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ABSTRACT Hepatitis B virus (HBV) infection promotes reactive oxygen species 
production while paradoxically inducing the expression of antioxidant enzymes. 
HBV-induced disorders of redox homeostasis are closely associated with the develop­
ment of hepatic diseases. However, the molecular mechanisms underlying the HBV-
induced antioxidant response are poorly understood. The NF-E2-related factor 2 (Nrf2)/
antioxidant response element (ARE) signaling pathway is an intrinsic defense mechanism 
against oxidative stress. We here aim to elucidate the role of the Nrf2/ARE signaling 
pathway in the HBV life cycle. ARE-driven reporter assays revealed that expression 
of HBV X protein (HBx), but not HBV core, large HBV surface, or HBV polymerase, 
strongly enhanced ARE-luciferase activity, suggesting that HBx plays an important role 
in the HBV-induced antioxidant response. Knockdown of Nrf2 resulted in a marked 
decrease in HBx-induced ARE-luciferase activity. Immunoblot analysis and immunofluor­
escence staining suggested that HBx activates Nrf2 by increasing Nrf2 protein levels 
and enhancing Nrf2 nuclear localization. The oxidative stress sensor Kelch-like ECH-asso­
ciated protein 1 (Keap1) is required for the ubiquitin-dependent degradation of Nrf2. 
Coimmunoprecipitation analysis revealed that HBx interacted with Keap1, suggesting 
that HBx competes with Nrf2 for interaction with Keap1. A cell-based ubiquitylation 
assay showed that HBx promoted polyubiquitylation of Nrf2 via K6-linked polyubiquitin 
chains, and that this action may be associated with Nrf2 stabilization. A chromatin 
immunoprecipitation assay suggested that Nrf2 interacts with the HBV core promoter. 
Overexpression of Nrf2 strongly suppressed HBV core promoter activity, resulting in 
a marked reduction in viral replication. Based on the above, we propose that Keap1 
recognizes HBx to activate the Nrf2/ARE signaling pathway upon HBV infection, thereby 
inhibiting HBV replication.

IMPORTANCE The Kelch-like ECH-associated protein 1 (Keap1)/NF-E2-related factor 
2 (Nrf2)/antioxidant response element (ARE) signaling pathway is one of the most 
important defense mechanisms against oxidative stress. We previously reported that 
a cellular hydrogen peroxide scavenger protein, peroxiredoxin 1, a target gene of 
transcription factor Nrf2, acts as a novel HBV X protein (HBx)-interacting protein and 
negatively regulates hepatitis B virus (HBV) propagation through degradation of HBV 
RNA. This study further demonstrates that the Nrf2/ARE signaling pathway is activated 
during HBV infection, eventually leading to the suppression of HBV replication. We 
provide evidence suggesting that Keap1 interacts with HBx, leading to Nrf2 activation 
and inhibition of HBV replication via suppression of HBV core promoter activity. This 
study raises the possibility that activation of the Nrf2/ARE signaling pathway is a 
potential therapeutic strategy against HBV. Our findings may contribute to an improved 
understanding of the negative regulation of HBV replication by the antioxidant response.
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C hronic hepatitis B virus (HBV) infection is a leading cause of severe liver diseases, 
including cirrhosis and primary hepatocellular carcinoma (1). Despite the availabil­

ity of an effective prophylactic vaccine, HBV infection remains a major public health 
problem worldwide, with approximately 290 million chronically infected people globally 
and 1.5 million new infections each year (2). Current nucleos(t)ide- and PEGylated 
interferon α-based therapies can inhibit HBV replication but rarely achieve a functional 
cure (3).

HBV is a small, enveloped DNA virus that belongs to the Hepadnaviridae family. The 
HBV genome is a partially double-stranded circular DNA of approximately 3.2 kb in 
length and encodes several different viral proteins. These include HBV surface antigen 
(HBsAg; of which there are three forms: large, medium, and small), HBV core antigen 
(HBcAg), HBV envelope antigen (HBeAg), HBV polymerase (pol), and HBV X protein (HBx) 
(4).

Oxidative stress plays an important role in the pathogenesis of chronic disea­
ses, including diabetes, cancer, and neurodegenerative diseases (5–7). An imbalance 
between oxidants and antioxidants leads to a disruption of redox signaling and cellular 
damage (8). However, cells also possess effective antioxidant defense mechanisms to 
combat such disruption and maintain cellular homeostasis. The NF-E2-related factor 2 
(Nrf2)/antioxidant response element (ARE) signaling pathway controls the expression 
of genes involved in protecting cells from oxidative damage (9, 10). Nrf2 abundance 
within the cell is tightly regulated by Kelch-like ECH-associated protein 1 (Keap1), an 
adaptor subunit of a Cullin 3 (Cul3)-based ubiquitin ligase. Under unstressed conditions, 
Keap1 binds to Nrf2 in the cytoplasm and promotes the ubiquitylation and proteaso­
mal degradation of Nrf2. Upon exposure to reactive oxygen species (ROS), Keap1 is 
oxidized at reactive cysteine residues, resulting in Keap1-Cul3 complex inactivation 
and Nrf2 stabilization. Nrf2 translocates to the nucleus, where it heterodimerizes with 
small musculoaponeurotic fibrosarcoma oncogene homolog (sMaf) proteins. Nrf2-sMaf 
complexes bind to the AREs located in the promoter region of Nrf2 target genes and 
activate their transcription (11, 12).

The relationship between HBV and oxidative stress has been studied. ROS levels are 
known to be increased in the liver and blood of HBV-infected patients. The accumulation 
of ROS is related to the severity of hepatic disease (13–17). HBV-mediated ROS produc­
tion is triggered by HBV replication (18) and three viral proteins: HBx (19–21), HBsAg 
(22), and HBcAg (23). Meanwhile, HBV infection induces the expression of antioxidant 
enzymes such as NAD(P)H quinone dehydrogenase 1 (NQO1) and γ-glutamyl cysteine 
synthetase via activation of the Nrf2/ARE signaling pathway. HBx and large HBsAg (LHBs) 
have the potential to activate Nrf2/ARE-dependent gene expression (24). However, the 
functional relevance of the Nrf2/ARE signaling pathway for HBV replication is largely 
unknown.

In this study, we demonstrate that Keap1 interacts with HBx protein to activate 
the Nrf2/ARE signaling pathway upon HBV infection, leading to suppression of HBV 
replication via inhibition of HBV core promoter activity. Thus, we propose that the Keap1/
Nrf2/ARE signaling pathway negatively regulates HBV propagation to protect the host 
cells.

RESULTS

The HBx protein plays an important role in the HBV-induced antioxidant 
response

To investigate whether HBV infection affects the antioxidant response pathway, we 
performed RNA-seq analysis on HBV-infected HepG2-hNTCP-C4 cells and mock-infec­
ted control cells at 12 days postinfection (dpi). We found significant changes in the 
expression levels of 1,590 genes upon HBV infection, with 757 genes upregulated and 
833 genes downregulated among the 21,449 genes analyzed (Fig. 1A, upper panel). 
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FIG 1 HBx protein plays an important role in the HBV-induced antioxidant response. (A) HepG2-hNTCP-C4 cells were infected with HBV at 40,000 genome 

equivalents (GEq)/cell. At 12 dpi, total RNA was isolated from two sets of HBV-infected cells and mock-infected control cells (referred to as #1 and #2), followed by 

RNA-Seq analysis. The volcano plot displayed differentially expressed genes (top panel). The x-axis represented the log2(fold change), and the y-axis represented 

the significance of gene expression in HBV-infected cells compared to that in mock-infected cells. Each dot represented one gene, with

(Continued on next page)
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Moreover, among the upregulated genes, we identified 23 genes that are Nrf2-target 
genes and/or associated with antioxidant activities (Fig. 1A, lower panel). Notably, several 
phase I detoxification enzymes were identified, including aldo-keto reductase family 1 
member C4, cytochrome P450 family 8 subfamily B member 1, and cytochrome P450 
family 4 subfamily F member 11, as well as the phase II detoxification enzyme NQO1 
(Fig. 1A). These genes were all recognized as Nrf2-target genes and exhibited increased 
expression in response to HBV infection. These results suggest that HBV infection induces 
an Nrf2-mediated antioxidant response and detoxification process.

To further investigate the effect of HBV infection on the antioxidant response 
pathway, HBV-infected HepG2-hNTCP-C4 cells were transfected with the ARE-driven 
luciferase gene construct pGL4.37[luc2P/ARE/Hygro]. HBsAg in the culture supernatant 
was quantified by enzyme-linked immunosorbent assay (ELISA) (Fig. 1B, right panel). This 
result indicates that HBsAg was efficiently released in the supernatant from HBV-infected 
HepG2-hNTCP-C4 cells at 4 dpi. ARE-luciferase activity was significantly increased in 
HBV-infected cells at 4 dpi compared to that in mock-infected control cells (Fig. 1B, left 
panel), suggesting that HBV infection induces an antioxidant response.

To determine which HBV protein is involved in the enhancement of HBV-mediated 
ARE-luciferase activity, HepG2 cells were transfected with pGL4.37[luc2P/ARE/Hygro] 
together with Myc-His6-tagged HBV viral protein (HBx, HBc, LHBs, or HBV pol)-expres­
sion plasmids. The luciferase reporter assay showed that HBx more strongly enhanced 
ARE-luciferase activity than the other viral proteins (Fig. 1C, left panel). The immunoblot 
analysis showed the expression levels of Myc-His6-tagged HBx, HBc, LHBs, and HBV 
pol (Fig. 1C, right panel). Moreover, the ARE-luciferase assay revealed that HBx proteins 
derived from HBV genotypes A, B, C, and D markedly enhanced ARE-luciferase activities 
(Fig. 1D). To further determine the role of HBx in HBV-induced ARE-luciferase activity, 
HepG2 cells were co-transfected with pGL4.37[luc2P/ARE/Hygro] together with either 
pUC19-HBV-C-AT_JPN or pUC19-HBV-C-AT_JPN(ΔHBx). The luciferase assay revealed that 
HBV-C-AT_JPN significantly enhanced ARE-luciferase activity compared to the control, 
whereas HBV-C-AT_JPN (ΔHBx) failed to enhance ARE-luciferase activity (Fig. 1E). These 
results suggest that HBx participates in HBV-induced ARE-luciferase activity. We further 
verified the role of HBx in the ARE-dependent expression of the NQO1 and peroxiredoxin 
1 (Prdx1) genes in HepG2 cells. A real-time reverse transcription-PCR (RT-PCR) assay 
showed that HBx significantly enhanced the mRNA levels of NQO1 (Fig. 1F, left panel) 
and Prdx1 (Fig. 1F, right panel). These results suggest that the HBx protein plays an 
important role in the HBV-induced antioxidant response.

Nrf2 is involved in the HBx-induced antioxidant response

To determine whether Nrf2 is involved in HBx-induced ARE-luciferase activity, HepG2 
cells were co-transfected with pEF1A-HBx-Myc-His6 and pGL4.37[luc2P/ARE/Hygro] in 

FIG 1 (Continued)

red, blue, or black dots indicating genes with significantly upregulated expression values, downregulated expression values, or other genes, respectively. The 

heat map represented the upregulated Nrf2-target genes and/or antioxidant genes in HBV-infected cells compared to the mock-infected control cells (bottom 

panel). (B) HepG2-hNTCP-C4 cells were infected with HBV at 40,000 GEq/cell. At 24 h after inoculation, the cells were transfected with the ARE-luciferase 

reporter gene pGL4.37[luc2P/ARE/Hygro] and harvested at 4 dpi. ARE-luciferase activity was measured and normalized to Renilla activity (left panel). The level 

of HBsAg in the culture supernatant of HBV-infected HepG2-hNTCP-C4 cells was measured by enzyme-linked immunosorbent assay (right panel). The cut­off 

absorbance value was 0.12 (negative control absorbance plus 0.025). (C, D, and E) HepG2 cells were transfected with pGL4.37[luc2P/ARE/Hygro] together with 

Myc-His6-tagged HBx, HBc, LHBs, or HBV pol expression plasmids (C), Myc-His6-tagged HBx expression plasmids derived from HBV genotypes A, B, C, or D (D), 

and either pUC19-HBV-C-AT_JPN or pUC19-HBV-C-AT_JPN(ΔHBx) (E). At 48 h after transfection, the cells were harvested. ARE-luciferase activity was measured 

and normalized to Renilla activity. The expression levels of Myc-His6-tagged HBx, HBc, LHBs, and HBV pol in cell lysates were analyzed by immunoblotting with 

anti-c-Myc monoclonal antibody (C, right panel). The level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control. (F) HepG2 cells 

were transfected with pEF1A-HBx-Myc-His6. At 48 h after transfection, the total RNA was extracted, and the mRNA levels of NQO1 and peroxiredoxin 1 were 

quantitated by real-time reverse transcription-PCR. The data represent the means ± SEM of data from three independent experiments, and the value for the 

control cells was arbitrarily expressed as 1.0. *P < 0.05, **P < 0.01, compared with the controls.
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FIG 2 Nrf2 is involved in the HBx-induced antioxidant response. HepG2 cells were transfected with 40 nM Nrf2 siRNA #7, Nrf2 siRNA #10, or control siRNA. 

At 24 h after siRNA transfection, the cells were co-transfected with pGL4.37[luc2P/ARE/Hygro] and pEF1A-HBx-Myc-His6 (A and B), or together with one of the 

siRNA-resistant plasmids pCAG-FLAG-Nrf2-R #7 or pCAG-FLAG-Nrf2-R #10 (C and D). At 48 h after plasmid transfection, the cells were harvested. ARE-luciferase 

activity was measured and normalized to Renilla activity (A and C). The mRNA levels of Nrf2 were quantitated by real-time RT-PCR (B, left panel and D). The 

expression levels of endogenous Nrf2 protein in cell lysates were analyzed by immunoblotting with anti-Nrf2 monoclonal antibody (MAb) (B, right panel). The

(Continued on next page)
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the presence or absence of Nrf2 small interfering RNAs (siRNAs) #7 and #10, respectively. 
Knockdown of Nrf2 markedly decreased HBx-induced ARE-luciferase activity (Fig. 2A), 
when endogenous Nrf2 mRNA and Nrf2 protein were significantly knocked down by 
Nrf2 siRNAs #7 and #10 (Fig. 2B). To determine whether the ARE-luciferase activity 
resulting from depletion of Nrf2 is recovered by addition of siRNA-resistant Nrf2, we 
transfected the plasmid encoding FLAG-tagged siRNA-resistant Nrf2 (FLAG-Nrf2-R #7 or 
FLAG-Nrf2-R #10). Overexpression of the FLAG-Nrf2-R #7 or FLAG-Nrf2-R #10 significantly 
increased the ARE-luciferase activity (Fig. 2C), when Nrf2 mRNA levels were recovered by 
transfection of the FLAG-Nrf2-R #7 or FLAG-Nrf2-R #10 plasmid (Fig. 2D). Notably, HBx 
still promoted FLAG-Nrf2-R #7- or FLAG-Nrf2-R #10-induced ARE-luciferase activity (Fig. 
2C). These results suggest that Nrf2 is involved in the HBx-induced antioxidant response.

To further validate the effect of Nrf2 on the HBx-induced antioxidant response, 
we investigated the impact of Keap1, a negative regulator of Nrf2, on the HBx-
induced antioxidant response. HepG2 cells were transfected with Keap1 siRNA or 
pCAG-FLAG-Keap1, together with pEF1A-HBx-Myc-His6 and pGL4.37[luc2P/ARE/Hygro]. 
Keap1 protein level was markedly reduced by Keap1 siRNA (Fig. 2E, top panel, lane 
2), and conversely, Keap1 protein level was increased via overexpression of Keap1 
(Fig. 2E, third panel, lane 2). The luciferase assay demonstrated a significant increase 
in HBx-induced ARE-luciferase activity upon Keap1 knockdown (Fig. 2F). Conversely, 
the overexpression of Keap1 led to a notable reduction in HBx-induced ARE-lucifer­
ase activity (Fig. 2G). These results suggest that Keap1 suppresses the HBx-induced 
antioxidant response by inhibiting Nrf2 activity.

Like Nrf2, the transcription factor nuclear factor erythroid 2-related factor 1 (Nrf1) 
belongs to the Cap-N-Collar family. To determine whether Nrf1 is also involved in the 
HBx-induced ARE-luciferase activity, HepG2 cells were co-transfected with pEF1A-HBx-
Myc-His6 and pGL4.37[luc2P/ARE/Hygro] in the presence or absence of Nrf1 siRNA. 
Knockdown of Nrf1 did not show any significant effect on the HBx-induced ARE-lucifer­
ase activity (Fig. 2H), when endogenous Nrf1 mRNA expression was significantly reduced 
by Nrf1 siRNA (Fig. 2I). These results suggest that Nrf2 is specifically involved in the 
HBx-induced antioxidant response.

HBx upregulates Nrf2 protein levels

To clarify the relationship between Nrf2 activation and the HBV life cycle, we first 
examined the effects of HBV infection on Nrf2 abundance at the protein and mRNA 
levels by immunoblot and real-time RT-PCR analyses, respectively. The endogenous Nrf2 
protein level was increased in HBV-infected HepG2-hNTCP-C4 cells at 12 dpi compared 
to that in the mock-infected cells (Fig. 3A, upper panel). Notably, HBV infection did not 
show any significant effect on the Nrf2 mRNA level (Fig. 3A, bottom panel). These results 
suggest that HBV infection upregulates the endogenous Nrf2 protein level but not the 
Nrf2 mRNA level.

To determine which HBV protein is involved in HBV-induced upregulation of Nrf2 
protein, HepG2 cells were transfected with either pEF1A-HBx-Myc-His6 or pEF1A-HBc-
Myc-His6. The immunoblot analysis showed that the endogenous Nrf2 protein level was 
increased in HBx-expressing cells (Fig. 3B, upper panel) but not in HBc-expressing cells 

FIG 2 (Continued)

level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control. (E, F, and G) HepG2 cells were transfected with 40 nM Keap1 siRNA or 

pCAG-FLAG-Keap1, together with pGL4.37[luc2P/ARE/Hygro] and pEF1A-HBx-Myc-His6. At 48 h after plasmid transfection, the expression of Keap1 in cell lysates 

was analyzed by immunoblotting with anti-Keap MAb (E, top and third panels). The level of GAPDH served as a loading control (E). ARE-luciferase activity was 

measured and normalized to Renilla activity (F and G). (H and I) HepG2 cells were transfected with 40 nM nuclear factor erythroid 2-related factor 1 (Nrf1) siRNA 

or control siRNA. At 24 h after siRNA transfection, the cells were co-transfected with pGL4.37[luc2P/ARE/Hygro] and pEF1A-HBx-Myc-His6. At 48 h after plasmid 

transfection, ARE-luciferase activity was measured and normalized to Renilla activity (H). The mRNA levels of Nrf1 were quantitated by real-time RT-PCR (I). The 

data represent the means ± SEM of data from three independent experiments, and the value for the control cells was arbitrarily expressed as 1.0. *P < 0.05, **P < 

0.01.
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FIG 3 HBx upregulates Nrf2 protein levels. (A) HepG2-hNTCP-C4 cells were infected with HBV at 40,000 genome equivalents/cell. The cells were harvested at 12 

dpi. HepG2 cells were transfected with pEF1A-HBx-Myc-His6 (B), pEF1A-HBc-Myc-His6 (C), or pUC19-HBV-C-AT_JPN or pUC19-HBV-C-AT_JPN(ΔHBx) (D), followed 

by incubation for 48 h. The expression levels of endogenous Nrf2 protein in cell lysates were analyzed by immunoblotting with anti-Nrf2 monoclonal

(Continued on next page)
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(Fig. 3C, upper panel). Neither HBx nor HBc had any effect on the levels of Nrf2 mRNA 
expression (Fig. 3B, bottom panel; Fig. 3C, bottom panel). To further verify the role of 
HBx in HBV-induced upregulation of the Nrf2 protein, HepG2 cells were transfected with 
either pUC19-HBV-C-AT_JPN or pUC19-HBV-C-AT_JPN(ΔHBx). The immunoblot analysis 
showed that the endogenous Nrf2 protein level was increased in HBV-C-AT_JPN-replicat­
ing cells but not in HBV-C-AT_JPN (ΔHBx)-replicating cells (Fig. 3D, upper panel, lanes 2 
and 3). Similarly, HBV replication did not show any effect on endogenous Nrf2 mRNA 
expression in either the presence or absence of HBx protein (Fig. 3D, bottom panel). This 
result suggests that HBx is involved in HBV-induced upregulation of the endogenous 
Nrf2 protein level but not the Nrf2 mRNA level.

To further examine the effect of HBx on the Nrf2 protein levels, HepG2 cells were 
co-transfected with pCAG-FLAG-Nrf2, pCAG-HA-Keap1, and pEF1A-HBx-Myc-His6. The 
amount of FLAG-Nrf2 protein was decreased in pCAG-HA-Keap1-transfected cells (Fig. 3E, 
first panel, lanes 1 and 2). However, FLAG-Nrf2 protein levels increased depending on the 
amount of HBx plasmids (Fig. 3E, first panel, lanes 3–6), suggesting that HBx upregulates 
the Nrf2 protein level.

To determine whether HBx-induced upregulation of Nrf2 protein is due to a decrease 
in the rate of Nrf2-degradation, we performed kinetic analysis using the protein synthesis 
inhibitor cycloheximide (CHX). A FLAG-Nrf2 protein plasmid together with an HBx-Myc-
His6 plasmid or control plasmid was transfected into HepG2 cells. Cells were collected 
at 0, 5, 15, and 30 min following treatment with 50 µg/mL CHX and analyzed by 
immunoblotting (Fig. 3F). The CHX-chase analysis revealed that overexpression of HBx 
resulted in slow degradation of the FLAG-Nrf2 protein compared to the control (Fig. 
3G), suggesting that HBx enhances Nrf2 protein stability. To further verify the effect 
of HBx on endogenous Nrf2 protein stability, HepG2 cells were transfected with either 
pUC19-HBV-C-AT_JPN or pUC19-HBV-C-AT_JPN(ΔHBx). Cells were collected at 0, 0.25, 0.5, 
1, and 2 h after treatment with CHX and analyzed by immunoblotting (Fig. 3H). Similarly, 
the CHX-chase analysis revealed that HBV enhanced the stability of endogenous Nrf2 
protein compared to HBx­deficient HBV (Fig. 3I). These results indicate that HBx enhances 
Nrf2 stability.

FIG 3 (Continued)

antibody (MAb) (A, B, C, and D, top panels). The relative expression levels of endogenous Nrf2 were quantified by densitometry and indicated below in 

the respective lanes. The expression levels of HBc in HBV-infected HepG2-hNTCP-C4 cells and of Myc-His6-tagged HBx, Myc-His6-tagged HBc, and HBx in 

pUC19-HBV-C-AT_JPN-transfected cells were analyzed by immunoblotting with anti-HBc MAb (A, second panel), anti-c-Myc MAb (B and C, second panels), 

and anti-HBx polyclonal antibody (PAb) (D, second panel), respectively. The level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading 

control. Nrf2 mRNA levels were analyzed by real-time RT-PCR (A, B, C, and D, bottom panels). (E) HepG2 cells were co-transfected with pCAG-FLAG-Nrf2 and 

pCAG-HA-Keap1 together with increasing amounts of pEF1A-HBx-Myc-His6. At 48 h after transfection, the cells were harvested, and cell lysates were analyzed 

by immunoblotting with anti-Nrf2 MAb (first panel), anti-c-Myc MAb (second panel), anti-HA PAb (third panel), and anti-GAPDH MAb (fourth panel), respectively. 

The relative expression levels of FLAG-Nrf2 were quantitated by densitometry and indicated below in the respective lanes. The level of GAPDH served as a 

loading control. (F) HepG2 cells were transfected with pCAG-FLAG-Nrf2 together with either pEF1A-HBx-Myc-His6 or pEF1A-Myc-His6. At 40 h after transfection, 

cells were treated with a reversible inhibitor of proteasomes, MG132, at 25 µM and cultured for 8 h. Before cycloheximide (CHX) addition, MG132 was washed 

away with fresh medium. Then, the cells were treated with 50 µg/mL CHX at 48 h after transfection. The cell lysates were harvested at 0, 5, 15, and 30 min 

after treatment with CHX, followed by immunoblotting with anti-Nrf2 MAb (top panel), anti-c-Myc MAb (middle panel), and anti-GAPDH MAb (bottom panel). 

The level of GAPDH served as a loading control. (G) Specific signals were quantitated by densitometry, and the percentage of remaining FLAG-Nrf2 at each 

time point was compared with that at time point zero. Closed triangles, pEF1A-Myc-His6; closed circles, pEF1A-HBx-Myc-His6. The data represent the means 

± SEM of data from three independent experiments. *P < 0.05 compared with the controls. (H) HepG2 cells were transfected with pUC19-HBV-C-AT_JPN or 

pUC19-HBV-C-AT_JPN(ΔHBx). At 40 h after transfection, 25 µM MG132 was added to the cells for an 8-h treatment. The cells were then treated with 50 µg/mL 

CHX at 48 h after transfection. The cell lysates were harvested at 0, 0.25, 0.5, 1, and 2 h after treatment with CHX, followed by immunoblotting with anti-Nrf2 

MAb (top panel), anti-HBx PAb (middle panel), and anti-GAPDH MAb (bottom panel). The level of GAPDH served as a loading control. (I) Specific signals were 

quantitated by densitometry, and the percentage of remaining endogenous Nrf2 at each time point was compared with that at time point zero. Closed triangles, 

pUC19-HBV-C-AT_JPN(ΔHBx); closed circles, pUC19-HBV-C-AT_JPN. The data represent the means ± SEM of data from three independent experiments. *P < 0.05 

compared with the controls.
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HBx induces Nrf2 nuclear localization

To determine the effect of HBx on Nrf2 subcellular localization, we performed indirect 
immunofluorescence staining. HepG2 cells were transfected with the plasmid pEF1A-
HBx-Myc-His6, the plasmid pCAG-FLAG-Nrf2, or both. When pEF1A-HBx-Myc-His6 alone 
was transfected, the HBx-Myc-His6 protein was localized in both the nucleus and the 
cytoplasm (Fig. 4A, top panel). FLAG-Nrf2 was mainly localized in the cytoplasm (Fig. 
4A, second panel). When pEF1A-HBx-Myc-His6 and pCAG-FLAG-Nrf2 were co-transfected 
into the cells, FLAG-Nrf2 was predominantly localized in the nucleus (Fig. 4A, third panel, 
Merge). FLAG-Nrf2 was localized in the nucleus in approximately 85% of HBx-Myc-His6-
expressing cells (Fig. 4B). These results suggest that HBx induces Nrf2 nuclear localiza­
tion, leading to Nrf2 activation. Although we examined the localization of endogenous 
Nrf2 protein, we failed to detect endogenous Nrf2, probably due to the lack of an 
appropriate anti-Nrf2 antibody for immunofluorescence staining.

Nrf2 is involved in the suppression of intracellular HBV RNA and pregenomic 
RNA

To determine the effects of Nrf2 activation on HBV replication, HepG2 cells were 
transfected with either pCAG-FLAG-Nrf2 or Nrf2 siRNA together with expression 
plasmids containing HBV genotypes A, B, C, and D: pUC19-HBV-AeuS, pUC19-HBV-
Bj_JPN56, pUC19-HBV-C-AT_JPN, or pUC19-HBV-D-IND60, respectively. HBV transcripts 
were then quantified by real-time RT-PCR using primers for amplification of the HBV 
RNA, including pregenomic RNA (pgRNA) and 2.4/2.1 kb HBsAg mRNA, or HBV pgRNA 
only. Overexpression of Nrf2 markedly decreased the intracellular HBV RNA and pgRNA 
levels of HBV-AeuS (Fig. 5A), HBV-Bj_JPN56 (Fig. 5B), HBV-C-AT_JPN (Fig. 5C), and 

FIG 4 HBx induces Nrf2 nuclear localization. (A) HepG2 cells were transfected with pEF1A-HBx-Myc-His6 (top panel), pCAG-FLAG-Nrf2 (middle panel), or 

pEF1A-HBx-Myc-His6 plus pCAG-FLAG-Nrf2 (bottom panel). At 48 h after transfection, the cells were stained with anti-c-Myc mouse monoclonal antibody, 

followed by Alexa Fluor 594-conjugated goat anti-mouse IgG (red) and anti-FLAG rabbit polyclonal antibody, followed by Alexa Fluor 488-conjugated goat 

anti-rabbit IgG (green). The cell nuclei were stained with Hoechst 33342 (blue). Scale bar, 5 µm. (B) The percentage of cells with FLAG-Nrf2 nuclear localization 

was determined for HBx-Myc-His6-expressing cells and control cells. The data represent the means ± SEM of data from three independent experiments. *P < 0.05.
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pHBV-D-IND60 (Fig. 5D) compared to the controls. Conversely, knockdown of endog­
enous Nrf2 significantly increased the intracellular HBV RNA and pgRNA levels of 
HBV-AeuS (Fig. 5E), HBV-Bj_JPN56 (Fig. 5F), HBV-C-AT_JPN (Fig. 5G), and pHBV-D-IND60 
(Fig. 5H) compared to the controls. These results suggest that Nrf2 is involved in the 
suppression of HBV replication.

Nrf2 is involved in the suppression of intracellular HBc and HBs protein levels 
as well as extracellular HBeAg and HBsAg levels

To examine the roles of Nrf2 in the intracellular HBc and HBs protein levels as well as the 
extracellular HBeAg and HBsA levels, HepG2 cells were transfected with either pCAG-
FLAG-Nrf2 or Nrf2 siRNA together with HBV plasmids pUC19-HBV-AeuS, pUC19-HBV-
Bj_JPN56, pUC19-HBV-C-AT_JPN, or pUC19-HBV-D-IND60. The immunoblot analysis 
revealed that overexpression of Nrf2 markedly decreased the HBc protein levels (Fig. 6A, 
top panel, lanes 2, 4, 6, and 8) and moderately decreased the HBs levels (Fig. 6A, second 
panel, lanes 2, 4, 6, and 8) in HBV-AeuS, HBV-Bj_JPN56, HBV-C-AT_JPN, or HBV-D-IND60-
replicating cells. Notably, the inhibitory effect of Nrf2 overexpression on HBs levels 
appeared to be genotype-dependent, strongly inhibiting the HBs of genotypes C-AT_JPN 
and D-IND60 (Fig. 6A, second panel, lanes 6 and 8), whereas only slightly inhibiting the 
HBs of genotypes AeuS and Bj_JPN56 (Fig. 6A, second panel, lanes 2 and 4). However, 
overexpression of Nrf2 did not decrease intracellular HBx protein levels (Fig. 6A, third 
panel, lanes 2, 4, 6, and 8), suggesting that Nrf2 does not affect HBx mRNA transcription. 
It is noteworthy that overexpression of Nrf2 slightly increased the levels of HBx in 
genotypes AeuS and D-IND60 (Fig. 6A, third panel, lanes 2 and 8), which is consistent 
with the notion that the effect of Nrf2 on HBx levels is genotype-dependent.

Consistent with the above results, an ELISA assay showed that overexpression of Nrf2 
significantly decreased the amount of extracellular HBeAg (Fig. 6B) and HBsAg (Fig. 6C) in 
HBV-AeuS-, HBV-Bj_JPN56-, HBV-C-AT_JPN-, or HBV-D-IND60-replicating cells. Conversely, 
knockdown of endogenous Nrf2 significantly increased the amount of extracellular 
HBeAg (Fig. 6D) and HBsAg (Fig. 6E) in these HBV-replicating cells. These results suggest 
that Nrf2 decreases the amounts of intracellular HBc and HBs protein expression as well 
as the levels of extracellular HBeAg and HBsAg.

To further assess the role of Nrf2 in HBV propagation in HBV-infected cells, HBV-
infected HepG2-hNTCP-C4 cells were transfected with either pCAG-FLAG-Nrf2 or Nrf2 
siRNA. The intracellular HBV RNA and pgRNA levels at 4 dpi were determined by real-time 
RT-PCR. Overexpression of Nrf2 strongly increased the Nrf2 mRNA level (Fig. 7A, right 
panel), which in turn significantly decreased the amounts of intracellular HBV RNA and 
pgRNA (Fig. 7A, left and middle panels). Conversely, knockdown of Nrf2 significantly 
decreased the levels of Nrf2 mRNA (Fig. 7B, third panel) and Nrf2 protein (Fig. 7B, fourth 
panel), resulting in a significant increase in the amounts of intracellular HBV RNA and 
pgRNA (Fig. 7B, first and second panels). On the other hand, overexpression of Nrf2 also 
significantly decreased extracellular HBeAg (Fig. 7C, left panel) and HBsAg (Fig. 7D, left 
panel), whereas knockdown of Nrf2 significantly increased extracellular HBeAg (Fig. 7C, 
right panel) and HBsAg (Fig. 7D, right panel). These results suggest that Nrf2 plays a role 
in inhibiting HBV propagation.

Nrf2 strongly suppresses HBV core promoter activity

Next, to determine whether Nrf2-mediated inhibition of HBV RNA is due to a transcrip­
tional mechanism, we examined the effects of overexpression or knockdown of Nrf2 on 
the activities of four different HBV promoters [core, preS1, preS2/S, and enhancer 1 
(Enh1)/X] derived from HBV genotype Ce. HepG2 cells were co-transfected with either 
pCAG-FLAG-Nrf2 or Nrf2 siRNA together with the firefly luciferase reporter driven by the 
core, preS1, preS2/S, or Enh1/X promoters, respectively. The promoter reporter assays 
demonstrated that overexpression of Nrf2 markedly reduced the HBV core promoter 
activity (Fig. 8A) and significantly reduced HBV preS1 promoter activity (Fig. 8B) and 
preS2/S (Fig. 8C) promoter activity. Overexpression of Nrf2 did not show any significant 
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FIG 5 Nrf2 is involved in the suppression of intracellular HBV RNA and pgRNA. HepG2 cells were transfected with pCAG-FLAG-Nrf2 or 40 nM Nrf2 siRNA #7, 

together with one of four HBV expression plasmids carrying a 1.3-mer overlength HBV genome: pUC19-HBV-AeuS (A and E), pUC19-HBV-Bj_JPN56 (B and F), 

pUC19-HBV-C-AT_JPN (C and G), or pUC19-HBV-D-IND60 (D and H). Total RNA was extracted 48 h after transfection. The amounts of HBV RNA and pgRNA were 

quantitated by real-time RT-PCR. The data represent the means ± SEM of data from three independent experiments, and the value for the control cells was 

arbitrarily expressed as 1.0. **P < 0.01 compared with the controls.
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FIG 6 Nrf2 is involved in the suppression of intracellular HBc and HBs protein levels as well as extracellular HBeAg and HBsAg levels. (A, B, and C) HepG2 

cells were transfected with pCAG-FLAG-Nrf2 together with an HBV expression plasmid that carries the 1.3-mer overlength HBV genome, pUC19-HBV-AeuS, 

pUC19-HBV-Bj_JPN56, pUC19-HBV-C-AT_JPN, or pUC19-HBV-D-IND60, followed by incubation for 48 h. The expression levels of HBc, HBs, HBx, Nrf2, and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in FLAG-Nrf2-expressing cell lysate were analyzed by immunoblotting with anti-HBc monoclonal antibody 

(MAb) (first panel), anti-HBs polyclonal antibody (PAb) (second panel), anti-HBx PAb (third panel), anti-Nrf2 MAb (fourth panel), and anti-GAPDH MAb (fifth 

panel), respectively. The level of GAPDH served as a loading control. (D and E) HepG2 cells were transfected with 40 nM Nrf2 siRNA #7 together with an HBV 

expression plasmid that carries the 1.3-mer overlength HBV genome, pUC19-HBV-AeuS, pUC19-HBV-Bj_JPN56, pUC19-HBV-C-AT_JPN, or pUC19-HBV-D-IND60, 

followed by incubation for 48 h. The levels of HBeAg (B and D) and HBsAg (C and E) in the culture supernatant of HBV-AeuS, HBV-Bj_JPN56, HBV-C-AT_JPN, or 

HBV-D-IND60-replicating cells were measured by ELISA. The data represent the means ± SEM of data from three independent experiments, and the value for the 

control cells was arbitrarily expressed as 1.0. *P < 0.05, **P < 0.01, compared with the controls.

Full-Length Text Journal of Virology

October 2023  Volume 97  Issue 10 10.1128/jvi.01287-23 12

https://doi.org/10.1128/jvi.01287-23


effect on the Enh1/X promoter activity (Fig. 8D). Conversely, knockdown of Nrf2 
significantly increased the activities of the HBV core promoter (Fig. 8E), preS1 promoter 
(Fig. 8F), and preS2/S promoter (Fig. 8G). Knockdown of Nrf2 showed no significant effect 
on Enh1/X promoter activity (Fig. 8H). These results are consistent with the notion that 
Nrf2 does not affect HBx mRNA transcription.

To further verify the inhibitory effect of Nrf2 on HBV core promoter activity, we 
analyzed the impact of Nrf2 on HBV core promoters derived from HBV genotypes Aa, Bj, 
and D using the firefly luciferase reporter systems. Promoter reporter assays showed that 
overexpression of Nrf2 strongly reduced the activities of the HBV core promoters derived 
from HBV genotypes Aa, Bj, or D (Fig. 8I). Conversely, knockdown of endogenous Nrf2 
significantly enhanced the activities of these HBV core promoters (Fig. 8J). We confirmed 
that endogenous Nrf2 was efficiently knocked down by siRNA (Fig. 8K). These results 
suggest that Nrf2 strongly suppresses HBV core promoter activity, leading to a decrease 
in the amounts of intracellular HBV pgRNA/precore mRNA, HBc protein, and extracellular 
HBeAg.

Nrf2 binds to the HBV core promoter

To determine whether the HBV core promoter has a putative Nrf2-binding site, we 
analyzed the HBV genotype Ce core promoter (GenBank accession number AB014381) 
using the JASPAR 2022 database of transcription factor binding sites. A putative 
Nrf2-binding motif was found within the HBV Ce core promoter from nucleotides (nt) 
1,667 to 1,679, 5′-TGGACTCTCAGCA-3′ (Fig. 9A). To assess whether Nrf2 interacts with the 
HBV core promoter, chromatin immunoprecipitation and quantitative PCR (ChIP-qPCR) 
were performed. The results showed that the level of HBV DNA was significantly higher in 
the FLAG-Nrf2 immunoprecipitate than in the control (Fig. 9B). The amount of FLAG-Nrf2 
immunoprecipitate was confirmed by immunoblotting (Fig. 9C, upper panel, lane 4). 
These results suggest that Nrf2 binds to the HBV core promoter.

To identify the specific sites in the HBV core promoter required for the interaction 
with Nrf2, we introduced a double-point mutation (G1669C/A1670T) into the HBV Ce 
core promoter, which is highly conserved in the predicted Nrf2-binding motif (Fig. 9A). 
The ChIP-qPCR analysis revealed that the double-point mutant HBV Ce core promoter 
G1669C/A1670T significantly reduced the interaction with Nrf2 (Fig. 9D). On the other 
hand, the double-point mutant HBV Ce core promoter A1676C/C1678A (Fig. 9A) did 
not affect the interaction between Nrf2 and the HBV Ce core promoter (Fig. 9D). These 
results suggest that the HBV Ce core promoter from nt 1,667 to 1,679 is involved in the 
interaction between Nrf2 and the HBV core promoter.

HBx-mediated ROS production is not involved in HBx-induced ARE-luciferase 
activity

To investigate whether HBx-induced ROS production is involved in HBx-induced 
ARE-luciferase activity, we treated the HBx-Myc-His6-expessing cells with the antioxidant 
N-acetyl cysteine (NAC), which is a scavenger of ROS. To examine the ROS produc­
tion in HBx-Myc-His6-expressing cells, we performed immunofluorescence staining by 
using MitoSOX, a fluorescent probe specific for mitochondrial superoxide. HBx-Myc-His6-
expressing cells displayed much stronger red signals than the control. Treatment with 
NAC clearly reduced HBx-induced mitochondrial ROS production (Fig. 10A, second panel, 
MitoSOX). However, the ARE-luciferase reporter assay showed that NAC treatment did 
not show any significant effect on HBx-induced ARE-luciferase activity (Fig. 10B). The 
immunoblot analysis also showed that NAC treatment did not have any significant effect 
on endogenous Nrf2 protein levels in HepG2 cells transfected with pEF1A-HBx-Myc-His6 
(Fig. 10C). These results suggest that HBx-mediated ROS production is not involved in 
HBx-induced ARE-luciferase activity.
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FIG 7 Nrf2 significantly decreases the amounts of intracellular HBV RNA and pgRNA as well as extracellular HBeAg and HBsAg in HBV-infected HepG2-hNTCP-C4 

cells. HepG2-hNTCP-C4 cells were infected with HBV at 40,000 genome equivalents/cell. At 24 h after inoculation, the cells were transfected with pCAG-FLAG-

Nrf2 or 40 nM Nrf2 siRNA #7, followed by incubation for 4 days. Total RNA was extracted, and the amounts of intracellular HBV RNA, pgRNA, and Nrf2 mRNA 

(A and B) were quantitated by real-time RT-PCR. The expression levels of endogenous Nrf2 protein in Nrf2 siRNA-transfected cell lysate were analyzed by 

immunoblotting using anti-Nrf2 monoclonal antibody (B, fourth panel). The level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading 

control. The levels of HBeAg (C) and HBsAg (D) in the culture supernatant of HBV-infected HepG2-hNTCP-C4 cells were measured by ELISA. The data represent the 

means ± SEM of data from three independent experiments, and the value for the control cells was arbitrarily expressed as 1.0. *P < 0.05, **P < 0.01, compared 

with the controls.
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FIG 8 Nrf2 strongly suppresses HBV core promoter activity. HepG2 cells were transfected with pCAG-FLAG-Nrf2 or 40 nM Nrf2 siRNA #7 together with the firefly 

luciferase reporter plasmid driven by the entire HBV Ce core promoter (A and E), HBV Ce preS1 promoter (B and F), HBV Ce preS2/S promoter (C and G), HBV Ce 

Enh1/X promoter (D and H), or entire HBV core promoters from genotypes Aa, Bj, or D (I and J). At 48 h after transfection, the expression levels

(Continued on next page)
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HBx does not affect the half-life of endogenous Keap1 protein

To investigate whether HBx promotes the degradation of Keap1 protein, we performed 
CHX-chase analysis. HepG2 cells were transfected with pEF1A-HBx-Myc-His6 or the 
empty plasmid pEF1A-Myc-His6. The CHX-chase analysis demonstrated no significant 
difference in the half-life of the endogenous Keapl protein between HBx-Myc-His6-
expressing cells and control cells (Fig. 11A, upper panel, and Fig. 11B). These results 
suggest that HBx does not affect the half-life of endogenous Keap1 protein.

HBx interacts with Keap1

To determine whether the HBx protein competes with Nrf2 for interaction with Keap1, 
we performed a coimmunoprecipitation analysis. HepG2 cells were co-transfected with 
pCAG-FLAG-Keap1 and either pEF1A-HBx-Myc-His6 or pEF1A-HBc-Myc-His6. At 48 h after 
transfection, the cells were harvested, and the cell lysates were immunoprecipitated with 
anti-Myc beads. Immunoprecipitation analysis revealed that FLAG-Keap1 was coimmu­
noprecipitated with HBx-Myc-His6 (Fig. 12A, first panel, lane 5), but not with HBc-Myc-
His6 (Fig. 12A, first panel, lane 6). This result suggests that HBx specifically interacts with 
Keap1.

To further verify the interaction between HBx and Keap1 in HBV-replicating cells, 
HepG2 cells were co-transfected with pCAG-FLAG-Keap1 together with either pUC19-
HBV-C-AT_JPN or pUC19-HBV-C-AT_JPN(ΔHBx). Immunoprecipitation analysis using 
anti-FLAG beads showed that HBx (Fig. 12B, first panel, lane 4), but not HBc (Fig. 
12B, second panel, lane 4), was coimmunoprecipitated with FLAG-Keap1. No band was 
detected in HBV-C-AT_JPN(ΔHBx)-replicating cells (Fig. 12B, first panel, lane 5), indicating 
that the precipitated protein was indeed the HBx protein (Fig. 12B, first panel, lane 4). 
These results further suggest that HBx specifically interacts with Keap1.

To investigate the interaction between HBx and endogenous Keap1, HepG2 cells 
were transfected with pEF1A-HBx-Myc-His6. Consistent with the findings of the above 
experiments, the immunoprecipitation analysis using anti-Keap1 antibodies showed that 
HBx-Myc-His6 was coimmunoprecipitated with endogenous Keap1 (Fig. 12C, first panel, 
lane 2).

To map the HBx-binding region on Keap1 protein, coimmunoprecipitation analyses 
were performed using a panel of FLAG-tagged Keap1 deletion mutants (Fig. 12D). The 
immunoprecipitation analyses revealed that FLAG-Keap1-DGR (double glycine repeat) 
[amino acid (aa) 315–598], but not FLAG-Keap1-BTB (broad complex, tramtrack, and 
bric-a-brac) (aa 61–179) or FLAG-Keap1-IVR (intervening region) (aa 180–314), was 
coimmunoprecipitated with HBx-Myc-His6 using anti-Myc beads (Fig. 12E, upper right 
panel, lanes 10–12). These results suggest that the DGR domain of Keap1 is important for 
HBx binding.

To further investigate whether HBx interferes with the interaction between Nrf2 
and Keap1, we performed a proximity ligation assay (PLA) to detect protein-protein 
interactions as fluorescence signal spots in cells. HepG2 cells were co-transfected with 
pCAG-FLAG-Nrf2 and pCAG-Keap1, together with either pEGFP-C3 or pEGFP-C3-HBx. The 
PLA revealed a strong signal in the cytoplasm in the presence of FLAG-Nrf2, Keap1, and 
EGFP (Fig. 12F, upper panel, Merge). However, expression of EGFP-HBx markedly reduced 
the PLA signal (Fig. 12F, bottom panel, Merge). These results suggest that HBx interferes 
with the interaction between Ner2 and Keap1.

FIG 8 (Continued)

of endogenous Nrf2 protein in Nrf2 siRNA-transfected cell lysates were analyzed by immunoblotting using anti-Nrf2 monoclonal antibody (K). The level of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control. The luciferase activity was measured and normalized to Renilla activity. The 

data represent the means ± SEM of data from three independent experiments, and the value for the control cells was arbitrarily expressed as 1.0. *P < 0.05, ***P < 

0.001, compared with the controls.
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FIG 9 Nrf2 binds to the HBV core promoter. (A) Schematic representation of the putative Nrf2-binding region within the HBV Ce core promoter. Two mutant 

constructs were prepared by introducing double-point mutations (G1669C/A1670T or A1676C/C1678A) into the ARE sequence in the HBV Ce core promoter. (B) 

HepG2 cells were transfected with pCAG-FLAG-Nrf2 together with the HBV Ce core promoter reporter plasmid pGL4.10-HBpg-Ce. At 48 h after transfection, the

(Continued on next page)
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HBx is colocalized with Keap1 predominantly in the cytoplasm

To examine the subcellular localization of HBx and Keap1, we performed immunofluores­
cence staining. Huh-7.5 cells were co-transfected with pCAG-FLAG-Keap1 and pEF1A-
HBx-Myc-His6. Immunofluorescence staining revealed that the HBx-Myc-His6 protein was 
predominantly colocalized with FLAG-Keap1 in the cytoplasm (Fig. 13A, lower panel, 
Merge). To further examine whether Keap1 is colocalized with the HBx protein, we 
performed the PLA. The PLA revealed that a strong signal was observed in the cytoplasm 
in the presence of both FLAG-Keap1 and HBx-Myc-His6 (Fig. 13B, bottom panel, Merge). 
These results suggest that HBx interacts with Keap1 predominantly in the cytoplasm.

Knockdown of Keap1 decreases the levels of intracellular HBV RNA and 
pgRNA as well as the levels of extracellular HBeAg and HBsAg

To determine the effects of Keap1 on HBV replication, HepG2 cells were transfected 
with HBV plasmids pUC19-HBV-AeuS, pUC19-HBV-Bj_JPN56, pUC19-HBV-C-AT_JPN, or 
pUC19-HBV-D-IND60 in the presence or absence of Keap1 siRNA. The intracellular HBV 
RNA and pgRNA levels were determined by real-time RT-PCR. Knockdown of Keap1 
significantly decreased the intracellular HBV RNA and pgRNA levels of HBV-AeuS (Fig. 
14A), HBV-Bj_JPN56 (Fig. 14B), HBV-C-AT_JPN (Fig. 14C), and pHBV-D-IND60 (Fig. 14D) 
compared to the controls. Moreover, an ELISA assay showed that knockdown of Keap1 
significantly decreased the amount of extracellular HBeAg (Fig. 14E) and HBsAg (Fig. 14F). 
These results suggest that Keap1 enhances HBV replication by inhibiting Nrf2 activity.

HBx induces polyubiquitylation of Nrf2 via the K6-linked polyubiquitin 
chains

To determine the role of HBx in Keap1-mediated Nrf2 polyubiquitylation, we performed 
a cell-based ubiquitylation assay. HepG2 cells were co-transfected with pEF1A-HBx-
Myc-His6, pCAG-FLAG-Nrf2, pCAG-Keap1, and pRK5-HA-ubiquitin (Ub). At 40 h after 
transfection, the cells were treated with 25 µM MG132 for 8 h and then harvested. 
Cell lysates were immunoprecipitated with anti-FLAG beads and immunoblotted with 
anti-HA polyclonal antibodies to detect ubiquitylated FLAG-Nrf2. The immunoblot 
revealed that Keap1 enhanced Nrf2-polyubiquitylation (Fig. 15A, first panel, lanes 1 
and 2). Moreover, Nrf2-polyubiquitylation was enhanced by HBx in a dose-dependent 
manner (Fig. 15A, first panel, lanes 3 and 4). This result suggests that HBx plays a role in 
the enhancement of Nrf2-polyubiquitylation.

To determine the role of HBx in the Nrf2-polyubiquitylation mediated by endogenous 
Keap1, HepG2 cells were co-transfected with pEF1A-HBx-Myc-His6, pCAG-FLAG-Nrf2, 
and pRK5-Ub. Consistent with the findings of the above experiments, the cell-based 
ubiquitylation assay demonstrated enhanced polyubiquitylation of Nrf2 mediated by 
endogenous Keap1 in the presence of HBx (Fig. 15B, first panel, lane 2).

To determine the types of polyubiquitin chains on Nrf2, HepG2 cells were co-transfec­
ted with pEF1A-HBx-Myc-His6, pCAG-FLAG-Nrf2, pCAG-Keap1, and a series of ubiqui­
tin K-only constructs. Then, the cell lysates were immunoprecipitated with anti-FLAG 
beads and immunoblotted with anti-HA polyclonal antibodies to detect ubiquitylated 
FLAG-Nrf2. Polyubiquitylation of Nrf2 was enhanced by HBx when wild-type (WT)-Ub 
and K6-Ub were used (Fig. 15C, first panel, lanes 2 and 4). Polyubiquitylation of Nrf2 

FIG 9 (Continued)

cells were harvested. Cell lysates were subjected to a ChIP assay using either an isotype control antibody (rabbit IgG) or an anti-FLAG rabbit monoclonal antibody 

(MAb). Coprecipitated DNA was isolated from the beads, and HBV core promoter DNA was determined by real-time PCR. (C) The amount of immunoprecipitated 

FLAG-Nrf2 was determined by immunoblotting with anti-Nrf2 MAb (top panel). Input samples were immunoblotted with anti-Nrf2 MAb (middle panel) and 

anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) MAb (bottom panel), respectively. The level of GAPDH served as a loading control. (D) HepG2 cells 

were transfected with pCAG-FLAG-Nrf2 together with pGL4.10-HBpg-Ce, pGL4.10-HBpg-Ce (G1669C/A1670T), or pGL4.10-HBpg-Ce (A1676C/C1678A). At 48 h 

after transfection, the cells were harvested. The ChIP assay was performed as described above. The data represent the means ± SEM of data from three 

independent experiments, and the value for the control cells was arbitrarily expressed as 1.0. *P < 0.05.
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was unchanged by co-transfection of the HBx-Myc-His6 plasmid when other ubiquitin 
plasmids, such as K11-, K27-, K29-, K33-, and K63-Ub, were used (Fig. 15C, lanes 6, 8, 
10, 12, 16). Interestingly, polyubiquitylation of Nrf2 by K48-Ub was decreased when the 
HBx proteins were co-expressed (Fig. 15C, lanes 13 and 14). These results suggest that 
HBx induces polyubiquitylation of Nrf2 by switching K-48-linked polyubiquitylation to 
K6-linked polyubiquitylation.

FIG 10 HBx-mediated ROS production is not involved in HBx-induced ARE-luciferase activity. (A) Huh-7.5 cells were transfected with pEF1A-HBx-Myc-His6 or 

empty plasmid pEF1A-Myc-His6. At 48 h after transfection, the cells were directly incubated with MitoSOX (red, second panel) with or without pretreatment 

with 10 mM NAC for 6 h and then stained for HBx-Myc-His6 using anti-c-Myc mouse monoclonal antibody (MAb), followed by Alexa Fluor 488-conjugated goat 

anti-mouse IgG (green, top panel). The cell nuclei were stained with Hoechst 33342 (blue, third panel). Scale bar, 5 µm. (B and C) HepG2 cells were co-transfected 

with pGL4.37[luc2P/ARE/Hygro] and pEF1A-HBx-Myc-His6. At 48 h after transfection, the cells were harvested with or without pretreatment with 1, 5, or 10 mM 

antioxidant NAC for 6 h. ARE-luciferase activity was measured and normalized to Renilla activity (B). The data represent the means ± SEM of data from three 

independent experiments, and the value for the control cells was arbitrarily expressed as 1.0. **P < 0.01. Cell lysates were analyzed by immunoblotting with 

anti-Nrf2 MAb (top panel), anti-c-Myc MAb (middle panel), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) MAb (bottom panel), respectively. The 

level of GAPDH served as a loading control (C).
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The HECT E3 ubiquitin ligase HUWE1 is known to catalyze K6-linked polyubiquitin 
conjugation. To investigate the effect of HUWE1 on the HBx-induced K6-linked polyubi­
quitylation of Nrf2, HepG2 cells were co-transfected with pEF1A-HBx-Myc-His6, pCAG-
FLAG-Nrf2, and pCAG-Keap1, together with either pRK5-HA-Ub or pRK5-HA-Ub-K6 in the 
presence or absence of HUWE1 siRNA. Knockdown of HUWE1 decreased HBx-induced 
enhancement of Nrf2-polyubiquitylation (Fig. 15D, left, first panel, lane 3). Notably, 
knockdown of HUWE1 resulted in a marked decrease in K6-linked Nrf2-polyubiquity­
lation (Fig. 15D, right, first panel, lane 6), suggesting that HUWE1 is involved in HBx-
induced K6-linked polyubiquitylation of Nrf2.

FIG 11 HBx does not affect the half-life of the endogenous Keap1 protein. (A) HepG2 cells were transfected with either pEF1A-HBx-Myc-His6 or the empty 

plasmid pEF1A-Myc-His6. The cells were treated with 100 µg/mL CHX at 48 h after transfection. The cell lysates were harvested at 0, 6, 12, and 24 h after 

treatment with CHX. The culture medium was replaced with the medium containing CHX every 6 h, followed by immunoblotting with anti-Keap1 monoclonal 

antibody (MAb) (first panel), anti-c-Myc MAb (second panel), or anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) MAb (third panel). The level of GAPDH 

served as a loading control. (B) Specific signals were quantitated by densitometry, and the percentage of remaining endogenous Keap1 at each time point was 

compared with that at the starting point. Closed triangles, pEF1A-Myc-His6; closed circles, pEF1A-HBx-Myc-His6.
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FIG 12 HBx interacts with Keap1. (A) HepG2 cells were transfected with pCAG-FLAG-Keap1 together with either pEF1A-HBx-Myc-His6 or pEF1A-HBc-Myc-His6. 

At 48 h after transfection, cells were harvested. The cell lysates were immunoprecipitated with anti-Myc beads, followed by immunoblotting with anti-FLAG 

polyclonal antibody (PAb) (first panel) or anti-c-Myc monoclonal antibody (MAb) (second and third panels). Input samples were immunoblotted with anti-Keap1 

MAb (fourth panel) or anti-c-Myc MAb (fifth and sixth panels). (B) HepG2 cells were transfected with pCAG-FLAG-Keap1 together with either pUC19-HBV-C-

AT_JPN or pUC19-HBVC-AT_JPN(ΔHBx). At 48 h after transfection, cells were harvested. The cell lysates were immunoprecipitated with anti-FLAG beads, followed 

by immunoblotting with anti-HBx PAb (first panel), anti-HBc MAb (second panel), or anti-Keap1 MAb (third panel). Input samples were immunoblotted with

(Continued on next page)
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Taken together, these results lead us to propose a model in which Keap1 interacts 
with HBx protein to activate the Nrf2/ARE signaling pathway in HBV-infected cells, in turn 
leading to an enhanced interaction of Nrf2 with the HBV core promoter and reduced HBV 
core promoter activity, and finally to the inhibition of hepatitis B virus replication (Fig. 
16).

DISCUSSION

In this study, we demonstrated that the Nrf2/ARE signaling pathway was activated by 
HBV infection (Fig. 1A, B and 3A). HBx played an important role in activation of the 
Nrf2/ARE signaling pathway (Fig. 1, 3 and 4). Importantly, overexpression of Nrf2 strongly 
inhibited HBV replication by binding to the HBV core promoter and suppressing its 
activity (Fig. 5 to 9). To explore the molecular mechanism underlying HBx-mediated 
Nrf2 activation, we investigated the interaction between HBx and Keap1. An immu­
noprecipitation assay showed that HBx interacted with Keap1. The DGR domain of 
Keap1, which mediates interaction with Nrf2 (25), was important for HBx-binding (Fig. 
12), suggesting that HBx competes with Nrf2 for interaction with Keap1, promoting 
nuclear localization and activation of Nrf2. Next, we explored the possible involvement 
of HBx in Nrf2-polyubiquitylation. Cell-based ubiquitylation assays revealed that HBx 
promoted polyubiquitylation of Nrf2 by switching from K48-linked polyubiquitylation to 
K6-linked polyubiquitylation, the latter of which may be associated with Nrf2 stabiliza­
tion. Collectively, our results suggest that Keap1 recognizes HBx protein to activate the 
Nrf2/ARE signaling pathway upon HBV infection, leading to an enhanced interaction 
of Nrf2 with the HBV core promoter and reduced HBV core promoter activity, thereby 
inhibiting hepatitis B virus replication (Fig. 16). To our knowledge, this is the first study to 
clarify the role of Nrf2 in the suppression of HBV replication.

It is well known that Nrf2 activation is regulated by both canonical and noncanon­
ical pathways (26). The canonical pathway is activated by the oxidation of cysteine 
residues in Keap1 in response to oxidative stress or electrophilic chemicals, resulting 
in Keap1-Cul3 complex inactivation and Nrf2-stabilization (27). Recently, attention has 
been focused on noncanonical pathway-mediated Nrf2-activation. A set of proteins, such 
as p62 (28), dipeptidyl peptidase 3 (29), the Wilms tumor gene on the X chromosome 
(30), PALB2 (31), and BRCA1 (32), interact with Keap1 to disrupt the Keap1-Nrf2 complex, 
preventing Nrf2 polyubiquitylation and 26S proteasomal degradation, thereby inducing 
activation of Nrf2. Here, we demonstrated that Keap1 interacted with HBx (Fig. 12). 
HBx-mediated ROS production is not involved in HBx-induced ARE-luciferase activity 
(Fig. 10), suggesting that HBx activates Nrf2 via a noncanonical pathway. We propose 
a model in which the Keap1 dimer forms a complex with HBx, and the HBx in that 
complex then occupies the Nrf2-binding sites on Keap1, allowing Nrf2 to translocate 
to the nucleus, leading to Nrf2-activation. We previously reported that Prdx1, a target 
gene of Nrf2, negatively regulates HBV propagation through the degradation of HBV 
RNA (33). We therefore propose that Nrf2 inhibits HBV replication via two independent 
pathways: inhibition of the HBV core promoter activity and enhancement of the level of 
the antioxidant enzyme Prdx1 to promote degradation of HBV RNA (Fig. 16).

FIG 12 (Continued)

anti-HBx PAb (fourth panel), anti-HBc MAb (fifth panel), or anti-Keap1 MAb (sixth panels). (C) HepG2 cells were transfected with pEF1A-HBx-Myc-His6. At 48 h 

after transfection, cells were harvested. The cell lysates were immunoprecipitated with an anti-Keap1 mouse MAb antibody, followed by immunoblotting with 

anti-HBx PAb (first panel) or anti-Keap1 rabbit MAb (second panel). Input samples were immunoblotted with anti-c-Myc MAb (third panel) or anti-Keap1 mouse 

MAb (fourth panel). (D) Schematic representation of the Keap1 protein. NTR, N-terminal region; BTB, broad complex, tramtrack, and bric-a-brac; IVR, intervening 

region; DGR, double glycine repeat; CTR, C-terminal region. Each Keap1 deletion mutant contains a FLAG-tag in the N-terminal region. (E) HepG2 cells were 

transfected with pEF1A-HBx-Myc-His6 together with each FLAG-Keap1 mutant plasmid as indicated. At 48 h after transfection, cells were harvested. The cell 

lysates were immunoprecipitated with anti-Myc beads, followed by immunoblotting with anti-FLAG PAb (upper right panel) or anti-c-Myc MAb (lower right 

panel). Input samples were immunoblotted with anti-FLAG PAb (upper left panel) or anti-c-Myc MAb (lower left panel). (F) HepG2 cells were co-transfected with 

pCAG-FLAG-Nrf2 and pCAG-Keap1 together with either pEGFP-C3 or pEGFP-C3-HBx. At 48 h after transfection, the cells were fixed, incubated with both anti-Nrf2 

rabbit PAb and anti-Keap1 mouse MAb, and subjected to a proximity ligation assay. Scale bar, 10 µm.
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Under basal conditions, the Keap1-Cul3 E3 ligase catalyzes Nrf2 via the addition 
of K48-linked polyubiquitin chains onto Nrf2, thereby targeting it for proteasomal 
degradation (34). In this study, HBx enhanced the polyubiquitylation of Nrf2 by switching 

FIG 13 HBx is colocalized with Keap1 predominantly in the cytoplasm. (A) Huh-7.5 cells were transfected with plasmids for HBx-Myc-His6 (top panel), 

FLAG-Keap1 (middle panel), or HBx-Myc-His6 plus FLAG-Keap1 (bottom panel). At 48 h after transfection, the cells were stained with anti-c-Myc mouse 

monoclonal antibody (MAb), followed by Alexa Fluor 594-conjugated goat anti-mouse IgG (red) and anti-FLAG rabbit polyclonal antibody (PAb), followed 

by Alexa Fluor 488-conjugated goat anti-rabbit IgG (green). The cell nuclei were stained with Hoechst 33342 (blue). Scale bar, 5 µm. (B) Huh-7.5 cells were 

transfected with pEF1A-HBx-Myc-His6 together with pCAG-FLAG-Keap1. At 48 h after transfection, the cells were fixed, incubated with both anti-FLAG rabbit PAb 

and anti-c-Myc mouse MAb, and subjected to a proximity ligation assay. Scale bar, 5 µm.
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K48-linked polyubiquitylation to K6-linked polyubiquitylation (Fig. 15A; Fig. 15C, first 
panel, lanes 1–4). Although the biological functions of K6-linked polyubiquitin chains 
have not been clarified, it was reported that the K6-linked polyubiquitin chains of the 
parkin protein protect it from proteasomal degradation (35). Additionally, we noticed 
that the Nrf2 protein levels in WT- or K6-Ub-expressing cells were increased in the 
presence of HBx compared to the controls (Fig. 15C, fourth panel, lanes 1–4). These 
results suggest that the HBx-induced K6-linked polyubiquitin chains of Nrf2 result in Nrf2 
stabilization. Recently, the HECT E3 ubiquitin ligase HUWE1 was reported to catalyze 
K6-linked polyubiquitin conjugation (36). We demonstrated that knockdown of HUWE1 
reduced HBx-induced K6-linked polyubiquitylation of Nrf2 (Fig. 15D, right, first panel, 
lanes 5 and 6) and HBx-enhanced Nrf2 protein level (Fig. 15D, right, fourth panel, lanes 5 

FIG 14 Knockdown of Keap1 decreases the levels of intracellular HBV RNA and pgRNA as well as the levels of extracellular HBeAg and HBsAg. HepG2 cells 

were transfected with 40 nM Keap1 siRNA. At 24 h after siRNA transfection, the cells were transfected with an HBV expression plasmid that carries the 1.3-mer 

overlength HBV genome, pUC19-HBV-AeuS (A), pUC19-HBV-Bj_JPN56 (B), pUC19-HBV-C-AT_JPN (C), or pUC19-HBV-D-IND60 (D), followed by incubation for 48 h. 

Total RNA was extracted 48 h after transfection. The amounts of HBV RNA and pgRNA were quantitated by real-time RT-PCR. The levels of HBeAg (E) and HBsAg 

(F) in the culture supernatant of HBV-AeuS, HBV-Bj_JPN56, HBV-C-AT_JPN, or HBV-D-IND60-replicating cells were measured by ELISA. The data represent the 

means ± SEM of data from three independent experiments, and the value for the control cells was arbitrarily expressed as 1.0. *P < 0.05, compared with the 

controls.
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FIG 15 HBx induces polyubiquitylation of Nrf2 via K6-linked polyubiquitin chains. (A) HepG2 cells were 

co-transfected with pCAG-FLAG-Nrf2, pCAG-Keap1, and pRK5-HA-Ub, together with increasing amounts 

of pEF1A-HBx-Myc-His6. At 48 h after transfection, the cells were harvested by treatment with 25 µM 

MG132 for 8 h. The cell lysates were immunoprecipitated with anti-FLAG beads, followed by immuno­

blotting with anti-HA polyclonal antibody (PAb) (first panel) or anti-Nrf2 monoclonal antibody (MAb) 

(second panel). Input samples were immunoblotted with anti-HA PAb (third panel), anti-Nrf2 MAb (fourth 

panel), anti-Keap1 MAb (fifth panel), anti-c-Myc MAb (sixth panel), or anti-glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) MAb (seventh panel). The level of GAPDH served as a loading control. (B) HepG2 

cells were co-transfected with pCAG-FLAG-Nrf2, pEF1A-HBx-Myc-His6, and pRK5-HA-Ub. At 48 h after 

transfection, the cells were harvested by treatment with 25 µM MG132 for 8 h. The cell lysates were 

immunoprecipitated with anti-FLAG beads, followed by immunoblotting with anti-HA PAb (first panel) 

or anti-Nrf2 MAb (second panel). Input samples were immunoblotted with anti-HA PAb (third panel), 

anti-Nrf2 MAb (fourth panel), anti-Keap1 MAb (fifth panel), anti-c-Myc MAb (sixth panel), or anti-GAPDH 

MAb (seventh panel). The level of GAPDH served as a loading control. (C) HepG2 cells were co-transfected 

with pCAG-FLAG-Nrf2, pCAG-Keap1, pEF1A-HBx-Myc-His6, and the indicated HA-tagged Ub plasmids. 

At 48 h after transfection, the cells were harvested by treatment with 25 µM MG132 for 8 h. The cell 

lysates were immunoprecipitated with anti-FLAG beads, followed by immunoblotting with anti-HA PAb 

(first panel) or anti-Nrf2 MAb (second panel). Input samples were immunoblotted with anti-HA PAb 

(third panel), anti-Nrf2 MAb (fourth panel), anti-Keap1 MAb (fifth panel), anti-c-Myc MAb (sixth panel), 

or anti-GAPDH MAb (seventh panel). The level of GAPDH served as a loading control. (D) HepG2 cells 

were transfected with 40 nM HUWE1 siRNA or control siRNA. At 24 h after siRNA-transfection, cells were 

co-transfected with pCAG-FLAG-Nrf2, pCAG-Keap1, and pEF1A-HBx-Myc-His6 together with pRK5-HA-Ub 

or pRK5-HA-Ub-K6. At 48 h after transfection, the cells were harvested by treatment with 25 µM MG132

(Continued on next page)
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and 6), suggesting that HUWE1 participates in Nrf2-stabilization via K6-linked polyubi­
quitylation of Nrf2. We are currently investigating whether the Keap1–HBx interaction 
recruits HUWE1 to catalyze K6-linked polyubiquitylation of Nrf2.

Several studies have demonstrated possible links between Nrf2 and antiviral 
responses during viral infections. For example, Keap1 interacts with the early accessory 
protein Rev of the equine infectious anemia virus to activate Nrf2, leading to the 
enhancement of antiviral defense (37). Keap1 also interacts with the VP24 protein 
of Marburg virus to activate the cytoprotective antioxidant response pathway via 
the activation of Nrf2 (38). In addition, herpes simplex virus-1 (HSV-1) activates Nrf2, 
resulting in restriction of HSV-1 viral infection (39). Although it was previously reported 
that HBV induces activation of Nrf2 (24, 40), the role of Nrf2 activation in HBV replication 
was unclear. In this study, we demonstrated that Nrf2 suppressed HBV replication by 

FIG 15 (Continued)

for 8 h. The cell lysates were immunoprecipitated with anti-FLAG beads, followed by immunoblotting 

with anti-HA PAb (first panel) or anti-Nrf2 MAb (second panel). Input samples were immunoblotted with 

anti-HA PAb (third panel), anti-Nrf2 MAb (fourth panel), anti-Keap1 MAb (fifth panel), anti-HUWE1 PAb 

(sixth panel), anti-c-Myc MAb (seventh panel), or anti-GAPDH MAb (eighth panel). The level of GAPDH 

served as a loading control.

FIG 16 A proposed mechanism of the Keap1/Nrf2/ARE signaling pathway-mediated inhibition of HBV 

replication. Under normal conditions, Keap1 interacts with Nrf2 in the cytoplasm, leading to ubiquitin-

dependent proteasomal degradation of Nrf2. Upon HBV infection, Keap1 interacts with HBx to form an 

HBx–Keap1 complex and allows Nrf2 to translocate to the nucleus. The activation of Nrf2 inhibits HBV 

replication by inhibiting HBV core promoter activity and increasing the transcription of the antioxidant 

enzyme Prdx1 to promote degradation of HBV RNA.
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binding to the HBV core promoter (Fig. 9) and thereby inhibiting the HBV core promoter 
activities of HBV genotypes A, B, C, and D (Fig. 8). Our results are consistent with the 
recent study indicating that MafF, a member of the sMaf protein family, binds to the HBV 
core promoter and inhibits its transcription (41).

The Nrf2 agonists or activators have been widely used to investigate the antiviral 
activity of Nrf2. For example, Nrf2 agonists 4-octyl-itaconate and the clinically approved 
dimethyl fumarate potently inhibit the replication of severe acute respiratory syndrome 
coronavirus 2 (42). RA-839, a selective agonist of Nrf2, exerts potent anti-rotaviral 
efficacy (43). The Nrf2 activator hemin, which is a heme oxygenase-1 inducer, efficiently 
suppresses viral replication of the Ebola virus (44) and Zika virus (45). In addition, the 
Nrf2 activator bardoxolone methyl reduces the level of intracellular HBV pgRNA (46).

Based on our findings, we propose a model in which Keap1 interacts with HBx protein 
to activate the Nrf2/ARE signaling pathway upon HBV infection, leading to enhanced 
interaction of Nrf2 with the HBV core promoter and reduced HBV core promoter activity, 
thereby inhibiting HBV replication. Our results may lead to a better understanding of 
the mechanistic details of Nrf2/ARE signaling pathway activation as a host defense 
mechanism in HBV infection. Nrf2 activation could be a potential target for developing 
strategies for fighting HBV.

MATERIALS AND METHODS

Cell culture

Human hepatoblastoma HepG2 cells and human hepatoma Huh-7.5 cells (47) (kindly 
provided by Dr. C. M. Rice, The Rockefeller University, NY, USA) were cultured in Eagle’s 
minimum essential medium with L-glutamine (FUJIFILM Wako Pure Chemical Industries, 
Osaka, Japan) and Dulbecco’s modified Eagle’s medium (DMEM) (high glucose) with 
L-glutamine (FUJIFILM Wako Pure Chemical Industries), respectively, and supplemen­
ted with 10% heat-inactivated fetal bovine serum (FBS) (Biowest, Nuaillé, France), 100 
units/mL penicillin, 100 µg/mL streptomycin (Gibco, Grand Island, NY, USA), and 0.1 mM 
nonessential amino acids (Gibco). HepG2-hNTPC-C4 cells (48) were cultured in DMEM/
F-12 (Gibco) supplemented with 10% FBS (Biowest), 10 mM HEPES (Gibco), 100 units/mL 
penicillin, 100 µg/mL streptomycin (Gibco), 5 µg/mL insulin (Sigma, St. Louis, MO, USA), 
and 400 µg/mL G418 (Nacalai Tesque, Kyoto, Japan). Cells were transfected with plasmid 
DNA using FuGene 6 transfection reagents (Promega, Madison, WI, USA).

HBV preparation and infection

HBV infection was performed as described previously (49). Briefly, HBV (genotype D) 
was prepared from the culture supernatant of Hep38.7-Tet cells (50) and concentrated 
with PEG8000 precipitation. HBV was inoculated into HepG2-hNTCP-C4 cells at 40,000 
genome equivalents (GEq)/cell in the presence of 4% PEG8000 at 37°C. Twenty-four 
hours postinfection, the infected cells were washed with phosphate buffered saline 
(PBS), followed by the addition of fresh medium.

Expression plasmids

A full-length Nrf2 cDNA was amplified by RT-PCR using the mRNAs of HepG2 cells 
as a template. The primer sequences were as follows: sense primer, 5′-TCGAGCTCAGCG­
GCCATGATGGACTTGGAGCTGC-3′ and antisense primer, 5′-AGTGAATTCGCGGCCCTAGTT­
TTTCTTAACATCTGG-3′. The amplified PCR product was purified and inserted into the 
NotI site of pCAG-FLAG using an In-Fusion HD cloning kit (Clontech, Mountain View, 
CA, USA). To generate two sets of Nrf2 siRNA-resistant expression plasmids, pCAG-FLAG-
Nrf2-R #7 and pCAG-FLAG-Nrf2-R #10, two silent mutations were introduced in the 
Nrf2 siRNA target sequence. Nucleotide substitutions were introduced to the wild-type 
FLAG-Nrf2 expression plasmid by using a QuikChange site-directed mutagenesis kit 
(Agilent Technologies, Santa Clara, CA, USA).
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The primer sequences were as follows: sense primer (FLAG-Nrf2-R #7), 5′- 
CTAAATGGGCCCATTGATGTATCGGATCTATCACTTTGC-3′; antisense primer (FLAG-Nrf2-R 
#7), 5′-GCAAAGTGATAGATCCGATACATCAATGGGCCCATTTAG-3′; sense primer (FLAG-Nrf2-
R #10), 5′-CAGCAACAGCATGCCCTCACCAGCAACTTTAAGCCATTCAC-3′; and antisense 
primer (FLAG-Nrf2-R #10), 5′-GTGAATGGCTTAAAGTTGCTGGTGAGGGCATGCTGTTGCTG-3′.

To express FLAG- and HA-tagged or untagged Keap1 proteins, the full-length Keap1 
cDNA was amplified by RT-PCR. The primer sequences were as follows: sense primer 
(FLAG- or HA-tag), 5′-TCGAGCTCAGCGGCCATGCAGCCAGATCCCAGG-3′; antisense primer 
(FLAG- or HA-tag), 5′-AGTGAATTCGCGGCCTCAACAGGTACAGTTCTGC-3′; sense primer 
(no tag), 5′-TCGAGCTCAGCGGCCATGCAGCCAGATCCCAGG-3′; and antisense primer (no 
tag), 5′-AGTGAATTCGCGGCCTCAACAGGTACAGTTCTGCT-3′. The amplified PCR products 
were inserted into the NotI site of pCAG-FLAG, pCAG-HA, or pCAG using an In-Fusion HD 
cloning kit.

To express the Keap1 deletion mutants Keap1-BTB (aa 61–179), Keap1-IVR 
(aa 180–314), and Keap1-DGR (aa 315–598), each fragment was amplified by 
PCR using pCAG-FLAG-Keap1 as a template and cloned into the NotI site of 
pCAG-FLAG. The specific primers used for the PCR were as follows: sense pri­
mer (Keap1-BTB), 5′-TCGAGCTCAGCGGCCAAGCAGGCCTTTGGCATC-3′; antisense primer 
(Keap1-BTB), 5′-AGTGAATTCGCGGCCTCACAGCTGCTGCACCAG-3′; sense primer (Keap1-
IVR), 5′-TCGAGCTCAGCGGCCGACCCCAGCAATGCCATCG-3′; antisense primer (Keap1-
IVR), 5′-AGTGAATTCGCGGCCTCACGTGGGCTTGTGCAG-3′, sense primer (Keap1-DGR), 
5′-TCGAGCTCAGCGGCCCAGGTGATGCCCTGCCGG-3′; and antisense primer (Keap1-DGR), 
5′-AGTGAATTCGCGGCCTCATGTCATTCGGGTCACC-3′.

The double-point mutant HBV Ce core promoter G1669C/A1670T was constructed by 
overlap extension PCR using pGL4.10-HBpg-Ce (33) as a template. The specific primers 
used for PCR were as follows: sense primer, 5′-CTTACATAAGAGGACTCTTGCTCTCTCAGC­
AATGTCAACG-3′ and antisense primer, 5′-CGTTGACATTGCTGAGAGAGCAAGAGTCCTCTT­
ATGTAAG-3′.

To express the EGFP-tagged HBx protein, the cDNA fragment of HBx was amplified by 
PCR using pEF1A-HBx-Myc-His6 as a template and cloned into the XhoI and HindIII sites 
of pEGFP-C3 (Clontech) using the In-Fusion HD cloning kit, and the resultant plasmid 
was designated pEGFP-C3-HBx. The specific primers used for the PCR were as follows: 
sense primer, 5′-TACAAGTACTCAGATCTCGAGATGGCTGCTAGGGTGTGCTGCCAA-3′ and 
antisense primer, 5′- CTGCAGAATTCGAAGCTTTTAGGCAGAGGTGAAAAAGTTGCATGG-3′.

The HBV expression plasmids pUC19-HBV-AeuS, pUC19-HBV-Bj_JPN56, pUC19-HBV-C-
AT_JPN, and pUC19-D-IND60 each carry a 1.3-mer overlength HBV genome (51). The 
expression plasmids pEF1A-HBx-Myc-His6, pEF1A-HBc-Myc-His6, pEF1A-LHBs-Myc-His6, 
and pEF1A-HBV Pol-Myc-His6 (33) and Myc-His6-tagged HBx expression plasmids from 
HBV genotypes A, B, C, and D (52) were used. The N-terminal HA-tagged Ub expres­
sion plasmids pRK5-HA-Ub-WT, pRK5-HA-Ub-K6, pRK5-HAUb-K11, pRK5-HA-Ub-K27, 
pRK5-HA-Ub-K29, pRK5-HA-Ub-K33, pRK5-HA-Ub-K48, and pRK5-HA-Ub-K63 (all from 
Addgene, Watertown, MA, USA) and the plasmids pGL4.10-HBpg-Ce (A1676C/C1678A) 
(41) and pUC19-HBV-C-AT_JPN(ΔHBx) (53) were also used.

Antibodies

The mouse monoclonal antibodies (MAbs) used in this study were anti-Nrf2 MAb 
(A-10; sc-365949; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-Keap1 MAb 
(G-2; sc-365626; Santa Cruz Biotechnology), anti-c-Myc MAb (9E10; sc-40; Santa Cruz 
Biotechnology), anti-HBc MAb (clone 7B2, culture supernatant of the hybridoma) (54, 
55), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) MAb (014-25524; 
FUJIFILM Wako Pure Chemical Industries). The rabbit MAbs used in this study were 
anti-Keap1 MAb (D6B12; 8047; Cell Signaling Technology, Beverly, MA, USA), anti-Nrf2 
MAb (D1Z9C; 12721S; Cell Signaling Technology), and anti-FLAG MAb (D6W5B; 14793; 
Cell Signaling Technology). The rabbit polyclonal antibodies (PAbs) used in this study 
were anti-HA PAb (H-6908; Sigma), anti-FLAG PAb (2368; Cell Signaling Technology), 
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anti-HBx PAb (ab39716; Abcam, Cambridge, UK), and anti-HUWE1 PAb (ab70161; Abcam). 
The horse PAb used in this study was anti-HBs (ab9193; Abcam). Horseradish peroxidase 
(HRP)-conjugated anti-mouse IgG (7076; Cell Signaling Technology), HRP-conjugated 
anti-rabbit IgG (7074; Cell Signaling Technology), and HRP-conjugated anti-horse IgG 
(ab6921; Abcam) were used as secondary antibodies.

RNA-Seq analysis

HepG2-hNTCP-C4 cells were infected with HBV at 40,000 GEq/cells. At 12 dpi, total RNA 
was isolated from HBV-infected cells and mock-infected control cells using the RNeasy 
Mini Kit (Qiagen, Valencia, CA, USA). Total RNA sequencing was performed by Rhelixa 
Inc. (Tokyo, Japan). In brief, mRNA was extracted using the NEBNext Poly(A) mRNA 
Magnetic Isolation Module (E7490; New England Biolabs, Ipswich, MA, USA), followed by 
cDNA library construction using the NEBNext UltraTMII Directional RNA Library Prep Kit 
(E7760; New England Biolabs). Subsequently, the libraries underwent sequencing using 
an Illumina NovaSeq 6,000 sequencer (Illumina, San Diego, CA, USA).

The quality of the raw sequencing data was evaluated using FastQC (version 0.11.7), 
and adapter sequences were trimmed using Trimmomatic (version 0.38). The resulting 
trimmed reads were aligned to the hg38 reference genome using HISAT2 (version 
2.1.0), and a sorted BAM format file was generated using Samtools (version 1.9). Finally, 
transcripts per million-normalized read count data were obtained using featureCounts 
(version 1.6.3). Differential expression analysis was carried out using the DESeq2 package 
(version 1.24.0). Differentially expressed genes were identified based on the criteria of a 
|log2FC| > 0.3 and a P value < 0.05.

The gene sets of NFE2L2.V2 (M2870) and GOMF_ANTIOXIDANT_ACTIVITY were 
downloaded from the Molecular Signatures Database (https://www.gsea-msigdb.org/
gsea/msigdb/cards/NFE2L2.V2 and https://www.gsea-msigdb.org/gsea/msigdb/cards/
GOMF_ANTIOXIDANT_ACTIVITY, respectively). The heatmap was generated using the 
pheatmap package (version 1.0.12).

Immunoprecipitation

Cultured cells were lysed with a buffer containing 150 mM NaCl, 50 mM Tris-HCl (pH 
7.5), 1 mM EDTA (pH 8.0), 0.1% sodium dodecyl sulfate (SDS), 1% sodium deoxycholic 
acid, 1% Triton X-100, and a protease inhibitor cocktail (Roche) for 30 min on ice. The 
lysates were centrifuged at 20,400 × g for 15 min at 4°C, and the supernatant was 
immunoprecipitated with anti-Myc beads (MBL, Nagoya, Japan) or anti-FLAG M2 affinity 
gel (Sigma) at 4°C overnight. After being washed with the lysis buffer five times, the 
immunoprecipitates were analyzed by immunoblotting.

Immunoblot analysis

Immunoblot analysis was performed as described previously (33, 56). The cell lysates 
were separated by SDS-polyacrylamide gel electrophoresis and transferred to a 
polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). The membranes were 
incubated with a primary antibody, followed by incubation with an HRP-conjugated 
secondary antibody. The positive bands were visualized using enhanced chemilumines­
cence western blotting detection reagents (GE Healthcare, Buckinghamshire, UK). The 
intensity of bands was quantified using NIH ImageJ software (Java 1.8.0_112).

Cell-based ubiquitylation assay

Cell-based ubiquitylation assays were performed as described previously (57, 58). 
Cultured cells were lysed with a buffer containing 120 mM NaCl, 50 mM HEPES (pH 7.2), 
1 mM EDTA (pH 8.0), 1% NP-40, 0.5% sodium deoxycholic acid, 10 mM N-ethylmalemide 
(Sigma), and a protease inhibitor cocktail (Roche, Mannheim, Germany) for 30 min on 
ice. The lysates were centrifuged at 20,400 × g for 10 min at 4°C. To dissociate proteins, 
1% SDS was added to the lysates, which were then heated at 100°C for 10 min and 
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diluted 10-fold with the lysis buffer. FLAG-tagged Nrf2 was immunoprecipitated with 
anti-FLAG M2 affinity gel (Sigma) at 4°C overnight. Immunoprecipitates were analyzed by 
immunoblotting using anti-HA PAb to detect ubiquitylated FLAG-tagged Nrf2.

siRNA transfection

HepG2 cells were transfected with 40 nM of Nrf2 siRNA #7 (SI03246950; Qiagen), Nrf2 
siRNA #10 (SI04320904; Qiagen), Nrf1 siRNA (L-019733-00-0005; Dharmacon, Lafayette, 
CO, USA), Keap1 siRNA (SI04267886; Qiagen), or HUWE1 siRNA (SI00757862; Qiagen) 
using Lipofectamine RNAiMAX transfection reagent (Life Technologies, Carlsbad, CA, 
USA) according to the manufacturer’s instructions. Allstars negative control siRNA 
(Qiagen) was used as a control. All siRNAs were transfected into cells once.

CHX-chase experiment

To examine the half-life of the Nrf2 protein, HepG2 cells were transfected with pCAG-
FLAG-Nrf2. At 48 h after transfection, cells were treated with 50 µg/mL CHX (Sigma). The 
cells at time point zero were harvested immediately after treatment with CHX. Cells from 
subsequent time points were incubated in a medium containing CHX at 37°C for 0, 5, 
15, and 30 min. To examine the half-life of endogenous Nrf2 protein, HepG2 cells were 
treated with 50 µg/mL CHX and harvested at 0, 0.25, 0.5, 1, and 2 h. To examine the 
half-life of endogenous Keap1 protein, HepG2 cells were treated with 100 µg/mL CHX. 
The culture medium was replaced with the fresh medium containing CHX every 6 h. 
CHX-treated cells were harvested at 0, 6, 12, and 24 h and processed for immunoblot 
analysis.

RNA extraction and real-time RT-PCR

Total RNA was isolated by using a ReliaPrep RNA cell miniprep system (Promega) 
according to the manufacturer’s instructions, and cDNA was generated by using a 
GoScript reverse transcription system (Promega). Real-time RT-PCR was performed 
using TB Green Premix Ex Taq II (TaKaRa Bio, Kyoto, Japan) with SYBR green 
chemistry on a StepOnePlus real-time PCR system (Applied Biosystems, Foster City, 
CA, USA). The primer sequences were as follows: HBV (amplify all HBV transcripts 
except the 0.8 kb transcript encoding HBx) (59), 5′-GCTTTCACTTTCTCGCCAAC-3′ and 
5′-GAGTTCCGCAGTATGGATCG-3′; HBV pgRNA (41), 5′-ACTGTTCAAGCCTCCAAGCTGT-3′ 
and 5′-GAAGGCAAAAACGAGAGTAACTCCAC-3′; Nrf2, 5′-TACTCCCAGGTTGCCCACA-3′ 
and 5′-CATCTACAAACGGGAATGTCTGC-3′; NQO1, 5′-GGGCAAGTCCATCCCAACTG-3′ 
and 5′-GCAAGTCAGGGAAGCCTGGA-3′; Prdx1, 5′-CAGCCTGTCTGACTACAAAGGA-3′ and 
5′-CCAGTCCTCCTTGTTTCTTAGG-3′; and Nrf1, 5′-GGAGGAGTTCAATGAACTGCTGTC-3′ and 
5′-CTCTGGACCTTCTGCTTCATCTGT-3′. As an internal control, human GAPDH gene 
expression levels were measured using the primers 5′-GCCATCAATGACCCCTTCATT-3′ and 
5′- TCTCGCTCCTGGAAGATGG -3′.

ChIP assay

ChIP assays were performed as described previously (41). HepG2 cells were transfec­
ted with pCAG-FLAG-Nrf2 together with the HBV Ce core promoter reporter plas­
mid pGL4.10-HBpg-Ce or either of the mutated HBV Ce core promoter plasmids 
pGL4.10-HBpg-Ce (G1669C/A1670T) or pGL4.10-HBpg-Ce (A1676C/C1678A). At 48 h after 
transfection, ChIP was carried out using a SimpleChiP kit (56383; Cell Signaling Technol­
ogy) according to the manufacturer’s instructions. Rabbit anti-FLAG MAb was used for 
immunoprecipitation. The pelleted beads were subjected to DNA isolation. The resulting 
output protein and DNA samples were used for immunoblotting and real-time PCR, 
respectively. The primer sequences for real-time PCR were as follows: HBV core promoter, 
5′-TCGCTTCACCTCTGCACGTC-3′ and 5′-GAACATGAGATGATTAGGC-3′.
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Luciferase reporter assay

The plasmid pGL4.37[luc2P/ARE/Hygro] (Promega) contains four copies of an ARE that 
drives transcription of the luciferase reporter gene luc2P (Photinus pyralis). The firefly 
luciferase reporter plasmids carrying the entire HBV Ce core promoter [nt 900 to 1,851; 
a nonsense mutation (ATG to TAG at nt 1,374 to 1,376) was introduced at the start 
codon of the HBx gene], Enh1/X promoter (nt 950 to 1,373), preS1 promoter (nt 2,707 
to 2,847), or preS2/S promoter (nt 2,937 to 3,204) were used (33). The entire HBV core 
promoter from genotypes A, B, and D reporter luciferase plasmids pGL4.10-HBpg-Aa, 
pGL4.10-HBpg-Bj, and pGL4.10-HBpg-D were constructed as reported previously (33). 
The plasmid pRL-CMV-Renilla (Promega), which expresses Renilla luciferase, was used 
as an internal control. HepG2 cells cultured in a 24-well plate were transiently transfec­
ted with the reporter constructs described above. At 48  h after transfection, the cells 
were harvested, and a luciferase assay was performed using a dual-luciferase reporter 
assay system (Promega). Firefly and Renilla luciferase activities were measured with a 
GloMax 96 microplate luminometer (Promega). Firefly luciferase activity was normalized 
to Renilla luciferase activity for each sample.

Detection of mitochondrial superoxide

Cells seeded on glass coverslips in a 24-well plate were incubated with 5 µM MitoSOX 
Red (Molecular Probes, Eugene, OR, USA) at 37°C for 10 min. After being washed with 
warm Hanks’ balanced salt solution with calcium and magnesium (Invitrogen, Carlsbad, 
CA, USA), the cells were fixed with 4% paraformaldehyde and subjected to indirect 
immunofluorescence as described below. The stained cells were observed under a 
confocal laser scanning microscope (LSM700; Carl Zeiss, Oberkochen, Germany).

Indirect immunofluorescence staining

Indirect immunofluorescence staining was performed as described previously (56). 
Briefly, Huh-7.5 or HepG2 cells seeded on glass coverslips in a 24-well plate were fixed 
with 4% paraformaldehyde for 15 min at room temperature and permeabilized in 0.1% 
Triton X-100 in PBS for 15 min at room temperature. After being washed with PBS twice, 
cells were stained with primary and secondary antibodies. The primary antibodies used 
were anti-c-Myc mouse MAb and anti-FLAG rabbit PAb. The secondary antibodies used 
were Alexa Fluor 594-conjugated goat anti-mouse IgG (A11005; Molecular Probes) and 
Alexa Fluor 488-conjugated goat anti-rabbit IgG (A11008; Molecular Probes). The stained 
cells were observed under a confocal laser scanning microscope (LSM700; Carl Zeiss).

Proximity ligation assay

In situ PLA was performed using a Duolink In Situ PLA Kit (Sigma) as described previously 
(60). Briefly, Huh-7.5 cells seeded on glass coverslips were transfected with the plasmid 
pEF1A-HBx-Myc-His6 together with pCAG-FLAG-Keap1. At 48 h after transfection, the 
cells were fixed with 4% paraformaldehyde for 15 min and permeabilized with PBS 
containing 0.1% Triton X-100 for 15 min at room temperature. The coverslips were 
incubated with anti-c-Myc mouse MAb and anti-FLAG rabbit PAb. The samples were 
washed three times with the wash buffer from the kit. The PLA probes, i.e., anti-mouse 
MINUS and anti-rabbit PLUS, were diluted in the antibody diluent provided with the 
kit. The samples were incubated for 1 h at 37°C in a humidity chamber. To assess 
the interaction between Keap1 and Nrf2, HepG2 cells seeded on glass coverslips were 
co-transfected with pCAG-Keap1 and pCAG-FLAG-Nrf2, together with either pEGFP-C3 
or pEGFP-C3-HBx. At 48 h after transfection, the cells were fixed and permeabilized 
as described above. The coverslips were incubated with anti-Keap1 mouse MAb and 
anti-Nrf2 rabbit MAb. The PLA probes, anti-mouse MINUS and anti-rabbit PLUS, were 
used for a 1-h incubation at 37°C. The samples were washed and processed according 
to the manufacturer’s instructions for probe ligation, signal amplification, and mounting. 
The samples were examined with a confocal microscope (LSM 700; Carl Zeiss).
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Detection of HBsAg and HBeAg

The levels of HBsAg and HBeAg in the culture medium were measured by ELISA 
kits according to the manufacturer’s instructions (HBsAg: DIA source, Rue du Bosquet, 
Belgium; HBeAg: LifeSpan Bio Sciences, Seattle, WA, USA).

Statistical analysis

Results were expressed as means ± standard errors of the means. Statistical significance 
was evaluated by analysis of variance and was defined as a P value of < 0.05.
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