THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 52, pp. 41074 -41086, December 24, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Hepatitis B Virus Induces Expression of Antioxidant Response
Element-regulated Genes by Activation of Nrf2™

Received for publication, May 18, 2010, and in revised form, October 13,2010 Published, JBC Papers in Press, October 18, 2010, DOI 10.1074/jbc.M110.145862

Stephanie Schaedler™", Janis Krause®, Kiyoshi Himmelsbach*®, Monica Carvajal-Yepes™*, Franziska Lieder,
Karin Klingel**, Michael Nassal®, Thomas S. Weiss**, Sabine Werner!, and Eberhard Hildt**

From the *Institute of Infection Medicine, Molecular Medical Virology, University of Kiel, D-24105 Kiel, Germany, the §‘Department
of Internal Medicine Il, University of Freiburg, D-79106 Freiburg, Germany, the “Facu/ty of Biology, University of Freiburg,
D-79106 Freiburg, Germany, the **Department of Molecular Pathology, University of Tuebingen, D-72076 Tuebingen, Germany,
the|Department of Biology, Institute of Cell Biology, ETH Zurich, CH-8093 Zurich, Switzerland, and the **Center for Liver Cell
Research, University of Regensburg, D-93053 Regensburg, Germany

The expression of a variety of cytoprotective genes is regu-
lated by short cis-acting elements in their promoters, called
antioxidant response elements (AREs). A central regulator of
ARE-mediated gene expression is the NF-E2-related factor 2
(Nrf2). Human hepatitis B virus (HBV) induces a strong activa-
tion of Nrf2/ARE-regulated genes in vitro and in vivo. This is
triggered by the HBV-regulatory proteins (HBx and LHBs) via
c-Raf and MEK. The Nrf2/ARE-mediated induction of cyto-
protective genes by HBV results in a better protection of HBV-
positive cells against oxidative damage as compared with con-
trol cells. Furthermore, there is a significantly increased
expression of the Nrf2/ARE-regulated proteasomal subunit
PSMBS5 in HBV-positive cells that is associated with a de-
creased level of the immunoproteasome subunit PSMB5i. In
accordance with this finding, HBV-positive cells display a
higher constitutive proteasome activity and a decreased activ-
ity of the immunoproteasome as compared with control cells
even after interferon «/vy treatment. The HBV-dependent in-
duction of Nrf2/ARE-regulated genes might ensure survival of
the infected cell, shape the immune response to HBV, and
thereby promote establishment of the infection.

Infection with human hepatitis B virus (HBV)? can cause
acute or chronic inflammation of the liver. In addition, HBV
is considered as a major etiological factor in the development
of human hepatocellular carcinoma (1). Almost all HBV-asso-
ciated HCCs harbor chromosomally integrated HBV DNA
(2). The HBV genome encodes two regulatory proteins, the
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PreS2 activator LHBs and the HBx protein. Both proteins are
known to trigger a variety of different intracellular signal
transduction cascades (3). The activation of the Raf-MEK-Erk
signal transduction pathway plays a central role for the LHBs-
or HBx-dependent modulation of transcription factors, lead-
ing to the activation of various promoter elements (4). There-
fore, the HBV regulatory proteins are discussed as potential
factors that confer to the development of HBV-associated
HCC (4, 5). Moreover, there is evidence that the function of
the HBV regulatory proteins is required to support viral repli-
cation (6).

The inflammatory process and the cell stress due to perma-
nent overproduction of viral proteins can result in an in-
creased level of radicals and other reactive oxygen species (7,
8). Crucial players in the defense to oxidative stress are anti-
oxidant proteins and enzymes that are involved in the detoxi-
fication of electrophiles and radicals. Examples are NAD(P)H
quinone oxidoreductase 1 (NQO1), glutathione peroxidases
(GPx), and the glutathione biosynthesis enzymes glutamate-
cysteine ligase catalytic subunit and regulatory subunit or
glutathione S-transferases (GST) ya and 7 (9, 10). The expres-
sion of these cytoprotective proteins is controlled by cis-act-
ing elements in the promoters of these genes, the antioxida-
tive response elements (AREs) (11). An important factor
triggering the expression of ARE-regulated genes is the NF-
E2-related factor 2 (Nrf2) (12). Nrf2 is a member of the cap
“n” collar family of transcription factors. In its inactive state,
Nrf2 is associated with the actin-anchored protein Keapl and
localized within the cytoplasm. Keap1-associated Nrf2 is sub-
jected to rapid proteasomal degradation. However, upon its
activation initiated by electrophiles or oxidative molecules,
Nrf2 dissociates from Keapl and escapes proteasomal degra-
dation (13). In the nucleus, Nrf2 binds to ARE sequences and
thereby functions in partnership of other nuclear proteins as a
strong transcriptional activator of ARE-responsive genes. Re-
cently, a crucial role of Nrf2 was found in liver regeneration
(14) and in protection from fibrosis (15). However, in many
tumors increased expression of ARE-regulated genes was ob-
served that might protect tumor cells from elimination by
increased radical levels or from chemotherapy through up-
regulation of multidrug resistance proteins, for example (16).

Here, we analyze the capacity of HBV to modulate the ex-
pression of ARE-regulated genes, investigate the mechanisms
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by which HBV interferes, and study the physiological rele-
vance for the viral life cycle and pathogenesis.

EXPERIMENTAL PROCEDURES

Cell Culture—Human hepatoma-derived cell lines HepG2,
Huh?7.5, and the HBV-positive stable cell lines HepG2.2.15
(17) and HepAD38 (18) were grown as described previously
(17, 18). Primary human hepatocytes were isolated by a modi-
fied two-step EGTA/collagenase perfusion procedure as de-
scribed previously (19, 20) and infected with HepAD38-de-
rived supernatant as described previously (21). Primary
mouse hepatocytes were isolated from Nrf2 /= (22) and WT
C57BL/6 mice using a two-step collagenase perfusion and
cultivated as described previously (23). Generation of recom-
binant adenovirus and infection with recombinant adenovirus
were performed as described previously (24).

Chemicals and Antibodies—Anti-NQO1 (A180), anti-
PSMBI1 (FL-241), anti-PSMB2 (MCP165), anti-y-GCS(H-
300), anti-sMaf F/G/K (H-100), and anti-LMP2 (H200) anti-
bodies were all purchased from Santa Cruz Biotechnology
(Santa Cruz, CA).

Anti-PSMB5 was purchased from ABR Affinity Bio-
Reagents and anti-proteasomal B5i-subunit (23-223) from
Calbiochem; anti-B-actin from Sigma, and anti-GPx (C8C4)
from Cell Signaling Technology. MA18/07 (25) was kindly
provided by Dr. Glebe, Gottingen, Germany; polyclonal goat
anti-Hbs was purchased from DAKO, Denmark, and rabbit
anti-HBc was from Dianova, Germany.

Kinase inhibitors PD98059, SB203580, calphostin-C, and
Bay 43-9006 and the antioxidant terz-butylhydroquinone
(tBHQ) were purchased from Calbiochem/Merck. Bort-
ezomib (PS-341) was purchased from Selleck Chemicals LLC
(Houston, TX) and dissolved in PBS. Stimulation with insulin
and EGF (both from Sigma) were performed as described pre-
viously (14, 26).

Real Time PCR—HBV-genome quantification was done
using COBAS® Ampli PREP/COBAS® TaqgMan® HBYV test
(Roche Diagnostics) according to the manufacturer’s
instructions.

Immunohistochemistry—Consecutive sections of paraffin-
embedded liver samples derived from HBV patients with
chronic or acute hepatitis were deparaffinized and immuno-
stained with anti-y-GCS and anti-HBs antibodies using the
Vectastain kit (Vector Laboratories, Inc., Burlingame, CA).

Plasmids—Luciferase reporter constructs harboring the
antioxidant response elements from NAD(P)H-dependent
quinone oxidoreductase 1 (pNQO1luc), y-glutamylcysteine
synthetase (py-GCSluc), and gastrointestinal glutathione per-
oxidase (pGI-GPxluc) were generated using the pGL3-pro-
moter vector (Promega). Double-stranded oligonucleotides
were synthesized containing a part of the rat NQO1I promoter
(5'"-CTCTAGAGTCACAGTGACTTGGCAAAATCTGAC-
3’, in case of pNQO1luc) (27), the murine Gclm promoter
(5'-CCTGGAAGACAATGACTAAGCAGAAAC-3', in case
of py-GCSluc) (28), or the human GI-GPx promoter (5'-CCT-
GTTTTGCTAAGTCATCCTGGGGACC-3', in case of pGI-
GPxluc) (29), including the antioxidant response elements
(underlined). After annealing of the complementary oligonu-
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cleotides, the double-stranded oligonucleotides were inserted
into the pGL3-promoter vector.

Constitutively active (phcaNrf2) and trans-dominant nega-
tive Nrf2 expression constructs (ptdnNrf2) were described
recently (30). The PSMBS5 reporter constructs were kindly
provided by Dr. Kwak, Seoul, Korea (31). A mutated PSMB5
reporter construct (p1.1PSMB5lucAARE341/52) lacking the
two functional ARE sequences (ARE341 and ARE52) was gen-
erated by PCR using p1.1PSMB5luc as template and primers
containing the mutated ARE341(GCCTGGGCAGTGACCA-
AAC3GCCTGGGTGGCAACCAAAC) or ARE52 (TGA-
CGTCGCGGCGTTGCCA3CAACGTCGCGGCGTTGCTG).

NQOL1 and y-GCS expression constructs fused to yellow
fluorescence protein (YFP) were purchased from ImaGenes
GmbH, Berlin, Germany. For inhibition of c-Raf, the domi-
nant negative mutant pRafC4 was used (32). For HBV expres-
sion, a 1.2-fold HBV-genome ayw (pHBV1.2) was used.

Mutant HBV genomes lacking PreS2 activator function
(pHBVAPreS2) or functional HBx (pHBVAHBAX) or the activa-
tor-deficient double mutant (pHBVAPreS2/AHBx) were de-
scribed recently (33, 34). For silencing of HBV expression, the
following siRNA was used, 5'-AAGACCUAGUCAGUUAUG-
3'. Transfection was performed using Lipofectamine (Invitro-
gen), as described recently (35), using 3 pg/ml of HBV-spe-
cific siRNA or scrambled siRNA per well of a 6-well plate.
Cells were harvested 72 h after siRNA transfection.

Transient Transfection and Reporter Gene Activity Assay—
Huh7.5 and HepG2 cells were transfected using linear poly-
ethyleneimine (PEI) (Polysciences, Inc) as described recently
(36). All transfection experiments were performed in 6-well
plates. The plasmid amounts refer to one well. Details to the
transfection experiments are given in the figure legends.
Transfection of peGFP was used to determine the transfection
efficiency that was found between 40 and 50%. Stimulation
with tBHQ was performed at a concentration of 60 um for
16 h. Luciferase activity was measured using a luminometer
(Berthold Detection Systems, Wildbad, Germany). Activities,
shown as multiples of induction, are mean values from three
independent experiments. The error bars represent the stand-
ard deviations.

SDS-PAGE and Western Blot Analysis—SDS-PAGE and
Western blot analysis were performed according to standard
procedures (16) Detection of bound secondary antibody was
performed by ECL using SuperSignal West Pico chemilumi-
nescent substrate (Thermo Scientific, Freiburg, Germany). All
experiments were performed in triplicate. One representative
experiment is shown.

Protein Oxidation Measurement, 8-OHdG Formation—Pro-
tein carbonylation by reactive oxygen intermediates was de-
tected by using OxyBlot™ protein oxidation detection kit
(Millipore, Germany). All experiments were performed in
triplicate. One representative experiment is shown. Forma-
tion of the oxidative DNA adduct 8-OHdG was analyzed by
ELISA kit (JalCA, Japan). Relative amounts are mean values
from three independent experiments.

Analysis of Proteasome Activity—Proteasomes were isolated
by differential centrifugation based on the protocol of Robek
et al. (37). Analysis of constitutive proteasome function was
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performed using a commercial assay system (20 S proteasome
activity assay kit, Millipore, Germany) measuring release of
the fluorophor 7-amino-4-methylcoumarin (AMC) after
cleavage from the labeled substrate peptide LLVY-AMC.
Analysis of the immunoproteasome activity was performed as
described. The peptide Cbz-VVRR-AMC that was derived
from the HBV core protein (amino acids 141-151) was used
as substrate (38) Stimulation with interferon « or interferon vy
was performed for 3 days using 10% and 10® units per ml. Re-
combinant purified HBx was isolated as described previously
(34). All experiments were performed in triplicate.

Indirect Immunofluorescence Analysis—Fixation and stain-
ing were performed as described recently (39). Immunofluo-
rescence staining was analyzed using a confocal laser scanning
microscope (CLSM 510 Carl Zeiss, Germany).

RESULTS

HBYV Induces ARE-dependent Gene Expression in Vitro and
in Vivo—AREs are present in the promoters/enhancers of a
variety of cytoprotective genes. To study the effect of HBV on
ARE-regulated genes, we performed reporter gene assays. A
plasmid harboring a 1.2-fold HBV genome (pHBV1.2) was
cotransfected with various reporter constructs harboring a
luciferase reporter gene under the control of NQO1, GI-GPx,
or y-GCS-derived ARE sequences. The reporter gene experi-
ments demonstrate that HBV induces a strong expression of
the reporter genes (Fig. 1a). This is reflected by increased lev-
els of y-GCS, GI-GPx, or NQO1 in HBV-producing cells as
demonstrated by Western blot analyses of cellular lysates de-
rived from the HBV-positive stable cell lines HepAD38 or
HepG2.2.15 compared with HBV-negative HepG2 cells (Fig.
1b). To control whether the observed effect indeed is due to
HBYV, the expression of HBV was impaired by siRNA. Sup-
pression of HBV gene expression in HepAD38 and
HepG2.2.15 cells by siRNA abolishes the induction of NQO1
or y-GCS (Fig. 1c). Consistent with this result, transient
transfection of HuH7.5 or HepG2 with pHBV1.2 resulted in
significantly higher amounts of NQO1 or y-GCS as compared
with the pCDNA.3 transfected control (data not shown).
Analysis of HBV-infected primary human hepatocytes by
double immunofluorescence shows that in HBV-positive cells
the amount of y-GCS is increased as compared with the non-
infected cells (Fig. 1d).

Moreover, immunohistochemistry/double immunofluores-
cence microscopy of liver samples from patients with chronic
or acute HBV infection shows a tight correlation between HB-
sAg-positive cells and increased amounts of y-GCS as well
(Fig. 1, e and f). Taken together, these data demonstrate that
HBYV activates the expression of ARE-regulated genes in vitro
and most likely also in vivo.

HBV-dependent Activation of ARE-regulated Genes Re-
quires Integrity of Nrf2—The transcription factor Nrf2 plays a
crucial role in the stimulation of ARE-regulated genes. To
investigate the relevance of Nrf2 for the HBV-dependent in-
duction of ARE-regulated genes, we cotransfected HepG2
cells with pHBV1.2 and the ARE-driven luc reporter con-
structs described above and inhibited Nrf2 activity by coex-
pression of a transdominant negative (tdn) mutant of Nrf2
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(ptdnNrf2). The reporter gene assays show that inhibition of
Nrf2 by coexpression of the tdn mutant completely abolished
the HBV-dependent induction of the reporter genes (Fig. 2a).
Although Nrf2 heterodimerizes in the nucleus with small Maf
proteins, it was found that increased amounts of small Mafs
impair Nrf2-dependent activation of ARE sequences (40).

In light of the HBV-dependent activation of ARE-depen-
dent genes and the relevance of Nrf2 for this process, we
asked whether there is a difference in the amount of small
Mafs in HBV-positive and -negative cells. Confocal immuno-
fluorescence microscopy of pHBV1.2-transfected HuH7.5
cells showed a decreased level of small Mafs in the case of
HBV-positive cells as compared with the HBV-negative cells
(Fig. 2b). Comparable results were obtained when HepG2
cells were compared with HepAD38 cells (Fig. 2c). Western
blot analysis of cellular lysates derived from HepG2 and
HepAD38 cells confirms a decreased amount of small Mafs in
the HBV-positive cells HepAD38 cells as compared with
HepG2 cells (Fig. 2d).

Activation of ARE-dependent Genes by HBV Is Not Affected
by N-Acetyl-1L-cysteine—Activation of ARE-regulated genes
can be induced by increased radical levels. To study the po-
tential relevance of increased ROS levels for induction of
ARE-regulated genes by HBV, we performed cotransfection
experiments of HepG2 cells with pHBV1.2 and py-GCSluc or
pGI-GPxluc and incubated the cells in the presence of the
radical scavenger N-acetylcysteine (NAC). The reporter gene
assay shows that even high concentrations of NAC result only
in a small decrease of HBV-dependent induction of ARE-reg-
ulated genes (Fig. 3a). Functionality of NAC was shown by
inhibition of H,O,-dependent induction of NF-«B (Fig. 34).
On the other hand, activation of Nrf2 can be triggered by c-
Raf (41, 42). HBV is a well known activator of the c-Raf signal
transduction cascade (43) Cotransfection experiments of
HepG2 cells with pHBV1.2 and the reporter construct
pNQOlluc revealed that inhibition of c-Raf by coexpression
of the tdn mutant RafC-4 or by the small molecule inhibitor
Bay 43-9006/Nexavar® caused a complete loss of HBV-depen-
dent induction of the reporter gene (Fig. 3b). Moreover, inhi-
bition of MEK with PD98059 caused a significant reduction,
whereas inhibition of p38 MAPK with SB203580 or inhibition
of protein kinase C with calphostin-C failed to exert any effect
on HBV-mediated activation of the reporter gene.

To study whether activation of MEK per se is sufficient to trig-
ger induction of ARE-dependent genes, HepG2 cells were trans-
fected with pNQO1-luc, py-GCS-luc, or pGI-GPxluc and treated
with insulin or EGF. The reporter gene assays demonstrate that
under these conditions a significant induction of the reporter
genes could be observed (Fig. 1a).

Because the two regulatory proteins of HBV, HBx and
LHBs, are known to activate c-Raf (3, 4, 44), we asked whether
HBx or LHBs are able to induce expression of ARE-regulated
genes. Expression vectors for HBx (pHBx) or LHBs (pSVLM-
S-) (45) were cotransfected with pNQO1luc. The reporter
gene assay shows that both regulatory proteins activate the
reporter gene to a similar extent as complete HBV. Moreover,
the HBx- or LHBs-dependent activation of the reporter con-
structs depends on the integrity of Nrf2; coexpression of
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FIGURE 1. HBV-dependent induction of ARE-regulated genes. g, reporter gene assay in HepG2 cells cotransfected with pHBV1.2 (0.8 ng) and luciferase
reporter constructs (0.2 ng) harboring the NQO1, GI-GPx, or y-GCS-derived ARE sequences. Stimulation with tBHQ served as positive control. Moreover,
cells were stimulated by the addition of EGF (10 ng/ml) or insulin (50 nm) for 12 h. Cotransfection with pCDNA.3 served as control and was set as 1. The error
bars represent the standard deviation. rel units, relative units. b, Western blot analysis of cellular lysates derived from HepG2.215, HepG2, or HepAD38 cells
using NQO1-, y-GCS-, or GI-GPx-specific antisera. Expression of the HBV genome was demonstrated by a LHB-specific antiserum (MA18/7). ¢, Western blot
analysis of cellular lysates from HepG2.215 or HepAD38 cells transfected with HBV-specific siRNA (lanes 3 and 4) or scrambled control siRNA (lanes 1 and 2)
using NQO1-, y-GCS-, or GI-GPx-specific antisera. Expression of the HBV genome was demonstrated by a core-specific antiserum. d, double immunofluores-
cence microscopy (200-fold magnification) of formaldehyde-fixed HBV-infected primary human hepatocytes stained with anti-LHBs(MA18-7) (red) and
anti-y-GCS (green). e, immunohistochemistry of consecutive sections of paraffin-embedded liver samples derived from an HBV patient with an acute hepati-
tis (hep.) B infection (upper panels) stained with anti-HBs (right panel) and anti-y-GCS (left panel). The HBs-positive cells in the consecutive sections are
marked by dotted lines. A liver sample from an HBV-negative patient (lower panels) served as negative control (neg. cont). f, double immunofluorescence
microscopy of paraffin-embedded liver samples derived from an HBV patient with a chronic hepatitis B infection (upper panels) stained with anti-HBs (red)
and anti-y-GCS (green). The nuclei are visualized with DAPI (blue). A liver sample from an HBV-negative patient (lower panels) served as negative control.

tdnNrf2 completely abolishes the HBx- or LHBs-dependent
activation of the reporter gene (Fig. 3¢).

To confirm the relevance of HBx and LHBs for the HBV-
dependent induction of ARE-regulated genes, HepG2 cells
were cotransfected with a complete HBV genome or mutant
genomes lacking a functional PreS2 activator (HBVAPreS2),
or HBx (HBVAHBX), or a double mutant lacking both regula-
tory functions (HBVAHBx/PreS2) and the pNQO1luc re-
porter construct. The reporter gene assay shows that lack of
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one regulatory protein does not result in a significant reduc-
tion of the reporter gene activation, whereas the double mu-
tant failed to induce the reporter gene (Fig. 3d). This is in ac-
cordance with previous results that have demonstrated that
loss of one regulatory protein can be compensated by the
other one (33, 34, 45). Taken together, these data indicate that
HBYV via its regulatory proteins HBx and LHBs induces an
activation of Nrf2/ARE-regulated genes that depends on the
functionality of c-Raf.
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FIGURE 2. Integrity of Nrf2 is required for the HBV-dependent induction of ARE-regulated genes. g, reporter gene assay in HepG2 cells cotransfected
with pHBV1.2 (0.8 1g) and pNQOTluc (0.2 ng) luciferase reporter construct or pHBV1.2 (0.4 ng) and pGI-GPxluc (0.2 ng). Nrf2 activity was inhibited by co-
transfection of ptdnNrf2 (0.4 ug); cotransfection of pCDNA.3 (0.4 ug) served as control and was set as 1. Stimulation with tBHQ served as a positive control.
Activities, shown as multiples of induction, are mean values from three independent experiments. The error bars represent the standard deviation. rel units,
relative units. b and ¢, confocal laser scanning immunofluorescence microscopy (630-fold magnification) of formaldehyde-fixed Huh7.5 cells that were
transfected with pHBV1.2 (b) or of HepAD38 and HepG2 cells (c). The immunofluorescence staining was performed using the polyclonal small Maf-specific
serum (red fluorescence) and the LHBs-specific antibody MA18/7; nuclei were stained with DAPI. d, Western blot analysis of the nuclear and cytosolic frac-
tion derived from HepG2 or HepAD38 cells using a sMaf-specific antiserum. Lamin A was used as a nuclear marker.
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FIGURE 3. HBV-dependent activation of Nrf2/ARE-regulated genes requires c-Raf. g, reporter gene assay in HepG2 cells cotransfected with pHBV1.2 (0.4
1g) and luciferase reporter constructs py-GCSluc (0.2 ug) or pGI-GPxluc (0.2 ng). The vector pCDNA.3 (0.4 ug) served as control and was set as 1. N-acetyl-L-
cysteine (NAC) was added to the medium and served as radical scavenger. In the lower panel, functionality of NAC was shown by inhibition of the H,0,-de-
pendent activation of the NF-«B reporter construct. HepG2 cells were transfected with a luciferase reporter construct 2XNF-kBluc (0.2 ng), and grown in
the presence of increasing concentrations of NAC. 6 h prior harvest, cells were stimulated with 150 um H,0,. Cells stimulated with 150 um H,O, for 6 h in
the absence of NAC served as positive control (pos. Contr.), and unstimulated cells served as negative (neg.) control. Activities, shown as multiples of induc-
tion, are mean values from three independent experiments. The error bars represent the standard deviation. rel units, relative units. b, reporter gene assay of
HepG2 cells cotransfected with pHBV1.2 (1.0 ng), pNQO1Tluc (0.2 ng), and pCDNA.3 (1.0 ng) to adjust the total DNA concentration. Cotransfection of pRafC4
(1.0 ng) was used to inhibit c-Raf, the small molecule inhibitors PD98095 for MEK, SB203580 for p38 MAPK, and calphostin C as a PKC inhibitor. Activities,
shown as multiples of induction, are mean values from three independent experiments. The error bars represent the standard deviation. ¢, HepG2 cells were
cotransfected with pHBV1.2 (0.4 ng), pHBx (0.4 ng), or pSVLM™S™ (0.4 ng) and the luciferase reporter construct py-GCSluc (0.2 ug). The vector pCDNA.3
(0.8 ng) served as control and was set as 1. For inhibition of Nrf2 activity, ptdnNrf2 (0.4 ug) was cotransfected. In the other samples, the equal amount of
pCDNA.3 (0.4 ng) was added to the transfection mixture. Activities, shown as multiples of induction, are mean values from three independent experiments.
The error bars represent the standard deviation. d, HepG2 cells were cotransfected with pHBV1.2 (0.8 ug), pHBV1.2AHBx (0.8 g), pHBV1.2A PreS2 (0.8 ng),
or pHBV1.2AHBx/PreS2 (0.8 g) and the luciferase reporter construct pNQO1luc (0.2 ng). The vector pCDNA.3 (0.8 1.g) served as control and was set as 1.
Activities, shown as multiples of induction, are mean values from three independent experiments. The error bars represent the standard deviation.
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HBYV Replication Does Not Depend on Nrf2—The data de-
scribed above demonstrate the capacity of HBV to activate
ARE-regulated genes via Nrf2. In the next set of experiments,
we asked whether the expression level of ARE-regulated genes
directly affects HBV. To investigate this, the HBV-positive
stable cell line HepAD38 was cotransfected with expression
vectors encoding NQOL1 or y-GCS or the empty control vec-
tor pCDNA.3. The effect on HBV replication was analyzed by
HBeAg or HBsAg-ELISA, Western blot analysis, confocal
double fluorescence microscopy, or real time PCR for quanti-
fication of the secreted viral particles. All approaches demon-
strate that overexpression of NQO1 or y-GCS does not affect
HBYV replication (Fig. 4, a—c). In the next set of experiments, a
general overexpression of ARE-regulated genes was achieved
by transfection of HepAD38 with a constitutively active mu-
tant of Nrf2. The effect on HBV replication was analyzed by
HBeAg-specific ELISA (Fig. 4d) and by real time PCR (Fig.
4e). The ELISA and the real time PCR demonstrate that acti-
vation of ARE-regulated gene expression does not affect HBV
replication. Functionality of constitutively active Nrf2 was
demonstrated by induction of NQO1 expression after tran-
sient transfection (data not shown).

To study the effect of Nrf2 inhibition on HBV replication,
HepAD38 cells were transfected with ptdnNrf2. HBeAg-spe-
cific ELISAs as well as real time PCR revealed that inhibition
of Nrf2 does not impair HBV replication (Fig. 4, d and e).

To confirm the independence of HBV replication from
Nrf2, primary mouse hepatocytes were isolated from Nrf2 ™/~
mice (22) or the corresponding wild-type mice and infected
with recombinant adenovirus encoding HBV. HBsAg- and
HBeAg-specific ELISA revealed that Nrf2-deficiency does not
affect HBV gene expression (Fig. 4f).

Taken together these data indicate that HBV replication
does not depend on Nrf2. Neither inhibition of Nrf2 nor con-
stitutive activation affects expression of HBV genes.

HBV-positive Cells Are More Protected against Oxidative
Damage Than Control Cells—During the infection process,
HBV-positive cells encounter increased ROS levels generated
by inflammatory cells as part of the immune response. There-
fore, it may well be that induction of ARE-regulated genes
protects HBV-positive cells from oxidative damage. To test
this hypothesis, we incubated the HBV-positive cell line He-
pAD38 with H,O, or glucose oxidase and analyzed the forma-
tion of oxidized proteins using OxyBlot analysis. Comparable
signals were obtained in the OxyBlot in case of untreated
HepG2 and HepAD38 cells. However, after H,O, or glucose
oxidase treatment of the cells, the OxyBlot shows that signifi-
cantly less oxidative damage of proteins occurred in HBV-
positive cells as compared with the HepG2 control cells (Fig.
5a). Inhibition of the HBV-dependent induction of ARE-regu-
lated genes by coexpression of the tdnNrf2 mutant abolished
the protection of the HBV-positive cells against H,O,-depen-
dent protein oxidation (Fig. 5b). Comparable results were ob-
tained by analyzing the formation of the oxidative DNA ad-
duct 8-OHdG by ELISA. In HBV-positive cells, significantly
less 8-OHdG was formed after H,O, stimulation as compared
with the control cells (Fig. 5¢) Taken together, these findings
indicate that HBV-positive cells are better protected against
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oxidative damage than the corresponding control cells
through Nrf2-mediated induction of ARE-regulated genes.

Decreased Activity of the Immunoproteasome in HBV-posi-
tive Cells—A crucial factor for the establishment of the viral
infection and for the viral pathogenesis is the antigen process-
ing. Recent reports described that Nrf2/ARE is involved in the
expression control of the proteasomal B-subunits 1, 3, and 5
(31). Cotransfection of the HBV expression vector pHBV1.2
with luciferase reporter construct harboring the complete
promoter of the proteasomal subunit PSMB5 (pPSMB5luc)
showed a significant activation of the reporter gene (Fig. 6a).
The PSMB5 promoter encompasses close to its 5" end three
XRE sequences and close to its 3’ end two ARE sequences (31,
46). Cotransfection of pHBV1.2 with a 5’ end deleted reporter
construct that lacks all XRE sequences but still possesses the
two ARE sequences (p1.1PSMB5luc) revealed a significant
activation of this reporter construct by HBV comparable with
the activation of the complete promoter (Fig. 6a). To analyze
the relevance of the ARE sites for the HBV-dependent induc-
tion of the reporter construct, the two ARE sites were de-
stroyed by site-directed mutagenesis. The reporter gene assay
shows that cotransfection of pHBV1.2 with the mutated con-
struct (p1.1PSMB5lucAARE341/52) does not result in a sig-
nificant induction of the reporter construct (Fig. 6a). This
demonstrates the relevance of the ARE sequence for the
HBV-dependent induction of the PSMB5 expression.

In accordance to this, Western blot analysis of purified pro-
teasomes derived from the HBV-positive cell lines HepAD38
or HepG2.2.15 compared with HepG2-derived proteasomes
clearly demonstrates an increased level of PSMB5 in HBV-
positive cells as compared with HBV-negative HepG2 cells
(Fig. 6b). Comparable results were obtained for the 81- and
B2-subunits (PSMB1 and PSMB2) (Fig. 6b).

In the immunoproteasome, the 81-, 32-, and B5-subunits
are replaced by their interferon-vy inducible forms B1i, 524,
and B5i, resulting in an altered proteasomal specificity. The
products of the immunoproteasome with an average length of
8-10 amino acids seem to be optimized for the presentation
by MHC-1 on the cell surface. The amounts of PSMB5 and of
PSMB5i (= LMP?7) that is part of the immunoproteasome are
inversely regulated (47). Western blot analysis of purified pro-
teasomes or cellular lysates derived from HepG2.2.15 or He-
pAD38 indeed revealed significantly lower levels of PSMB5i/
LMP?7 in these cells as compared with HepG2 cells (Fig. 6b).

The resulting question was whether these changes are re-
flected by a higher constitutive proteasome activity in HBV-
positive cells compared with HBV-negative cells. Analyses of
proteasomal activity indeed show a significantly increased
constitutive proteasome activity in the case of HepG2.2.15 or
HepAD38 cells as compared with HepG2. Interestingly, coex-
pression of tdnNrf2 caused a decrease in the constitutive pro-
teasome activity of HBV-positive cells, confirming the rele-
vance of Nrf2 for the HBV-dependent induction of the
constitutive proteasome activity (Fig. 6¢).

Analysis of the immunoproteasome activity using the HBV
core(141-151)-derived peptide Cbz-VVRR-AMC (38) re-
vealed that the immunoproteasome activity in HBV-positive
cells is decreased as compared with the HepG2 control cells
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FIGURE 4. HBV expression is not affected by enhanced or reduced expression of ARE-regulated genes. HepAD38 were cotransfected with expression
vectors encoding YFP-NQO1 or YFP-y-GCS-fusion proteins. Cotransfection with YFP served as control. g, secretion of HBsAg and of HBeAg was quantified by
ELISA. b, confocal laser scanning immunofluorescence microscopy (630-fold magnification). LHBs was detected by MA18/7 (red fluorescence) and YFP-NQO1
or YFP-y-GCS (green fluorescence); nuclei were stained with DAPI. ¢, Western blot analysis of cellular lysates using an LHB-specific antiserum (MA18/7). Ex-
pression of the YFP-NQO1 or YFP-y-GCS fusion proteins was demonstrated by NQO1- or y-GCS-specific antibodies. d and e, HepAD38 cells were cotrans-
fected with pcaNrf2 or ptdnNrf2. Transfection with pCDNA.3 served as control. The amount of secreted HBeAg (d) was determined by ELISA. The amount of
secreted viral particles was quantified by real time PCR (e). f, primary mouse hepatocytes isolated from Nrf2~/~ mice or from the corresponding WT mice
were infected with AdHBV. The expression of HBV was quantified by HBsAg- and HBeAg-specific ELISA.

(Fig. 6d). Here, coexpression of the tdnNrf2 mutant resulted
in an increased activity of the immunoproteasome in HBV-
positive cells (Fig. 6d). Comparable results were obtained for
the HBV-pol(803—811)-derived peptide substrate Cbz-SPSV-
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AMC (37) (data not shown). To clarify the relevance of the
viral regulatory proteins for the deregulation of proteasomal
activity and to verify the results described above by a transient
expression system, HepG2 cells were transfected with pHBXx,
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FIGURE 5. HBV-dependent induction of the ARE-regulated genes pro-
tects HBV-positive cells from oxidative damage. g, OxyBlot analysis of
cellular lysates derived from HepG2 or HepAD38 cells. In case of the 5th and
6th lanes, cells were treated for 30 min with 2 mm H,0, and in case of the
7th and 8th lanes for 4 h with 20 milliunits of glucose oxidase. Protein oxida-
tion was analyzed using 2,4-dinitrophenylhydrazine (DNPH) (2nd, 4th, and
5th to 8th lanes) for covalent modification of oxidized proteins. 2,4-Dinitro-
phenylhydrazine was omitted in the 7st and 3rd lanes to demonstrate the
specificity of the observed signals. b, OxyBlot analysis of cellular lysates de-
rived from ptdnNrf2- or control plasmid-transfected HepAD38 cells treated
for 30 min with 2 mm H,0, in case of the 3rd and 4th lanes or for 4 h with 20
milliunits of glucose oxidase (5th and 6th lanes). ¢, 8-OHdG-specific ELISA of
hydrolyzed chromosomal DNA isolated from untreated or H,O,-treated
HepG2 or HepAD38. Stimulation with H,0, was performed as described
above (a and b).

pSVLM-S-, or with pHBV1.2 as positive control and transfec-
tion with pCDNA.3 as negative control.

Western blot analysis of the purified proteasomes revealed
that both HBx and LHBs trigger the increased formation of
PSMBS5 that is associated with a decreased formation of
PSMBS5i (Fig. 6¢e). In accordance with this finding, we found
increased activity of the constitutive proteasome and de-
creased activity of the immunoproteasome in LHBs- or HBx-
expressing cells as compared with the negative control (Fig.
6e). The decrease of the immunoproteasome activity was
stronger in HBx-producing cells than in LHBs-producing
cells. Recent reports demonstrated that HBx could impair
proteasomal activity (48 —50). To study this, we added in-
creasing amounts of purified HBx to the proteasomal fraction
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isolated from HepG2 cells and measured the activities of the
immunoproteasome and of the constitutive proteasome. Al-
though the constitutive proteasomal activity measured by the
cleavage of the fluorophor-coupled substrate peptide was only
impaired by higher concentrations, a stronger inhibitory ef-
fect was observed for the activity of the immunoproteasome
(Fig. 6f).

IFNa and IENYy are strongly expressed in the HBV-infected
liver. It was found that LMP7 and LMP2 subunits affect the
magnitude of CD8 T-cell response in HLA-A?2 transgenic
mice (37). Because of the relevance of the interferon-inducible
subunits for the HBV-specific CD8 T-cell response and
thereby for the progression of the infection, we analyzed
whether stimulation of HBV-replicating cells with IFN« or
IFNy overcomes the inhibitory effect of HBV on the activity
of the immunoproteasome. Western blot analysis shows that
both IFNa and IFNy increase the amount of PSMB5i in HBV-
replicating cells, but the level of PSMB5i observed for HepG2
cells was not achieved (Fig. 7, a and b). Comparable results
were obtained upon analysis of the immunoproteasomal ac-
tivity. For both HBV-replicating cell lines, an increase in the
activity of the immunoproteasome was observed after IFN«
or IFN+y stimulation. However, the immunoproteasomal ac-
tivity remained significantly lower as compared with the
HBV-negative HepG2 control cells (Fig. 7, ¢ and d).

In accordance to the data described above that have dem-
onstrated that stimulation of MEK by EGF or insulin MEK per
se is sufficient to trigger induction of ARE-dependent reporter
genes in HepG2 cells (Fig. 1a), we observed that stimulation
with EGF or insulin for 48 h resulted in an increased amount
of PSMB5 and a decreased amount of PSMB5i (Fig. 7e). This
demonstrates that constitutive activation of c-Raf/MEK signal
transduction cascade affects the expression of PSMB5 and
PSMB5i. Taken together, these data indicate that the activity
of the constitutive proteasome is increased in HBV-positive
cells, whereas the activity of the immunoproteasome is
decreased.

DISCUSSION

In this study we demonstrate the capacity of HBV to stimu-
late the expression of a variety of cytoprotective genes that are
Nrf2/ARE-regulated. The HBV-dependent induction of these
genes is primarily initiated by the two regulatory proteins of
HBYV, HBx and LHBs, and is mediated by c-Raf. In accordance
to this, stimulation of the c-Raf/MEK signal transduction cas-
cade by insulin or EGF induces expression of Nrf2/ARE-de-
pendent genes in cell culture. This seems to argue against an
HBV-specific component triggering the expression of Nrf2/
ARE-regulated genes in vitro. However, regarding long term
effects in an organism, there might be a difference between a
growth factor-dependent stimulation and an induction trig-
gered by a chronic HBV infection. The latter one represents a
process based on multiple factors besides the induction of this
signaling cascade by the two regulatory proteins. Our data
argue against a prominent role of ROS as mediators of the
HBV-dependent induction of Nrf2/ARE-regulated genes (51).
However, there are many reports discussing ROS as media-
tors of the regulatory protein function or as important factors
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FIGURE 6. Increased activity of the constitutive and decreased activity of the immunoproteasome in HBV-positive cell lines as compared with
HepG2 cells. g, reporter gene assay of HepG2 cells cotransfected with pHBV1.2 (0.4 ng) and luciferase (luc) reporter constructs (0.2 ng) harboring different
fragments of the promoter of the proteasomal subunit PSMBS5 as follows: the complete promoter in case of 3.4-kb luciferase encompassing three XRE and
two ARE sequences; the 1.1-kb fragment lacking the three XRE sequences but still harboring two ARE sequences; the 0.1-kb fragment that still harbors one
ARE sequence; or the mutated 1.1-kb fragment harboring two mutated ARE sequences (p1.1PSMB5lucAARE341/52). ptdnNrf2 (0.4 ng) was used to inhibit
Nrf2 activity. pUC 18 (0.4 ug) was used as negative control and to adjust equal DNA amounts in all samples. Activities, shown as multiples of induction, are
mean values from three independent experiments. The error bars represent the standard deviation. b, Western blot analyses of purified proteasomes from
HepAD38, HepG2.2.15, and HepG2 cells using PSMB5- and PSMB5i (=LMP7)-specific antisera. Moreover PSMB1- and PSMB2-specific antisera were used.
Detection of the @2 subunit served as loading control. c and d, analysis of constitutive (const.) (c) orimmune (d) proteasomal activity (act.) by measuring the
cleavage of the substrate peptides LLVY-AMC (c) or Cbz-VVRR-AMC (d). Proteasomes were isolated from HepG2 cells (control (contr.)) or from the HBV-posi-
tive cell lines HepG2.2.15 or HepAD38. Nrf2 was inhibited by coexpression of ptdnNrf2. MG132 was used to inhibit proteasomal activity. e, Western blot
analyses (left panel) of proteasomes purified from pHBx, pSVLM-S-, pHBV1.2, or pCDNA.3-transfected HepG2 cells. For Western blotting PSMB5-, PSMB5i
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teasomes were determined in the presence of the indicated concentrations of HBx that was added to the reaction mixture. RLU, relative light units.

40000
a2-subunit ju> e e e = 30000
oc
—— 20000
HBx = -

.

DECEMBER 24, 2010-VOLUME 285-NUMBER 52  NASENME\ JOURNAL OF BIOLOGICAL CHEMISTRY 41083



HBV Activates ARE-regulated Gene Expression

HepG2.2.15 HepAD38 HepG2
IFNo 5 + . + . + HepAD38  HepG2 HepG2.2.15
. B ¥ IFNy - + - + = +
PSMBSi | —_— [ i
a b
immunoproteasome act.

80000

60000
3 40000

20000 I I

0 ) c
substrate  HepAD38 HepG2 HepG2 2.15 HepAD38 HepG2 HepG2.2.15
+IFNa +IFNo +IFNo
immunoproteasome act.

100000

80000
_ 60000
40000

20000 I I d

i || |

substrate  HepAD38 HepG2

HepG2.2.15 HepAD38 HepG2

HepG2.2.15

+IFNy +IFNy +IFNy

PSMBSi

PSMBS5

a2 subunit

e

FIGURE 7. Decreased immunoproteasome activity in HBV-expressing cells is not fully rescued by interferon « or interferon y. HepAD38, HepG2.2.15,
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pCDNA 3-transfected HepG2 cells. Moreover, control transfected cells were stimulated by the addition of EGF (10 ng/ml) or insulin (50 nm) for 48 h. For
Western blotting, PSMB5- and PSMB5i-specific antisera were used. Detection of the a2 subunit served as loading control. RLU, relative light units.

for HBV-dependent induction of HCCs (52). Indeed, endo-
plasmic reticulum overload due to increased production of
the HBV envelope proteins could enhance the formation of
intracellular radicals, together with the immune system that
tries to eliminate HBV-positive cells. In light of this, the in-
duction of cytoprotective genes that mediate the inactivation
of ROS might confer to ensure the survival of the host cell and
to maintain the genetic integrity of the host and viral ge-
nomes. In contrast to reports discussing radical formation as a
causative factor for HBV-associated HCC (7), our data sug-
gest (in accordance with a previous report (53)) that HBV can
induce protection against oxidative damage by triggering the
expression of Nrf2/ARE-regulated genes.

Chronic HBV infection can result in liver fibrosis, cirrhosis,
or HCC. A recent report (15, 25) demonstrated that Nrf2 pro-
tects from toxin-induced liver injury and fibrosis. At first
glance, these observations seem to be contradictory. However,
during chronic infection a permanent inflammatory process
occurs, which is characterized by an increased ROS level trig-
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gered by the insufficient immune response. The induction of
Nrf2/ARE-regulated genes by HBV protects HBV-positive
cells and thereby ensures viral replication. One could specu-
late that the lack of the HBV-dependent induction of Nrf2/
ARE-regulated genes might result in an earlier onset of fibro-
sis. Therefore, it will be worthwhile to explore if defects in
Nrf2 activation affect the HBV-associated pathogenesis.

On the other hand, the overexpression of ARE-regulated
genes in HCCs confers a growth advantage to these tumors
(16). Consistent with these findings, we observed an increased
expression of ARE-regulated genes in HBV-associated HCCs.*
The overexpression of cytoprotective proteins is likely to pro-
tect the tumor from elimination by mechanisms that are
based on increased levels of electrophiles or radicals.

In HBV-positive cells, the increased amount of PSMB5 and
the higher constitutive proteasomal activity are associated

4 E. Hildt, unpublished results.
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with a decreased amount of PSMB5i (LMP7) and a decreased
immunoproteasome activity as compared with the HBV-neg-
ative cells. Inhibition of Nrf2 abolished these effects, demon-
strating the relevance of Nrf2/ARE for this. The reprogram-
ming of cellular protein synthesis in case of HBV-infected
cells and the resulting strong overproduction of viral proteins
might be associated with an increased amount of misfolded
proteins. The rapid elimination of misfolded proteins by the
proteasome prevents their accumulation and thereby the cel-
lular stress (54). Therefore, proteasome activation seems to be
a valuable strategy of the infected cells to reduce the stress
resulting from misfolded proteins. In accordance to this, an
inhibitory effect of proteasome inhibition by bortezomib on
HBYV replication can be observed in cell culture (see supple-
mental material) and in HBV transgenic mice (55).

In the immunoproteasome, PSMBS5 is replaced by
PSMB5i=LMP7 (47). In the mouse model, it was shown that
incorporation of LMP7 into the proteasome enhances the
production of the immunodominant HBV-pol(803-811)
epitope and alters the magnitude and specificity of the CD8
T-cell response to HBV envelope protein (37). Based on this
result, it can be speculated that the reduced immunoprotea-
some activity even after interferon stimulation in HBV-repli-
cating hepatocytes reduces the capability of antigen
processing, finally conferring to an impaired elimination of
HBV-positive hepatocytes. This would represent a cross-talk
between HBV-triggered signal transduction pathways and the
immune response.

In contrast to our data, there are reports based on recombi-
nant adenoviruses encoding HBV or HBx overexpression that
describe an interference of HBx with the proteasomal com-
plex, resulting in inhibition of the proteasomal activity (48 —
50). Our in vitro data based on the addition of purified HBx to
isolated proteasomes demonstrate that high amounts of HBx
can exert an inhibitory effect. However, in the case of protea-
somes isolated from HBV-producing cells, a significant activa-
tion of the constitutive proteasome is observed. One reason
for the differences might be the significantly lower expression
level of HBx that exists in the HBV-replicating systems used
in our study as compared with a strong overexpression system
used in the studies above (48 —50). Moreover, the previous
reports demonstrated that HBx must be part of the proteaso-
mal complex to exert its inhibitory effect. Therefore, differ-
ences in the isolation protocol for the proteasomal complex
might explain the observed differences. We could not detect
HBx in Western blot analyses of the purified proteasomal
fractions from HBV-replicating cells, suggesting that too
small amounts of HBx were present in the proteasomal frac-
tion or that HBx was lost during the isolation process and
therefore could not exert an inhibitory effect.

However, it should be considered that even if the cells were
transfected with a strong expression vector, only a very small
amount of HBx molecules is found per cell. For this, the
amount was calculated as 8000 —24,000 molecules per cell
(56). In contrast to this, 0.6 —1% of the soluble protein in
hepatocytes accounts for proteasomes (57). For L929 cells
(which are much smaller compared with hepatocytes), it was
calculated that these cells contain 5 X 10° proteasomes (58).
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In light of the fact that hepatocytes have about 10-fold higher
volume (59), it can be calculated that, supposing that almost
all of the HBx molecules would bind exclusively to the protea-
some, less than 1% of the proteasomes are complexed with
HBx. This might not be sufficient for a strong inhibition of
the proteasomal activity based on a direct interaction of HBx
with the proteasome (50).

Moreover, recent data demonstrated that inhibition of the
proteasomal activity impair HBV replication, arguing against
an inhibitory effect of HBx on the proteasome (55). In addi-
tion, it was reported recently that HBx induces the degrada-
tion of insulin receptor substrate 1 via the ubiquitin-protea-
some pathway (60).

Taken together, the activation of ARE-regulated genes
could be advantageous for HBV for several reasons. (i) The
HBV-positive cells are protected from oxidative damage in-
duced by the immune system or by endoplasmic reticulum
overload. (ii) The integrity of the Nrf2/ARE system is essential
for efficient liver regeneration (14) and thereby ensures sur-
vival of the host tissue. (iii) The up-regulation of the constitu-
tive proteasome activity ensures efficient removal of mis-
folded proteins. (iv) The decreased immunoproteasome
activity results in reduced antigen processing. In the future, it
will be interesting to determine whether inhibition of Nrf2
activity can be therapeutically explored for the treatment of
HBYV infections.
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