. E6AP, an E3 ligase, was activated by
p53 through a direct protein–protein interaction, to induce ubiquitination and proteasomal
degradation of HBx, which did not require p53 transcriptional activity (Figure 8), providing
a new mechanism of action of p53 as a negative regulator of HBx stability. According to
the data from IFA, HBx was primarily detected in the cytoplasm, whereas p53 was mostly
localized in the nucleus (Figure 5B), which sets a physically unfavorable condition for
p53-HBx interactions. However, considering its roles in the dysregulation of intracellular
signaling in the cytoplasm as well as in the regulation of viral and cellular genes in the
nucleus, which have been extensively reported so far [4,7,8,11,12,28], it is obvious that HBx
is localized both in the cytoplasm and nucleus of HepG2 and Hep3B cells. The HBx level in
the nucleus might be too low to make a detectable signal by IFA.

The mechanisms by which Siah-1 and E6AP induce HBx ubiquitination appear to
differ. Unlike Siah-1, which can induce HBx ubiquitination independent of p53 [17], E6AP
requires p53 to execute its role as an E3 ligase of HBx (Figure 8). Thus, it is likely that
the ubiquitination of HBx in the absence of p53 (Figure 5B) was mostly due to the action
of Siah-1. According to the data from co-immunoprecipitation, binding of E6AP to HBx
was limited in the absence of p53, while it was significantly increased in the presence of
p53 (Figure 8B). As E6AP also strengthened the binding affinity of p53 to HBx, it is likely
that p53 and E6AP cooperate to bind HBx (Figure 8B). It is unclear whether E6AP binding
to p53 potentiates E3 ligase activity via conformational changes or simply enables it to
contact HBx as a substrate. It is also unknown why two different E3 ligases are involved in
HBx ubiquitination. Thus, E6AP and Siah-1 may play different roles in HBV replication.
According to a previous report, HBx actively induces Siah-1 expression via upregulation of
p53 to modulate its own protein levels via a negative feedback loop involving p53 and Siah-
1 to control HBV propagation [17]. In contrast, this study showed that HBx downregulated
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E6AP only in the presence of p53 (Figure 7), which may provide a means to evade E6AP-
mediated degradation, as demonstrated by HCV core protein [55]. Interestingly, treatment
with PFT-α decreased the amount of Siah-1 bound to HBx in the presence of p53 but failed
to induce recognizable changes in HBx ubiquitination patterns (Figure 6B,C). This was
probably because E6AP, rather than Siah-1, binds to HBx in the presence of p53. Therefore,
Siah-1 and E6AP may compensate for each other to ubiquitinate HBx. It would also
be interesting to investigate whether Siah-1 and E6AP are differentially involved in the
ubiquitination of six Lys residues in HBx [56]. Regardless, as both Siah-1 and E6AP require
p53 to effectively induce HBx ubiquitination, it is unclear whether the levels of HBx are
higher in p53-negative human hepatoma cells. More extensive studies are required to
clarify their exact roles in Ub-dependent proteasomal degradation of HBx during HBV
replication.

This study showed that E6AP induced ubiquitination of HBx only in the presence
of p53 (Figure 8B). E6AP has been shown to induce ubiquitination of HPV E6 and HCV
core proteins in the presence of p53 [34,57]. Therefore, it is likely that p53 has evolved a
common mechanism involving E6AP to target HPV E6, HCV core protein, and HBx to
provide anti-viral strategies against three human tumor viruses. According to a previous
report [22], HBx rescues the inhibitory function of p53 in human hepatoma cells, but the
exact mechanism remains unclear. According to the present study, HBx facilitates p53
binding to E6AP to form a trimeric complex of E6AP, HBx, and p53, which may trigger
ubiquitination and proteasomal degradation of p53, as demonstrated by HPV E6 [58].
Therefore, it is likely that the HBx to p53 ratio is an important factor in determining the fate
of viral replication. The antagonistic interaction between p53 and HBx, which depends on
the E3 ligase activity of E6AP, may be critical for their roles as tumor suppressors and viral
oncoproteins, respectively, during the course of HBV pathogenesis.

5. Conclusions

The tumor suppressor p53 has been implicated in the host defense system against
HBV infection, although the underlying mechanism remains poorly understood. This
study demonstrates that p53 activates E3 ligase E6AP through direct interaction to induce
ubiquitin-dependent proteasomal degradation of HBx, resulting in downregulation of
HBx and subsequent inhibition of HBV replication in human hepatoma cells. These find-
ings may provide insights into the regulation of HBx during HBV replication, especially
from the perspective of p53 status, which can help us understand viral pathogenesis and
tumorigenesis.

Author Contributions: H.-Y.L. and K.L.J. conceptualized and designed the study; H.-Y.L., J.H. and
H.Y. performed the experiments; H.-Y.L., J.H., H.Y. and K.L.J. analyzed the data; H.-Y.L., J.H. and K.L.J.
wrote the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (MEST) (NRF-2019R1A2C2011478).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon reasonable request.

Acknowledgments: We thank W.-S. Ryu (Yonsei University, Seoul, Korea), C.-W. Lee (Sungkyunkwan
University, Suwon, Korea), and Y. Xiong (University of North Carolina at Chapel Hill, NC) for kindly
providing the 1.2-mer-HBV replicons, pCMV p53-WT, and pHA-Ub, respectively.

Conflicts of Interest: The authors declare no conflict of interest.



Viruses 2022, 14, 2313 20 of 21

References
1. Levrero, M.; Zucman-Rossi, J. Mechanisms of HBV-induced hepatocellular carcinoma. J. Hepatol. 2016, 64, S84–S101. [CrossRef]

[PubMed]
2. Lamontagne, R.J.; Bagga, S.; Bouchard, M.J. Hepatitis B virus molecular biology and pathogenesis. Hepatoma. Res. 2016, 2,

163–186. [CrossRef] [PubMed]
3. Locarnini, S.; Zoulim, F. Molecular genetics of HBV infection. Antivir. Ther. 2010, 15 (Suppl. 3), 3–14. [CrossRef] [PubMed]
4. Liu, S.; Koh, S.S.; Lee, C.G. Hepatitis B Virus X Protein and Hepatocarcinogenesis. Int. J. Mol. Sci. 2016, 17, 940. [CrossRef]
5. Tsuge, M.; Hiraga, N.; Akiyama, R.; Tanaka, S.; Matsushita, M.; Mitsui, F.; Abe, H.; Kitamura, S.; Hatakeyama, T.; Kimura, T.; et al.

HBx protein is indispensable for development of viraemia in human hepatocyte chimeric mice. J. Gen. Virol. 2010, 91, 1854–1864.
[CrossRef]

6. Xu, Z.; Yen, T.S.; Wu, L.; Madden, C.R.; Tan, W.; Slagle, B.L.; Ou, J.H. Enhancement of hepatitis B virus replication by its X protein
in transgenic mice. J. Virol. 2002, 76, 2579–2584. [CrossRef]

7. Keasler, V.V.; Hodgson, A.J.; Madden, C.R.; Slagle, B.L. Hepatitis B virus HBx protein localized to the nucleus restores HBx-
deficient virus replication in HepG2 cells and in vivo in hydrodynamically-injected mice. Virology 2009, 390, 122–129. [CrossRef]

8. Keasler, V.V.; Hodgson, A.J.; Madden, C.R.; Slagle, B.L. Enhancement of hepatitis B virus replication by the regulatory X protein
in vitro and in vivo. J. Virol. 2007, 81, 2656–2662. [CrossRef]

9. Tang, H.; Delgermaa, L.; Huang, F.; Oishi, N.; Liu, L.; He, F.; Zhao, L.; Murakami, S. The transcriptional transactivation function
of HBx protein is important for its augmentation role in hepatitis B virus replication. J. Virol. 2005, 79, 5548–5556. [CrossRef]

10. Quasdorff, M.; Protzer, U. Control of hepatitis B virus at the level of transcription. J. Viral. Hepat. 2010, 17, 527–536. [CrossRef]
11. Bouchard, M.J.; Wang, L.H.; Schneider, R.J. Calcium signaling by HBx protein in hepatitis B virus DNA replication. Science 2001,

294, 2376–2378. [CrossRef] [PubMed]
12. Rawat, S.; Bouchard, M.J. The hepatitis B virus (HBV) HBx protein activates AKT to simultaneously regulate HBV replication and

hepatocyte survival. J. Virol. 2015, 89, 999–1012. [CrossRef] [PubMed]
13. Luo, H. Interplay between the virus and the ubiquitin-proteasome system: Molecular mechanism of viral pathogenesis. Curr.

Opin. Virol. 2016, 17, 1–10. [CrossRef] [PubMed]
14. Hu, Z.; Zhang, Z.; Doo, E.; Coux, O.; Goldberg, A.L.; Liang, T.J. Hepatitis B virus X protein is both a substrate and a potential

inhibitor of the proteasome complex. J. Virol. 1999, 73, 7231–7240. [CrossRef] [PubMed]
15. Schek, N.; Bartenschlager, R.; Kuhn, C.; Schaller, H. Phosphorylation and rapid turnover of hepatitis B virus X-protein expressed

in HepG2 cells from a recombinant vaccinia virus. Oncogene 1991, 6, 1735–1744.
16. Zhao, J.; Wang, C.; Wang, J.; Yang, X.; Diao, N.; Li, Q.; Wang, W.; Xian, L.; Fang, Z.; Yu, L. E3 ubiquitin ligase Siah-1 facilitates

poly-ubiquitylation and proteasomal degradation of the hepatitis B viral X protein. FEBS Lett. 2011, 585, 2943–2950. [CrossRef]
17. Yeom, S.; Kim, S.S.; Jeong, H.; Jang, K.L. Hepatitis B virus X protein activates E3 ubiquitin ligase Siah-1 to control virus propagation

via a negative feedback loop. J. Gen. Virol. 2017, 98, 1774–1784. [CrossRef]
18. Ling, M.T.; Chiu, Y.T.; Lee, T.K.; Leung, S.C.; Fung, M.K.; Wang, X.; Wong, K.F.; Wong, Y.C. Id-1 induces proteasome-dependent

degradation of the HBX protein. J. Mol. Biol. 2008, 382, 34–43. [CrossRef]
19. Kido, T.; Ou, J.H.; Lau, Y.F. The X-linked tumor suppressor TSPX interacts and promotes degradation of the hepatitis B viral

protein HBx via the proteasome pathway. PLoS One 2011, 6, e22979. [CrossRef]
20. Vousden, K.H.; Lane, D.P. p53 in health and disease. Nat. Rev. Mol. Cell. Biol. 2007, 8, 275–283. [CrossRef]
21. Sato, Y.; Tsurumi, T. Genome guardian p53 and viral infections. Rev. Med. Virol. 2013, 23, 213–220. [CrossRef] [PubMed]
22. Lee, H.; Lee, Y.H.; Huh, Y.S.; Moon, H.; Yun, Y. X-gene product antagonizes the p53-mediated inhibition of hepatitis B virus

replication through regulation of the pregenomic/core promoter. J. Biol. Chem. 1995, 270, 31405–31412. [CrossRef] [PubMed]
23. Truant, R.; Antunovic, J.; Greenblatt, J.; Prives, C.; Cromlish, J.A. Direct interaction of the hepatitis B virus HBx protein with p53

leads to inhibition by HBx of p53 response element-directed transactivation. J. Virol. 1995, 69, 1851–1859. [CrossRef] [PubMed]
24. Wang, X.W.; Forrester, K.; Yeh, H.; Feitelson, M.A.; Gu, J.R.; Harris, C.C. Hepatitis B virus X protein inhibits p53 sequence-specific

DNA binding, transcriptional activity, and association with transcription factor ERCC3. Proc. Natl. Acad. Sci. USA 1994, 91,
2230–2234. [CrossRef]

25. Scheffner, M.; Huibregtse, J.M.; Vierstra, R.D.; Howley, P.M. The HPV-16 E6 and E6-AP complex functions as a ubiquitin-protein
ligase in the ubiquitination of p53. Cell 1993, 75, 495–505. [CrossRef]

26. Huibregtse, J.M.; Scheffner, M.; Howley, P.M. Cloning and expression of the cDNA for E6-AP, a protein that mediates the
interaction of the human papillomavirus E6 oncoprotein with p53. Mol. Cell Biol. 1993, 13, 775–784.

27. Kwun, H.J.; Jang, K.L. Natural variants of hepatitis B virus X protein have differential effects on the expression of cyclin-dependent
kinase inhibitor p21 gene. Nucleic Acids Res. 2004, 32, 2202–2213. [CrossRef]

28. Cha, M.Y.; Ryu, D.K.; Jung, H.S.; Chang, H.E.; Ryu, W.S. Stimulation of hepatitis B virus genome replication by HBx is linked to
both nuclear and cytoplasmic HBx expression. J. Gen. Virol. 2009, 90, 978–986. [CrossRef]

29. Sadowski, I.; Ptashne, M. A vector for expressing GAL4(1-147) fusions in mammalian cells. Nucleic Acids Res. 1989, 17, 7539.
[CrossRef]

30. Lee, C.W.; Sorensen, T.S.; Shikama, N.; La Thangue, N.B. Functional interplay between p53 and E2F through co-activator p300.
Oncogene 1998, 16, 2695–2710. [CrossRef]

http://doi.org/10.1016/j.jhep.2016.02.021
http://www.ncbi.nlm.nih.gov/pubmed/27084040
http://doi.org/10.20517/2394-5079.2016.05
http://www.ncbi.nlm.nih.gov/pubmed/28042609
http://doi.org/10.3851/IMP1619
http://www.ncbi.nlm.nih.gov/pubmed/21041899
http://doi.org/10.3390/ijms17060940
http://doi.org/10.1099/vir.0.019224-0
http://doi.org/10.1128/jvi.76.5.2579-2584.2002
http://doi.org/10.1016/j.virol.2009.05.001
http://doi.org/10.1128/JVI.02020-06
http://doi.org/10.1128/JVI.79.9.5548-5556.2005
http://doi.org/10.1111/j.1365-2893.2010.01315.x
http://doi.org/10.1126/science.294.5550.2376
http://www.ncbi.nlm.nih.gov/pubmed/11743208
http://doi.org/10.1128/JVI.02440-14
http://www.ncbi.nlm.nih.gov/pubmed/25355887
http://doi.org/10.1016/j.coviro.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26426962
http://doi.org/10.1128/JVI.73.9.7231-7240.1999
http://www.ncbi.nlm.nih.gov/pubmed/10438810
http://doi.org/10.1016/j.febslet.2011.08.015
http://doi.org/10.1099/jgv.0.000856
http://doi.org/10.1016/j.jmb.2007.06.020
http://doi.org/10.1371/journal.pone.0022979
http://doi.org/10.1038/nrm2147
http://doi.org/10.1002/rmv.1738
http://www.ncbi.nlm.nih.gov/pubmed/23255396
http://doi.org/10.1074/jbc.270.52.31405
http://www.ncbi.nlm.nih.gov/pubmed/8537415
http://doi.org/10.1128/jvi.69.3.1851-1859.1995
http://www.ncbi.nlm.nih.gov/pubmed/7853526
http://doi.org/10.1073/pnas.91.6.2230
http://doi.org/10.1016/0092-8674(93)90384-3
http://doi.org/10.1093/nar/gkh553
http://doi.org/10.1099/vir.0.009928-0
http://doi.org/10.1093/nar/17.18.7539
http://doi.org/10.1038/sj.onc.1201818


Viruses 2022, 14, 2313 21 of 21

31. Mendy, M.E.; Kaye, S.; van der Sande, M.; Rayco-Solon, P.; Waight, P.A.; Shipton, D.; Awi, D.; Snell, P.; Whittle, H.; McConkey, S.J.
Application of real-time PCR to quantify hepatitis B virus DNA in chronic carriers in The Gambia. Virol. J. 2006, 3, 23. [CrossRef]
[PubMed]

32. Cai, D.; Nie, H.; Yan, R.; Guo, J.T.; Block, T.M.; Guo, H. A southern blot assay for detection of hepatitis B virus covalently closed
circular DNA from cell cultures. Methods Mol. Biol. 2013, 1030, 151–161. [CrossRef] [PubMed]

33. Wang, Z.; Kawaguchi, K.; Honda, M.; Hashimoto, S.; Shirasaki, T.; Okada, H.; Orita, N.; Shimakami, T.; Yamashita, T.; Sakai, Y.;
et al. Notch signaling facilitates hepatitis B virus covalently closed circular DNA transcription via cAMP response element-binding
protein with E3 ubiquitin ligase-modulation. Sci. Rep. 2019, 9, 1621. [CrossRef] [PubMed]

34. Park, J.M.; Yoon, H.; Jeong, Y.; Jang, K.L. Tumour suppressor p53 inhibits hepatitis C virus replication by inducing E6AP-mediated
proteasomal degradation of the viral core protein. FEBS Lett. 2022, 596, 2525–2537. [CrossRef]

35. Qiu, G.H.; Xie, X.; Xu, F.; Shi, X.; Wang, Y.; Deng, L. Distinctive pharmacological differences between liver cancer cell lines HepG2
and Hep3B. Cytotechnology 2015, 67, 1–12. [CrossRef]

36. Cha, S.; Jang, K.L. Hepatitis B virus X protein stimulates cell growth by downregulating p16 levels via PA28gamma-mediated
proteasomal degradation. J. Gen. Virol. 2020, 101, 963–971. [CrossRef]

37. Aden, D.P.; Fogel, A.; Plotkin, S.; Damjanov, I.; Knowles, B.B. Controlled synthesis of HBsAg in a differentiated human liver
carcinoma-derived cell line. Nature 1979, 282, 615–616. [CrossRef]

38. Han, J.; Kim, H.; Jeong, H.; Yoon, H.; Jang, K.L. Proteasomal activator 28 gamma stabilizes hepatitis B virus X protein by competitively
inhibiting the Siah-1-mediated proteasomal degradation. Biochem. Biophys. Res. Commun. 2021, 578, 97–103. [CrossRef]

39. Yan, H.; Zhong, G.; Xu, G.; He, W.; Jing, Z.; Gao, Z.; Huang, Y.; Qi, Y.; Peng, B.; Wang, H.; et al. Sodium taurocholate cotransporting
polypeptide is a functional receptor for human hepatitis B and D virus. Elife 2012, 1, e00049. [CrossRef]

40. Gerlich, W.H.; Heermann, K.H.; Lu, X. Functions of hepatitis B surface proteins. Arch. Virol. Suppl. 1992, 4, 129–132. [CrossRef]
41. Knowles, B.B.; Howe, C.C.; Aden, D.P. Human hepatocellular carcinoma cell lines secrete the major plasma proteins and hepatitis

B surface antigen. Science 1980, 209, 497–499. [CrossRef]
42. Komarov, P.G.; Komarova, E.A.; Kondratov, R.V.; Christov-Tselkov, K.; Coon, J.S.; Chernov, M.V.; Gudkov, A.V. A chemical

inhibitor of p53 that protects mice from the side effects of cancer therapy. Science 1999, 285, 1733–1737. [CrossRef] [PubMed]
43. Sohn, D.; Graupner, V.; Neise, D.; Essmann, F.; Schulze-Osthoff, K.; Janicke, R.U. Pifithrin-alpha protects against DNA damage-

induced apoptosis downstream of mitochondria independent of p53. Cell Death Differ. 2009, 16, 869–878. [CrossRef] [PubMed]
44. Jeong, H.; Cha, S.; Jang, K.L. HBx natural variants containing Ser-101 instead of Pro-101 evade ubiquitin-dependent proteasomal

degradation by activating proteasomal activator 28 gamma expression. J. Gen. Virol. 2019, 100, 1554–1566. [CrossRef]
45. Collot-Teixeira, S.; Bass, J.; Denis, F.; Ranger-Rogez, S. Human tumor suppressor p53 and DNA viruses. Rev. Med. Virol. 2004, 14,

301–319. [CrossRef]
46. Takaoka, A.; Hayakawa, S.; Yanai, H.; Stoiber, D.; Negishi, H.; Kikuchi, H.; Sasaki, S.; Imai, K.; Shibue, T.; Honda, K.; et al.

Integration of interferon-alpha/beta signalling to p53 responses in tumour suppression and antiviral defence. Nature 2003, 424,
516–523. [CrossRef]

47. Munoz-Fontela, C.; Macip, S.; Martinez-Sobrido, L.; Brown, L.; Ashour, J.; Garcia-Sastre, A.; Lee, S.W.; Aaronson, S.A. Transcrip-
tional role of p53 in interferon-mediated antiviral immunity. J. Exp. Med. 2008, 205, 1929–1938. [CrossRef] [PubMed]

48. Taura, M.; Eguma, A.; Suico, M.A.; Shuto, T.; Koga, T.; Komatsu, K.; Komune, T.; Sato, T.; Saya, H.; Li, J.D.; et al. p53 regulates
Toll-like receptor 3 expression and function in human epithelial cell lines. Mol. Cell Biol. 2008, 28, 6557–6567. [CrossRef]

49. Hummer, B.T.; Li, X.L.; Hassel, B.A. Role for p53 in gene induction by double-stranded RNA. J. Virol. 2001, 75, 7774–7777.
[CrossRef]

50. Rivas, C.; Aaronson, S.A.; Munoz-Fontela, C. Dual Role of p53 in Innate Antiviral Immunity. Viruses 2010, 2, 298–313. [CrossRef]
51. Uchida, T.; Takahashi, K.; Tatsuno, K.; Dhingra, U.; Eliason, J.F. Inhibition of hepatitis-B-virus core promoter by p53: Implications

for carcinogenesis in hepatocytes. Int. J. Cancer 1996, 67, 892–897. [CrossRef]
52. Ori, A.; Zauberman, A.; Doitsh, G.; Paran, N.; Oren, M.; Shaul, Y. p53 binds and represses the HBV enhancer: An adjacent

enhancer element can reverse the transcription effect of p53. EMBO J. 1998, 17, 544–553. [CrossRef] [PubMed]
53. Carmona, S.; Ely, A.; Crowther, C.; Moolla, N.; Salazar, F.H.; Marion, P.L.; Ferry, N.; Weinberg, M.S.; Arbuthnot, P. Effective

inhibition of HBV replication in vivo by anti-HBx short hairpin RNAs. Mol. Ther. 2006, 13, 411–421. [CrossRef] [PubMed]
54. Park, S.G.; Min, J.Y.; Chung, C.; Hsieh, A.; Jung, G. Tumor suppressor protein p53 induces degradation of the oncogenic protein

HBx. Cancer Lett. 2009, 282, 229–237. [CrossRef]
55. Kwak, J.; Shim, J.H.; Tiwari, I.; Jang, K.L. Hepatitis C virus core protein inhibits E6AP expression via DNA methylation to escape

from ubiquitin-dependent proteasomal degradation. Cancer Lett. 2016, 380, 59–68. [CrossRef]
56. Kim, J.H.; Sohn, S.Y.; Benedict Yen, T.S.; Ahn, B.Y. Ubiquitin-dependent and -independent proteasomal degradation of hepatitis B

virus X protein. Biochem. Biophys. Res. Commun. 2008, 366, 1036–1042. [CrossRef]
57. Li, S.; Hong, X.; Wei, Z.; Xie, M.; Li, W.; Liu, G.; Guo, H.; Yang, J.; Wei, W.; Zhang, S. Ubiquitination of the HPV Oncoprotein E6 Is

Critical for E6/E6AP-Mediated p53 Degradation. Front. Microbiol. 2019, 10, 2483. [CrossRef]
58. Talis, A.L.; Huibregtse, J.M.; Howley, P.M. The role of E6AP in the regulation of p53 protein levels in human papillomavirus

(HPV)-positive and HPV-negative cells. J. Biol. Chem. 1998, 273, 6439–6445. [CrossRef]

http://doi.org/10.1186/1743-422X-3-23
http://www.ncbi.nlm.nih.gov/pubmed/16594999
http://doi.org/10.1007/978-1-62703-484-5_13
http://www.ncbi.nlm.nih.gov/pubmed/23821267
http://doi.org/10.1038/s41598-018-38139-5
http://www.ncbi.nlm.nih.gov/pubmed/30733490
http://doi.org/10.1002/1873-3468.14461
http://doi.org/10.1007/s10616-014-9761-9
http://doi.org/10.1099/jgv.0.001461
http://doi.org/10.1038/282615a0
http://doi.org/10.1016/j.bbrc.2021.09.028
http://doi.org/10.7554/eLife.00049
http://doi.org/10.1007/978-3-7091-5633-9_28
http://doi.org/10.1126/science.6248960
http://doi.org/10.1126/science.285.5434.1733
http://www.ncbi.nlm.nih.gov/pubmed/10481009
http://doi.org/10.1038/cdd.2009.17
http://www.ncbi.nlm.nih.gov/pubmed/19229248
http://doi.org/10.1099/jgv.0.001337
http://doi.org/10.1002/rmv.431
http://doi.org/10.1038/nature01850
http://doi.org/10.1084/jem.20080383
http://www.ncbi.nlm.nih.gov/pubmed/18663127
http://doi.org/10.1128/MCB.01202-08
http://doi.org/10.1128/JVI.75.16.7774-7777.2001
http://doi.org/10.3390/v2010298
http://doi.org/10.1002/(SICI)1097-0215(19960917)67:6&lt;892::AID-IJC21&gt;3.0.CO;2-2
http://doi.org/10.1093/emboj/17.2.544
http://www.ncbi.nlm.nih.gov/pubmed/9430645
http://doi.org/10.1016/j.ymthe.2005.10.013
http://www.ncbi.nlm.nih.gov/pubmed/16337206
http://doi.org/10.1016/j.canlet.2009.03.019
http://doi.org/10.1016/j.canlet.2016.06.008
http://doi.org/10.1016/j.bbrc.2007.12.070
http://doi.org/10.3389/fmicb.2019.02483
http://doi.org/10.1074/jbc.273.11.6439

	Introduction 
	Materials and Methods 
	Plasmids 
	Cell Culture and Transfection 
	HBV Cell Culture Systems 
	Quantitative Real-Time PCR of HBV DNA 
	Southern Blot Analysis of Intracellular HBV DNA 
	HBV e Antigen Enzyme-Linked Immunosorbent Assay 
	Immunofluorescence Analysis 
	Luciferase Reporter Assay 
	Western Blot Analysis 
	Immunoprecipitation 
	Statistical Analysis 

	Results 
	p53 Inhibits HBV Replication in Human Hepatoma Cells 
	p53 Transcriptional Activity Is Not Essential for the Inhibition of HBV Replication 
	p53 Prevents HBx from Stimulating HBV Replication in Human Hepatoma Cells 
	p53 Downregulates HBx to Inhibit HBV Replication in Human Hepatoma Cells 
	p53 Induces Ubiquitination and Proteasomal Degradation of HBx 
	E6AP Is Responsible for the p53-Induced Ubiquitination of HBx 
	p53 and E6AP Help Each Other in Binding to HBx in Human Hepatoma Cells 
	p53 Inhibits HBV Replication by Downregulating HBx via E6AP-Mediated Proteasomal Degradation 

	Discussion 
	Conclusions 
	References

