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ABSTRACT

Adenosine monophosphate-activated protein kinase (AMPK) is a crucial energy sensor that maintains
cellular energy homeostasis. AMPK plays a critical role in macroautophagy/autophagy, and autophagy
facilitates hepatitis B virus (HBV) replication. To date, the intrinsic link among AMPK, autophagy and HBV
production remains to be elucidated. Here, we demonstrate that PRKAA (a catalytic subunit of AMPK) is
activated in response to HBV-induced oxidative stress, which in turn decreases the production of HBV.
Mechanistic studies reveal that the autophagy machinery is associated with the inhibitory effect of PRKAA/
AMPK on HBV production. Activation of PRKAA/AMPK promotes autolysosome-dependent degradation
through stimulation of cellular ATP levels, which then leads to the depletion of autophagic vacuoles.
Taken together, our data suggest that the activation of AMPK might be a stress response of host cells to
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restrict virus production through promotion of autophagic degradation. These findings therefore indicate
that AMPK could provide a potential therapeutic target for HBV infection.

Introduction

Hepatitis B virus (HBV) is a strictly hepatotropic DNA virus of
the Hepadnaviridae family." Chronic hepatitis B virus infection
represents a severe public health burden in many parts of the
world.”> HBV has recently been characterized as a “metabolovi-
rus” due to the modulation of host metabolic patterns to pro-
vide energy and building blocks for HBV replication.’
Adenosine monophosphate-activated protein kinase (AMPK)
is a highly conserved intracellular energy sensor that acts as a
guard to maintain cellular energy stores by either switching on
catabolic pathways that produce ATP or switching off anabolic
pathways that consume ATP.*> However, whether AMPK
plays a role in HBV replication remains poorly understood.
AMPK is a metabolic checkpoint that plays a crucial role in
the modulation of the autophagy process.’ Autophagy is initi-
ated in response to poor-nutrient or low-energy conditions,
acting as a survival mechanism to ensure availability of critical
metabolic intermediates.” AMPK triggers the initiation of

autophagy through regulation of early autophagic events, such
as phosphorylation and activation of ULKI, inhibition of
MTOR and regulation of PIK3C3/VPS34 complexes.”® Inter-
estingly, AMPK is also implicated in a late stage of autophagy,
such as autophagic proteolysis.” However, the underlying
mechanism remains to be elucidated.

Autophagy plays a critical role in HBV replication.'® HBV
can activate the early autophagic pathway to promote viral
DNA replication.'™'! Additionally, studies performed in HBV-
transgenic mice with liver-specific knockout of Atg5 further
suggest that the autophagy machinery is required for efficient
HBV DNA replication in vivo.'> Intriguingly, recent studies
reveal that HBV can induce the early stages of autophagy but
block autophagic degradation to benefit its propagation, sug-
gesting that autophagic degradation may negatively regulate
HBV replication.'"?

In this study, we show that PRKAA/AMPK is activated in
host cells in response to HBV-induced reactive oxygen species
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(ROS) accumulation, which in turn represses HBV production.
Further studies reveal that active PRKAA/AMPK increases the
cellular ATP levels that promote autophagic degradation, lead-
ing to the decreased production of HBV particles. Collectively,
our data have delineated a novel molecular mechanism
whereby oxidative stress-induced AMPK activation negatively
regulates the production of HBV particles by promotion of
autophagic degradation, suggesting that AMPK activators
could be utilized at least as adjuvant anti-HBV agents.

Results

PRKAA/AMPK is activated by HBV-induced ROS
accumulation

HBV switches the metabolic pattern of host cells to provide
energy and building blocks for its replication.” To determine
whether AMPK, an important cellular metabolic checkpoint, is
involved in HBV replication, we assessed PRKAA/AMPK activ-
ity in HepG2.2.15 cells that stably express HBV (hereafter
termed as HBV-producing cells) by immunoblot analysis of the
phosphorylated form of PRKAA. The results revealed that
HBV-producing cells, as indicated by the expression of hepati-
tis B virus core antigen (HBcAg), displayed significantly
increased levels of phosphorylated PRKAA (Thr172) (Fig. 1A).

To elucidate whether this difference was specific to HBV
replication or due to physiological differences between

HepG2.2.15 cells and the parental HepG2 cells, a second cell
line (HepAD38, a HepG2-derived cell line expressing HBV
under tetracycline-off control'*) was studied. As shown in
Figs. 1A and S1, the phosphorylation level of PRKAA (Thr172)
was increased in the HBV-producing cells (HepAD38) com-
pared to the levels in cells maintained in tetracycline to sup-
press virus production (HepAD38 [Tet"]). These data
demonstrated that PRKAA/AMPK was activated in response to
HBYV replication.

To further investigate the correlation of the activation of
PRKAA/AMPK with HBV replication, we measured the activ-
ity of PRKAA (Thr172) in liver tissues from HBV-infected and
HBV noninfected patients. Consistent with the data obtained
in the cell lines, the phosphorylation levels of PRKAA were sig-
nificantly increased in HBV-infected tissues compared with
HBYV noninfected tissues (Figs. 1B and S2), indicating an acti-
vation of PRKAA upon HBV infection. Taken together, these
results suggest that PRKAA/AMPK was activated in response
to HBV replication.

Chronic HBV infection causes sustained oxidative stress in
host cells."”” In addition, PRKAA/AMPK could be activated in
response to cellular oxidative stress.'® The results revealed that
HBYV replication induced mitochondrial ROS, as NAC (N-ace-
tyl-L-cysteine, a general ROS scavenger) and rotenone (an
inhibitor of mitochondrial respiratory chain complex I, which
blocks mitochondrial superoxide production) abolished the
increased ROS in HBV-producing cells, while apocynin (an
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Figure 1. PRKAA is activated in response to HBV-induced ROS accumulation. (A) HepAD38 cells were grown with tetracycline (Tet") or without tetracycline for 10 d. Con-
trol cells (HepG2 or HepAD38 [Tet™] cells), and HBV-producing cells (HepG2.2.15 or HepAD38 cells) were lysed and analyzed by immunoblot with the indicated antibodies.
Relative intensity of the band was quantified by normalization to PRKAA using ImageJ software. p-, phosphorylated. (B) The phosphorylation levels of PRKAA (Thr172) in
HBV-infected (HBV™) and HBV noninfected (HBV ™) liver samples were determined by immunoblot. Densitometry quantification of the band intensities in Fig. S2 was car-
ried out using ImagelJ software and was shown as a percentage of relative densitometry normalized to ACTB. The mean + SD densities were displayed in relation to HBV
noninfected (HBV™) tissues. (C) The ROS level was monitored with an oxidant-sensitive fluorescent probe, DCFH-DA. Data were shown as mean =+ SD of 3 independent
experiments. (D) Cells were mock-treated or treated with NAC (10 mM) for 2 h followed by immunoblot analysis. (E) Cells were treated with DMSO or STO-609 (10 g/
mL) for 2 h followed by immunoblot analysis. Relative intensity of the indicated protein bands was quantified by normalization to PRKAA using ImageJ software. *, p <

0.05; ™%, p < 0.01.



NADPH oxidase inhibitor) and NDGA (a LOX-specific inhibi-
tor) failed to prevent ROS production'” (Figs. 1C and S3A-
S3D). To determine whether the activation of PRKAA/AMPK
in HBV-producing cells was mediated by virus-induced ROS,
phosphorylation of PRKAA was examined in HBV-producing
cells treated with the reducing agent NAC (Fig. 1D). These
results showed that NAC treatment diminished PRKAA activa-
tion in HBV-producing cells, indicating that ROS was required
for HBV-induced PRKAA activation. ROS could activate
AMPK through CAMKK2/CaMKKp or STK11/LKB1, 2 key
upstream kinases activating AMPK."*'” Our results showed
that knockdown of STKI1I by siRNA did not alter the phos-
phorylation level of PRKAA (Fig. S4), but inhibition of
CAMKK?2 by STO-609 attenuated PRKAA activation (Fig. 1E),
indicating that CAMKK2 was involved in ROS-induced activa-
tion of PRKAA/AMPK in HBV-producing cells.

A recent study has demonstrated that TXN (thioredoxin)
plays a crucial role in PRKAA/AMPK activation by preventing
ROS-induced PRKAA aggregation.”® As shown in Fig. S5A,
H,0, or diamide (a thiol oxidizing compound) induced a
mobility shift of PRKAA in HepG2 cells, which could be
reversed by dithiothreitol, a reducing agent that breaks disulfide
bonds. However, there was no significant mobility shift of
PRKAA in response to HBV-induced oxidative stress
(Fig. S5B). To determine whether TXN functioned as the
reducing force protecting PRKAA from oxidative aggregation,
we first evaluated the redox status of cysteines in TXN using
maleimide-polyethylene glycol (Mal-PEG), which covalently
binds to the reduced form of thiols. The levels of the Mal-PEG-
labeled reduced form of TXN decreased significantly in HBV-
producing cells compared with parental cells (Fig. S5C).
However, reduced TXN remained detectable in HBV-produc-
ing cells, suggesting that TXN successfully protected PRKAA
from oxidative aggregation. Moreover, overexpression of
TXNIP (thioredoxin interacting protein), which binds to the
redox active site of TXN and inhibits its thioredoxin activity,'
markedly suppressed the activity of PRKAA, as indicated by
the decreased phosphorylation levels of PRKAA (Fig. S5D).
Taken together, these results confirmed that PRKAA/AMPK
was activated in response to HBV-induced ROS accumulation,
depending on the oxidoreductase activity of TXN (Fig. S5E).

Active PRKAA/AMPK negatively regulates the production
of HBV

To determine the role of PRKAA/AMPK in HBV production,
we treated the HBV-producing cells with AICAR (an AMPK
agonist,” Figs. S6A-S6B and S7A) and analyzed the levels of
the extracellular HBV DNA using real-time PCR. As depicted
in Fig. 2A, the levels of extracellular virus were significantly
decreased in AICAR-treated cells. Additionally, compound C
(an AMPK inhibitor?®) resulted in a 2-fold increase in extracel-
lular HBV (Figs. S6C-S6D and S7B), suggesting that PRKAA/
AMPK activity negatively regulated HBV production. Consis-
tent with compound C treatment, genetic depletion of PRKAA
caused an increased production of the viral particles (Figs. 2B
and S8), confirming that PRKAA/AMPK played an important
role in viral production. To further investigate the correlation
between HBV replication and PRKAA activation, we examined
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the expression of HBcAg, which is a hepatitis B viral protein
and an indicator of active viral replication. As shown in Fig. S9,
HBcAg expression was significantly higher in cells treated with
compound C or transfected with PRKAA-specific siRNA com-
pared with that in corresponding control groups, while AICAR
treatment decreased the HBcAg levels.

In addition, we validated the antiviral effect of PRKAA/
AMPK in vivo. BALB/c mice were hydrodynamically co-
injected with HBV1.3 and a plasmid encoding dominant-nega-
tive PRKAA1 (DN-PRKAAI1) or vector control plasmid,
respectively. Serum samples were harvested at d 3 post-injec-
tion and secreted HBV levels were analyzed. Consistent with
the in vitro results, inhibition of the activity of PRKAA through
overexpression of DN-PRKAA1 significantly enhanced the
concentration of HBV particles in serum compared to the con-
trol mice (Fig. 2C). Moreover, we also observed that DN-
PRKAAL increased the expression of HBcAg in HBV-infected
mice (Figs. 2D and S10), suggesting that HBV replication was
correlated with the activation of PRKAA/AMPK. Collectively,
these data demonstrated that PRKAA/AMPK acted as a limita-
tion factor against HBV replication in host cells.

Autophagy is associated with PRKAA/AMPK-mediated
restriction of HBV production

PRKAA/AMPK plays a critical role in the initiation of autoph-
agy.”* Additionally, HBV induces autophagy, which in turn
facilitates HBV genome replication and persistent infection.""
Indeed, we found an increase of LC3B-II conversion (the phag-
ophore and autophagosome-associated lipidated form of
LC3B) and an elevated number of LC3B or GFP-LC3B (a green
fluorescent autophagy reporter protein) puncta in HBV-pro-
ducing cells (Fig. 3A andB and S11). Additionally, the HBV-
producing mice liver tissues displayed higher expression levels
of LC3B, suggesting an increased autophagic activity (Fig. S10).
To investigate whether autophagy was involved in PRKAA/
AMPK-regulated HBV production, we treated HBV-producing
cells with 3-methyladenine (3-MA; an inhibitor of autophagy25 )
in combination with compound C. We found that inhibition of
autophagy by 3-MA abrogated the enhanced production of
viral particles in response to PRKAA inactivation (Fig. 3C).
Additionally, we employed an ATG5-specific siRNA to decrease
ATGS expression (Fig. S12), thus blocking autophagic events.
As shown in Fig. 3D, siATG5 transfection reduced the level of
HBV production induced by compound C treatment. More-
over, we found that siATG5 transfection could also reverse the
increased production of viral particles induced by genetic
depletion of PRKAA (Fig. 3E). Taken together, these results
demonstrated that inhibition of PRKAA/AMPK enhanced the
production of HBV via autophagy.

PRKAA/AMPK reduces autophagosome accumulation by
promoting autophagic flux

To further determine whether PRKAA/AMPK regulated HBV
production by modulation of the autophagic pathway, we ana-
lyzed the role of PRKAA/AMPK in autophagy. It was shown
that compound C treatment resulted in enhanced LC3B-II con-
version in a dose- and time-dependent manner (Fig. 4A and
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Figure 2. PRKAA activation restricts HBV production. (A, B) HepG2.2.15 and HepAD38 cells were incubated with DMSO, compound C (CC, 10 M), or AICAR (1 mM) for
24 h (A), or transfected with either siScramble or siPRKAA1/2 for 48 h (B), respectively. HBV progeny DNA in the supernatant was quantified by real-time PCR. The values
obtained from the control group were set at 1.0. ¥, p < 0.05; **, p < 0.01. (C, D) BALB/c mice were hydrodynamically injected with vector, HBV1.3 and vector, HBV1.3
and/or DN-PRKAAT1. HBV serum titer was determined by quantitative real-time PCR at d 3 post injection (C). The expressions of HBcAg in liver tissues were determined by
immunochemical analysis (D). Data are presented as mean = SD (n = 6); **, p < 0.01; ***, p < 0.001.

B), which was consistent with the increased numbers of LC3B
puncta (Fig. 4C). Additionally, we observed elevated levels of
LC3B-II conversion (Fig. 4D) and increased numbers of LC3B
puncta (Fig. 4E) in siPRKAAI/2-treated cells. Consistently,
similar results were observed in vivo where DN-PRKAA1
induced a significant increase in the expression level of LC3B
(Fig. S10). To further corroborate these findings, we investi-
gated whether constitutively active PRKAA1 (CA-PRKAAL)
could alter the levels of LC3B-II. As shown in Fig. 4F, CA-
PRKAAI-transfected cells displayed decreased levels of LC3B-
II. These data indicated that activation of PRKAA/AMPK
decreased the accumulation of autophagosomes in HBV-pro-
ducing cells.

To evaluate whether the autophagic flux is affected by
PRKAA/AMPK, we inhibited the activity of PRKAA using
compound C or depleted the expression of PRKAA in the pres-
ence or absence of E-64d and pepstatin A (inhibitors of cysteine
and aspartic proteases in lysosomes®®). Treatment with lyso-
somal protease inhibitors induced a significantly increased level
of LC3B-1II under normal conditions, but only a slight increase
in the presence of compound C (5.47-fold vs. 1.32-fold in
HepG2.2.15 cells, and 5.49-fold vs. 1.25-fold in HepAD38 cells;
Fig. 5A) or siPRKAA1/2 (2.51-fold vs. 1.36-fold in HepG2.2.15

cells, and 2.69-fold vs. 1.37-fold in HepAD38 cells; Fig. 5B).
Likewise, when the cells were treated with compound C or
transfected with siPRKAA1/2, addition of E-64d and pepstatin
A resulted in no obvious increase in the number of LC3B
puncta (Fig. 5C and D), indicating that inhibition of PRKAA
blocked autophagic flux. Similar results were obtained by
substituting lysosome protease inhibitors with chloroquine, a
lysosomotropic agent that also blocks autophagic flux*’
(Fig. S13). Taken together, these results demonstrated that the
inhibition of PRKAA/AMPK-induced autophagosome accu-
mulation was due to the blockage of autophagic flux in HBV-
producing cells.

PRKAA/AMPK activation supports autophagic degradation

We further investigated the mechanism by which PRKAA/
AMPK regulated the autophagic flux. During autophagosome
formation, SQSTM1/p62-mediated cargo incorporation occurs,™
which can be monitored by imaging the colocalization of
SQSTMLI and LC3B. As shown in Fig. 6A, colocalization between
LC3B and SQSTM1 was more prominent in compound C-
treated or siPRKAA1/2-transfected cells compared with the con-
trol cells, suggesting that PRKAA-deficient cells exhibited a
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or cotransfected with siPRKAA1/2 and siATG5. HBV progeny DNA in the supernatant was quantified by real-time PCR. The values obtained from the control group were

set at 1.0. Values were means =+ SD, n = 3 per group. *, p < 0.05; ", p < 0.01.

functional incorporation of SQSTM1-labeled cargo into autopha-
gosomes. Additionally, the protease protection assay was per-
formed to measure the completion of the autophagosomes
induced by PRKAA inhibition. After completion of autophago-
some formation, SQSTMI is sequestered within autophagosomes
and becomes resistant to proteinase K digestion, whereas mem-
brane permeabilization by Triton X-100 enables SQSTM1 diges-
tion.”” Upon proteinase K treatment, we found that in the
absence of Triton X-100, SQSTM1 was protected in compound
C-treated cells, whereas addition of Triton X-100 promoted the
digestion of SQSTMI1 (Fig. S14), indicating that the incorpo-
ration of SQSTMI-labeled cargo within completed autophago-
somes was actually functional in PRKAA-deficient cells.

To examine whether the accumulation of autophagic
vacuoles resulted from insufficient fusion of the autophago-
somes with endosomes and/or lysosomes, we examined the
colocalization of LC3B and LAMP1. As shown in Fig. 6B, the
density of LC3B-LAMP1 double-positive dots, which represent
amphisome or autolysosomes, was increased in compound C-
treated or siPRKAAI/2-transfected cells compared with the
control cells, suggesting that the fusion of autophagosomes
with endosomes or lysosomes was promoted in PRKAA-defi-
cient cells. Next, we determined whether autolysosome forma-
tion was completed in PRKAA-deficient cells. We found that

depletion of PRKAA enhanced the colocalization between
SQSTM1 and LAMP], indicating an increased sequestration of
SQSTM1 within amphisomes or autolysosomes (Fig. 6C).
Additionally, we performed the self-quenched fluorophore
DQ-BSA degradation assay to determine whether PRKAA acti-
vation influences the autophagic degradation rate. As shown in
Fig. 6D, the fluorescence intensity generated from lysosomal
proteolysis of DQ-BSA was weaker in compound C-treated or
siPRKAA1/2-transfected cells than that in the control cells, sug-
gesting that the proteolysis activity of autolysosomes was
greatly impaired in PRKAA-deficient cells. These results indi-
cated that activation of PRKAA/AMPK was required for auto-
lysosomal degradation.

ATP is required for PRKAA/AMPK-mediated promotion of
autophagic degradation

To investigate the mechanism underlying the blockage of auto-
phagic proteolysis mediated by PRKAA/AMPK inactivation,
we first checked the biogenesis and acidification capacity of
lysosomes. We found that inhibition of PRKAA had no effect
on the biogenesis or the acidification capacity of lysosomes
(Figs. S15 and S16). PRKAA/AMPK conserves cellular ATP
levels by switching off anabolic pathways that consume ATP



1512 (&) N.XIEETAL

A
CC (uM)
107 m=  HepG2.2.15 -
Lc33|DMSO 25 50 10 20 = HepAD38
LC3B-I @ z *1
o £-4 *
p-PRKAA 2 E%’ 6 !
(Thr172) L ogs
- X
ACTB -
S
LC3B-Il =
o
o :
(Thr172) 2
8
L
C
DMSO cc
1507 s HepG2.2.15
w == HepAD38
o 3 =
l"i Q **
2] 3 1
g g 100
] ]
o
—_— c
=
a
m
o0
8 S
<
o
2
&
E
siScramble siPRKAA1/2 1507 g HepG2.2.15
== HepAD38
- =
2 g - B
o~ @
(2- (-8
4 =
— o
@
(]
- g
a
-
£ S
&
<& &
£ L

CC (10 uM)
h: 0 12 24 36 48

LC3BNl T e
T @3
e g g3
(Thr172) Iy g;
o 43
ACTB ik
28
P
LC3B-Il z
e 3
(Thrizz) === g
g
ACTB
D
HepG2.2.15 HepAD38 s e HepG2.2.15
- — H D38
siScramble + - + EPA*
SiPRKAAY/Z . 4 g a?
5g
LC3B-I o
a2z
p-PRKAA a8
(Thr172) = == Sg
PRIAA [ =] [——]
aoe [ =]
F
HepG2.2.15 HepAD38 == HepG2.2.15
Vector 4+ + b= HepAnag
CA-PRKAA1  _ 4 -+ o2
5g
LC3B-I <2
LC3B-I E E 2
a8
2¢

PRKAA
CA-PRKAA1 — l:l
= = ™ R
RN &
[

Figure 4. Inhibition of PRKAA contributes to autophagosome accumulation. (A) HepG2.2.15 or HepAD38 cells were treated with different concentrations of CC (0, 2.5, 5.0,
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noblot analysis of total protein extracts from HepG2.2.15 and HepAD38 cells transfected with siScramble or siPRKAA1/2 for 48 h, respectively. Relative intensity of LC3B-II
was quantified by normalization to ACTB using ImageJ software. (E) Immunofluorescence analysis of LC3B puncta in cells that were transfected with siScramble, or siPR-
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and switching on catabolic pathways that generate ATP.*® As
shown in Fig. S17, inactivation of PRKAA in hepatocytes by
compound C decreased the cellular ATP levels, whereas activa-
tion of PRKAA by either AICAR treatment or CA-PRKAAIL
transfection elevated the levels of ATP. ATP can activate prote-
olysis in lysosomes of liver cells.’’ Thus, we presumed that
PRKAA deficiency-induced impairment of autophagic proteol-
ysis might result from decreased ATP levels. To verify this
hypothesis, we added disodium ATP (5'-ATP-Na,) to replenish
the cellular ATP levels. As depicted in Fig. 7A, treatment with
5'-ATP-Na, significantly mitigated the protein levels of LC3B-
II in compound C-treated cells. Consistent with the immuno-
blot results (Fig. 7A), immunofluorescence analysis revealed
that 5-ATP-Na, could alleviate the PRKAA inhibition-induced
accumulation of LC3B puncta (Fig. 7B), suggesting that
PRKAA/AMPK activity was essential for autophagic degrada-
tion by maintaining cellular ATP levels. In addition, treatment
of 5-ATP-Na, could reverse the accumulation of SQSTM1 and
inhibition of proteolysis activity caused by compound C

treatment (Fig. 7C and D). To investigate the mechanism of
ATP-induced promotion of lysosomal degradation, we exam-
ined the number and acidification ability of lysosomes upon 5'-
ATP-Na, treatment. As shown in Fig. S15 and S16, ATP did
not alter either the number or acidification ability of lysosomes.
ATP can activate lysosomal proteases, including CTSD
(cathepsin D).*? The inactive form of CTSD (44 kDa) can be
cleaved into active form (31 kDa) in mature lysosomes."> We
found that inhibition of PRKAA with compound C reduced the
mature form of CTSD (31 kDa), while addition of 5'-ATP-Na2
could restore the maturation of CTSD (Fig. 7E), suggesting that
ATP might promote lysosomal degradation through induction
of CTSD maturation. Since ATP was required for the degrada-
tion of autophagic vacuoles, we then assessed the effect of ATP
on HBV production. As shown in Fig. 7F, addition of 5'-ATP-
Na, could reverse compound C-mediated enhanced production
of HBV particles. These results suggested that PRKAA/AMPK
activation might repress HBV production through promotion
of autophagosome degradation.
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Figure 5. PRKAA activity is required for autophagic flux. (A) Immunoblot analysis of total protein extracts from cells treated with DMSO (0.1%), or CC (10 uM) in the
absence or presence of E-64d (E, 10 ;1g/mL) and pepstatin A (P, 10 g/mL) for 24 h. (B) HepG2.2.15 or HepAD38 cells were transfected with siScramble or siPRKAA1/2 for
48 h, and then treated with E-64d (E, 10 ;«g/mL) and pepstatin A (P, 10 ;cg/mL) for 24 h. The total protein extracts were subjected to immunoblot assay. Relative intensity
of LC3B-Il was quantified by normalization to ACTB by ImageJ software. Values were means + SD (n = 3). (C) Immunofluorescence analysis of LC3B puncta in cells that
were incubated with DMSO (0.1%), CC (10 M), or CC in combination with E-64d and pepstatin A (E+P, 10 ug/mL each) for another 24 h. (D) Immunofluorescence analy-
sis of LC3B puncta in cells that were transfected with siScramble or siPRKAA1/2, followed by incubation with E-64d and pepstatin A (E+P, 10 g/mL each) for another
24 h. The fluorescent signal was visualized using a Leica DM2500 microscope. The number of LC3B puncta (mean £ SD) was quantified by Image)J software. Values were
means & SD (n = 30). %, p < 0.05;**, p < 0.07;***, p < 0.001 (in HepG2.2.15); *, p < 0.01;*, p < 0.01; **, p < 0.001 (in HepAD38); NS, non-significant. Scale bar: 10 m.

Discussion stress is a hallmark of chronic HBV infection, which is associ-

ated with many liver diseases, including fibrosis, cirrhosis and
Viruses hijack metabolism in host cells to acquire energy and hepatocellular carcinoma.”> AMPK plays a crucial role in main-
building blocks for their replication.”> Metabolic reprogram- taining cellular energy homeostasis.’® Recent studies have indi-
ming can cause dysfunction of the mitochondrial respiratory cated that the AMPK activity can be regulated by redox
chain, resulting in ROS overproduction.’* Sustained oxidative ~modification under oxidative stress.”” In this study, we found
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0.007 (in HepAD38).

that AMPK was activated by HBV-induced oxidative stress,
indicating that virus-induced ROS accumulation could exert a
feedback regulation on metabolic stress. TXN, an important
reducing enzyme that catalyzes disulfide reduction, serves as a
vital cofactor for AMPK activation by preventing the oxidative
aggregation of AMPK.*® Our data revealed that HBV-produc-
ing cells maintained relatively high levels of reduced TXN to
block the excessive oxidative modification, suggesting that the
antioxidant system of host cells was delicately controlled to
mediate the activation of metabolic sensors, such as AMPK,
thus relieving the metabolic stress induced by robust virus
replication.

Autophagy is emerging as an important component of host
defense during the infection of certain viruses (such as herpes

simplex virus).”” In contrast, other viruses, including HBV, can
manipulate the autophagic process to facilitate their replica-
tion.”® HBV induces the early autophagic pathway in hepato-
cyte cells,'"" while increasing evidence indicates that the late
stages of autophagy (e.g., autophagic degradation) are blocked
in HBV-producing cells,'®'""* suggesting that autophagosome
accumulation resulted from impaired autophagic flux may be
beneficial for HBV production. HBV small surface proteins, a
key component of virion maturation, can colocalize and inter-
act with LC3B during HBV replication, suggesting that auto-
phagosomes or other autophagic vacuoles might provide a
physical scaffold for HBV envelopment.'® Together with this
observation, our study reveals that elimination of autophago-
somes impairs the production of HBV, supporting a notion
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that the early and late stages of autophagy may have distinct
effects on HBV replication.

AMPK plays an essential role in the induction of autophagy
under energy-deprived conditions.”” AMPK activates the
proautophagic PIK3C3/VPS34 complex by phosphorylating
BECN1/Beclin 1 to trigger autophagy.® In addition, AMPK can
initiate autophagy via a double-pronged mechanism, by which
AMPK inhibits MTORCI or directly activates ULK1.” Besides
the effect of AMPK on the early stage of autophagy, our results
showed that AMPK could also enhance the degradation ability
of autolysosomes. This observation was supported by a previ-
ous report that inhibition of AMPK activity could impair auto-
phagic proteolysis.” Collectively, these findings revealed that
AMPK activity was required for a late stage of autophagy. HBV
X protein can inhibit autophagic degradation by impairing
lysosomal maturation.'’ Consistently, we found that activation
of AMPK elevated cellular ATP levels and induced the matura-
tion of lysosomal proteases concomitantly, and therefore

promoted autophagic degradation. Taken together, our study
revealed a novel regulatory mechanism through which AMPK
could restrict HBV replication through enhancement of auto-
phagic proteolysis.

In this study, we explored the interplay among AMPK,
autophagy and HBV. As depicted in Fig. 8, activation of AMPK
inhibited HBV production through promotion of autophagic
degradation. Our data indicate that AMPK activation may be
an intrinsic response of host cells to restrict virus production,
suggesting that AMPK activators hold promise for further
improvement of anti-HBV therapy.

Materials and methods
Antibodies and reagents

The following reagents were used: Compound C (EMD Milli-
pore, 171260); AICAR (Beyotime, S1515); rapamycin (Sigma,
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Figure 8. Diagram showing the proposed mechanism by which PRKAA/AMPK inhibits HBV production through promotion of autophagosome degradation. (A) Under nor-
mal conditions, AMPK is activated in response to HBV replication-induced production of cellular ROS. The activated AMPK promotes autophagic degradation and restricts
the production of HBV. (B) Upon treatment with AMPK activator, increased activity of AMPK elevates the cellular ATP levels, leading to the promotion of autophagic deg-

radation and elimination of HBV production.

R8781), bafilomycin A; (Sigma, B1793), E-64d (Sigma, E8640),
pepstatin A (Sigma, P4265), chloroquine (Sigma, C6628), 5'-
ATP-Na, (Sigma, A26209), 2-deoxyglucose (Sigma, D8375),
and protease inhibitor cocktail (Sigma, P8340). NDGA (Sigma,
N2036). MitoSOX (Thermo Fisher Scientific, M36008).
Diamide (Sigma, D3648). Dithiothreitol (Sigma, 10197777001).
LysoTracker Red (Beyotime, C1046).

Antibodies used in this study were: ACTB (Santa Cruz Bio-
technology, sc-69879), ATG5 (Cell Signaling Technology,
2630), goat anti-mouse IgG (H'L) secondary antibody, HRP
conjugate (Thermo Fisher Scientific, 31430), goat anti-rabbit
IgG (H'L) secondary antibody, HRP conjugate (Thermo Fisher

Scientific, 31460), HBcAg (EMD Millipore, MAB16990),
LAMP1 (Santa Cruz Biotechnology, sc-20011), LC3B (MBL,
PMO036), phospho-PRKAA/AMPKa (Thrl72; Cell Signaling
Technology, 2535), PRKAA/AMPKa (Cell Signaling Technol-
ogy, 5832), Phospho-ULKI1 (Ser555; Cell Signaling Technology,
5869), SQSTM1 (MBL, M162-3), TXNIP (Santa Cruz Biotech-
nology, sc-33099), ULK1 (Cell Signaling Technology, 8054).

Cell culture and treatment

HepG2, HepG2.2.15 and HepAD38 cells were cultured in Dul-
becco’s modified Eagle’s medium (Thermo Fisher Scientific,



12800017) supplemented with 10% fetal bovine serum
(HyClone, SH30088.03), penicillin (10” U/L) and streptomycin
(10 mg/L; HyClone, SV30010) at 37°C in a humidified chamber
containing 5% CO,. For HepG2.2.15 cells, the medium was fur-
ther supplied with 200 png/ml of G418 (Thermo Fisher Scien-
tific, 11811023), and the HepAD?38 cell line that supports HBV
replication by removal of tetracycline (Sigma, 87128) was
grown as described previously.*’ For glucose starvation experi-
ments, cells were cultured in DMEM without fetal bovine
serum (Thermo Fisher Scientific, 12100046).

Real-time PCR

For extracellular HBV, culture medium was collected and
briefly centrifuged to remove cell debris. To determine the
extracellular HBV titer, the viral DNA was extracted from cul-
ture supernatant using the care HBV PCR assay II kit (Qiagen
Biotechnology, 1061051), and then processed for real-time
PCR analysis using the Bio-Rad CFX96 Real-Time PCR System,
following the manufacturer’s instructions.

Transfection and oligonucleotides

Plasmids were transfected using the X-tremeGENE HP DNA
Transfection Reagent (Roche, 06366236001) according to the
manufacturer’s protocol. For siRNA transfections, cells were
seeded the day before transfection and then transfected with
100 nM siRNA duplexes or control scrambled RNA using X-
tremeGENE siRNA Transfection Reagent (Roche,
04476093001) according to the manufacturer’s protocol. Trans-
fection reagent-DNA complexes or transfection reagent-siRNA
complexes were made by incubating transfection reagent with
DNA or siRNA in Opti-MEM Reduced-Serum Medium
(Thermo Fisher Scientific, 31985062) at room temperature. At
48 h after transfection, the cells were used for subsequent
assays. For each transfection, the following sequences were
used: siRNA for ATG5 (sense 5-GCC TGC TGA GGA GCT
CTC CAT-3' and antisense 5-AAG GAA GAG CTG TGA
CTC C-3") were synthesized by Genepharma; PRKAA/AMPK«
siRNA (pools of 3 to 5 target-specific 19-25 nucleotide siRNAs;
Santa Cruz Biotechnology, sc-45312) specific to PRKAAI/2 or a
non-targeting siRNA were purchased from Santa Cruz Biotech-
nology; dominant-negative PRKAA1l (DN-PRKAAI/DN-
AMPKa1) plasmid was a gift from Prof. Jae Bum Kim (Insti-
tute of Molecular Biology and Genetics, Department of Biologi-
cal Sciences, Seoul National University, Korea),*' and pLVX-
puro-TXNIP plasmid was a gift from Prof. Yu Qiang (Labora-
tory of Cancer Biology and Pharmacology, Genome Institute of
Singapore, Singapore).*> Constitutively active PRKAA1 (CA-
PRKAA1/CA-AMPKal1) was generated by introducing a
T172D mutation into PRKAA1 truncated at residue 312.*

Protein extraction and immunoblotting

Cells were solubilized in lysis buffer (50 mM Tris-HCI, pH 7.4,
1 mM EDTA, 150 mM NaCl, 0.25% Na-deoxycholate (Sigma,
V900388), 1% NP-40 (Sigma, 74385), 0.10% SDS (Sigma,
L5750), 1% TritonX-100 (Sigma, T8787-50ML) on ice and
lysates were centrifuged at 5000xg for 20 min. Supernatant
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fractions were separated by SDS-PAGE and transferred to poly-
vinylidene difluoride membranes (EMD Millipore, ISEQ00010).
Following incubation with primary and secondary antibodies,
immunoreactive bands were detected by ECL (EMD Millipore,
WBKLS0500) according to the manufacturer’s instructions.

Immunofluorescence

Cells grown on poly-L-lysine-coated coverslips were fixed with
4% paraformaldehyde in phosphate-buffered saline (PBS; Beyo-
time, C0221A) and incubated with 0.1% Triton X-100 for per-
meabilization. Immunolabeling with the anti-LC3B polyclonal
antibody was performed by incubation at room temperature.
Secondary labeling was performed with DyLight 594-conju-
gated goat anti-rabbit IgG (Thermo Fisher Scientific, 35560),
DyLight 488-conjugated goat anti-rabbit IgG (Thermo Fisher
Scientific, 35552), DyLight 594-conjugated goat anti-mouse
IgG (Thermo Fisher Scientific, 35510) or DyLight 488-conju-
gated goat anti-mouse IgG (Thermo Fisher Scientific, 35502).
Stained coverslips were mounted with Prolong Gold with
DAPI (Thermo Fisher Scientific, P36931). Imaging was per-
formed with a Leica DM2500 microscope with LAS-AF imag-
ing software. Quantification of images was obtained with
Image] and a set of defined intensity thresholds that were
applied to all images. Colocalization is shown in merged as
black pixels using the “colocalization” plugin in Image].

GFP-LC3B fluorescence analysis

Cells were plated onto glass coverslips, and transfected the fol-
lowing day with a plasmid encoding GFP-LC3B. The cells were
fixed with 2% paraformaldehyde for 20 min and rinsed with
PBS twice. Cells were mounted and visualized using a Leica
DM2500 microscope with LAS-AF imaging software. Five dif-
ferent microscopy images were randomly chosen for quantifi-
cation analysis of GFP-LC3B-positive autophagosomes.

Protease protection assay

A protease protection assay was performed as described previ-
ously.” Briefly, cultured cells were incubated with DMSO or
compound C for 24 h, harvested, and suspended in homogeni-
zation buffer (20 mM HEPES-KOH, pH 7.4, 0.22 M mannitol
(Sigma, M4125-500G), 0.07 M sucrose (Sigma, S7903-1KG),
and phosphatase inhibitor cocktail (Sigma, P8340-5ML). Cells
were then passed 10 times through a 27-gauge needle using a
syringe and centrifuged at 9,300x g to obtain the pellet fraction.
The pellet fraction was resuspended in homogenization buffer
and then treated with 100 pg/ml proteinase K (Sigma, P2308-
5ML) with or without 0.5% Triton X-100. After a 20-min incu-
bation on ice, 10% TCA was added, and the samples were cen-
trifuged at 9,300x g for 5 min. The pellet fraction was washed
with ice-cold acetone, resuspended in SDS-PAGE sample
buffer, and boiled immediately.

DQ-BSA degradation assay

DQ Red BSA is a fluorogenic substrate that requires enzymatic
cleavage in lysosomal/autolysosomal compartments to generate
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a highly fluorescent product.”> Cultured cells were incubated
with 10 pg/ml DQ Red BSA (Thermo Fisher Scientific, D-
12051) for 30 min. Cells were then washed with PBS, fixed, and
stained with DAPI. The fluorescent signal from lysosomal pro-
teolysis of DQ Red BSA was recorded with a Leica DM2500
microscope using LAS-AF imaging software (Leica, Germany).

Mouse model with HBV replication

Male BALB/C mice at 6-9 wk of age were provided by the Bei-
jing HFK Bioscience Co., Ltd. Ethics approval was obtained
from the Institutional Ethics Committee of Sichuan University.
Eighteen mice were randomly divided into 3 groups: vector-
injected group, HBV1.3 and vector-injected group, HBV1.3
and dominant-negative PRKAAI (DN-PRKAAIl)-injected
group. The plasmids were injected into the tail vein in 1.6 ml
saline within 5-8 sec (hydrodynamic in vivo transfection). The
animals were sacrificed at d 3 after injection, and sera and liver
collected for real-time PCR or immunohistochemical staining.

Determination of the free sulfhydryl accessibility

To detect free sulthydryls, direct labeling of cellular proteins
with maleimide-polyethylene glycol (M.W. 2000; Aladdin
Industrial Corporation, M110240) was performed as
described.®® Cells were lysed on ice with modified RIPA buffer
(50 mM Tris, 150 mM NaCl, 0.1% SDS, 1% NP-40, pH 8.0)
containing 20 mM Mal-PEG, but in the absence of any other
thiol-modifying reagents or protease inhibitors. Cell lysates
were incubated on ice for 30 min and then centrifuged for
30 min at 20,000xg at 4°C. The recovered supernatant frac-
tions were mixed with sample buffer containing 50 mM
dithiothreitol (to neutralize excess Mal-PEG). Finally, proteins
modified by Mal-PEG were analyzed by immunoblotting.

Lysosomal pH measurement

Measurement of lysosomal pH was performed using the
LysoSensor™ reagent (LysoSensor™ Yellow/Blue DND-
160; Thermo Fisher Scientific, L7545), which exhibits a pH-
dependent increase in fluorescence intensity upon acidifica-
tion. Briefly, cells were loaded with the lysosomal pH indi-
cator probes for 5 min. Quantitative comparison was
performed on parallel cells in a 96-well plate, and the fluo-
rescence was measured with VarioskanFlash (Thermo Fisher
Scientific, Inc.). Light emitted (440, 540 nm) in response to
excitation at 340 nm and 380 nm was measured,
respectively.

Determination of ATP Levels

The concentration of cellular ATP was measured using a com-
mercially available firefly luciferase assay kit (Beyotime Insti-
tute of Biotechnology, S0026) according to the manufacturer’s
instructions. The luminescent signal was measured on a Vario-
skanFlash, and the values were normalized to total cellular pro-
tein, and converted to percentage of control.

Immunohistochemical analysis

Tissues were formalin fixed and paraffin embedded, and sec-
tions were consecutively cut (4-um thickness) for immunohis-
tochemistry analysis as reported previously.***> Briefly, the
paraffin-sections were dewaxed, rehydrated, and incubated in
3% H,0, for 10 min in the dark at room temperature to quench
the endogenous peroxidase activity. Antigen retrieval was per-
formed in citrate buffer (pH 6.0) using the autoclave sterilizer
method. Subsequently, the sections were blocked with normal
rabbit serum (Fuzhou Maixin Biotechnology, SP KIT-B4)
diluted in PBS (pH 7.4) for 20 min at 37°C, followed by incuba-
tion at 4°C overnight with the primary antibodies. After rinsing
in fresh PBS for 15 min, slides were incubated with horseradish
peroxidase-linked secondary antibody (Fuzhou Maixin Bio-
technology, KIT-5030) at 37°C for 40 min, followed by reaction
with diaminobenzidine (Fuzhou Maixin Biotechnology, DAB-
0031) and counterstaining with Mayer hematoxylin (Beyotime,
C0107). Immunohistochemical staining was assessed and
scored by calculating the fraction of positive cells (0-100%) and
the immunostaining intensity (0 = negative, 1 = weak, 2 =
moderate, 3 = strong). The score was calculated by multiplying
the fraction score and the intensity score, producing a total
range of 0 to 300.

Statistical analysis

All data shown are reported as mean + SD. Data analysis was
performed using Prism 5.0 (Graph-Pad Software, Inc., La Jolla,
CA). The statistical significance of the difference between
experimental groups in instances of single comparisons was
determined using the 2-tailed unpaired Student ¢ test of the
means. Comparisons where P < 0.05 were deemed significant.

Abbreviations

3-MA 3-methyladenine

ACTB/B-actin actin, g

AICAR 5-aminoimidazole-4-carboxamide
1-B-D-ribofuranoside

AMPK adenosine  monophosphate-activated
protein kinase

ATG5 autophagy-related 5

HBV hepatitis B virus

CA- constitutively active

CAMKK2/CaMKKp calcium/calmodulin-dependent protein
kinase kinase 2

CTSD cathepsin D

DN- dominant-negative

LAMP1 lysosomal-associated membrane protein
1

Mal-PEG maleimide-polyethylene glycol

MAPILC3B/LC3B  microtubule associated protein 1 light
chain 3 8

MTOR mechanistic target of rapamycin (serine/
threonine kinase)

NAC N-acetyl-L-cysteine

PRKAA protein kinase AMP-activated catalytic

subunit o



ROS reactive oxygen species

SQSTM1/p62 sequestosome 1

STK11/LKB1 serine/threonine kinase 11

TXN/Trx1 thioredoxin

TXNIP thioredoxin interacting protein

ULK1 unc-51 like autophagy activating kinase 1
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