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ABSTRACT
Glucosamine (GlcN), a dietary supplement widely utilized to promote joint health and effective in the
treatment of osteoarthritis, is an effective macroautophagy/autophagy activator in vitro and in vivo.
Previous studies have shown that autophagy is required for hepatitis B virus (HBV) replication and
envelopment. The objective of this study was to determine whether and how GlcN affects HBV
replication, using in vitro and in vivo experiments. Our data demonstrated that HBsAg production and
HBV replication were significantly increased by GlcN treatment. Confocal microscopy and western blot
analysis showed that the amount of autophagosomes and the levels of autophagic markers MAP1LC3/
LC3-II and SQSTM1 were clearly elevated by GlcN treatment. GlcN strongly blocked autophagic degrada-
tion of HBV virions and proteins by inhibiting lysosomal acidification through its amino group. Moreover,
GlcN further promoted HBV replication by inducing autophagosome formation via feedback inhibition
of mechanistic target of rapamycin kinase complex 1 (MTORC1) signaling in an RRAGA (Ras related GTP
binding A) GTPase-dependent manner. In vivo, GlcN application promoted HBV replication and blocked
autophagic degradation in an HBV hydrodynamic injection mouse model. In addition, GlcN promoted
influenza A virus, enterovirus 71, and vesicular stomatitis virus replication in vitro. In conclusion, GlcN
efficiently promotes virus replication by inducing autophagic stress through its dual effects in suppres-
sing autophagic degradation and inhibiting MTORC1 signaling. Thus, there is a potential risk of
enhanced viral replication by oral GlcN intake in chronically virally infected patients.

Abbreviations: ACTB: actin beta; ATG: autophagy-related; CMIA: chemiluminescence immunoassay;
ConA: concanavalin A; CQ: chloroquine; CTSD: cathepsin D; DAPI: 4ʹ,6-diamidino-2-phenylindole; EV71:
enterovirus 71; GalN: galactosamine; GFP: green fluorescence protein; GlcN: glucosamine; GNPNAT1:
glucosamine-phosphate N-acetyltransferase 1; HBP: hexosamine biosynthesis pathway; HBV: hepatitis
B virus; HBcAg: hepatitis B core antigen; HBsAg: hepatitis B surface antigen; HBeAg: hepatitis B e antigen;
HBV RI: hepatitis B replicative intermediate; IAV: influenza A virus; LAMP1: lysosomal associated mem-
brane protein 1; LAMTOR: late endosomal/lysosomal adaptor, MAPK and MTOR activator; ManN: man-
nosamine; MAP1LC3/LC3: microtubule associated protein 1 light chain 3; MTORC1: mechanistic target of
rapamycin kinase complex 1; PHH: primary human hepatocyte; RAB7: RAB7A, member RAS oncogene
family; RPS6KB1: ribosomal protein S6 kinase B1; RRAGA: Ras related GTP binding A; RT-PCR: reverse
transcriptase polymerase chain reaction; SEM: standard error of the mean; siRNA: small interfering RNA;
SQSTM1/p62: sequestosome 1; UAP1: UDP-N-acetylglucosamine pyrophosphorylase 1; VSV: vesicular
stomatitis virus.
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Introduction

Hexosamines, including glucosamine (GlcN), mannosamine
(ManN), galactosamine (GalN), and fructosamine (FruN), are
amino sugars generated through the addition of an amine
group to a hexose [1]. Among them, GlcN is a natural com-
pound that is currently widely utilized as a dietary supplement
to promote joint health, particularly in the elderly [2,3]. This
dietary supplement has numerous biological and pharmaco-
logical properties, including anti-cancer, anti-aging, anti-

inflammatory, and cardioprotective activities [4]. Except for
mild gastrointestinal disorders, no serious adverse effects or
toxicity have been observed in patients under GlcN treatment
in clinical trials [2,4,5]. A few studies have indicated that oral
GlcN intake may cause hepatotoxicity or other severe disease
outcomes in a minority of patients with liver disease [6,7].
Despite its widespread use and large popularity, the safety of
GlcN supplementation in patients with viral infection remains
unclear and has not been well evaluated.
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GlcN can activate the hexosamine biosynthesis pathway
(HBP) to generate the end product uridine diphosphate
N-acetyl-glucosamine (UDP-GlcNAc), which is used in glycan
synthesis, and can induceO-linked GlcNAc (O-GlcNAc) protein
modifications [8]. GlcN effectively activates autophagy in vitro
and in vivo in both MTOR (mammalian target of rapamycin)-
dependent and -independent ways, although the mechanisms
have not been elucidated [9–11]. Thus, the exact mechanisms of
GlcN regulating autophagic flux remain to be resolved.

Autophagy is a conserved catabolic process by which long-
lived proteins and damaged organelles are sequestered in the
cytoplasm and removed for recycling that is important for
maintenance of cellular homeostasis [12]. Cellular autophagy
functions as an intrinsic antiviral defense and contributes to
the control of replication of some viruses, including vesicular
stomatitis virus (VSV), human parainfluenza virus type 3, and
Sindbis virus [13–15]. However, some viruses, including hepa-
titis B virus (HBV), influenza A virus (IAV), and enterovirus
71 (EV71), subvert or even enhance the autophagic machinery
to promote viral replication and pathogenesis [16–19].

In this study, we focused mainly on the effects of GlcN on
HBV replication and explored the underlying mechanisms.
HBV is an enveloped DNA virus with a 3.2-kb circular,
partially double-stranded DNA genome that causes hepatitis,
liver cirrhosis, and hepatocellular carcinoma [20]. With an
estimated 240 million chronically infected people worldwide,
HBV infection is still a serious public health problem [21].
Recent studies have demonstrated that efficient HBV replica-
tion and envelopment depend on autophagy [18,19,22–24].
HBV replication and HBsAg production were strongly
increased by interfering with autophagosome–lysosome
fusion through silencing of either the RAB7 (RAB7, member
RAS oncogene family) complex [24] or the SNAP29 (synapto-
some associated protein 29) complex [25], suggesting that
a relevant portion of viral products is degraded in the late
phase of autophagy.

We investigated whether and how GlcN affects HBV repli-
cation in vitro and in vivo. We firstly found that GlcN treat-
ment efficiently promotes HBV replication and HBsAg
production in vitro and in vivo. GlcN blocks autophagosome
maturation by inhibiting lysosomal acidification through its
amino group. Moreover, GlcN further increases autophago-
some formation via feedback inhibition of MTOR complex 1
(MTORC1) signaling in an RRAGA (Ras related GTP binding
A) GTPase-dependent manner. GlcN treatment also promotes
IAV, EV71, and VSV replication in vitro. Thus, GlcN may
induce autophagic stress in host cells and thereby enhance the
replication of certain viruses.

Results

GlcN promotes HBsAg expression and HBV replication

We first examined whether the hexosamines GlcN, ManN,
and GalN [1] affect HBV replication in cell models. Primary
human hepatocytes (PHHs) infected with HBV virions
(Figure 1A) or human hepatoma cells HepG2.2.15 with stable
HBV replication (Figure 1B) were treated with 5 mM of GlcN,
ManN, or GalN. The effects of the hexosamines on HBV gene

expression were assessed by measuring the levels of intracel-
lular HBsAg and secreted HBsAg and HBeAg in cell culture
supernatants. Interestingly, only GlcN significantly increased
the amounts of secreted and intracellular HBsAg, by about
twofold, without affecting HBeAg production, whereas ManN
and GalN had no effect on HBsAg and HBeAg production.
Next, cell viability was measured by CCK8 assay at 0, 24, 48,
or 72 h after treatment with GlcN at different concentrations.
GlcN was not cytotoxic at concentrations below 10 mM at all
indicated time points in HepG2.2.15 cells (Figure 1C).
Therefore, we used 5 mM GlcN in subsequent experiments.

The effects of GlcN on HBsAg production and viral repli-
cation were further assessed at different doses in HepG2.2.15
cells with stable HBV replication and Huh7 cells with transi-
ent transfection of HBV plasmid. GlcN increased the amounts
of secreted and intracellular HBsAg in a dose-dependent
manner in HepG2.2.15 (Figure 1D) and Huh7 cells (Figure
S1A). Intracellular HBV replication intermediates and HBV
DNA in culture supernatants were determined by Southern
blotting and quantitative real-time polymerase chain reaction
(qPCR) analysis, respectively. The results revealed that intra-
cellular and secreted HBV DNA were significantly increased
by GlcN treatment (Figure 1E; S1B).

We examined the effects of GlcN on HBV production in
other cell models, including HepG2 human hepatoma cells
transfected with HBV plasmid pSM2 (Figure S2A), and Huh7
cells transfected with different HBV plasmids (Figure S2B and
S2C). Consistently, GlcN significantly increased HBsAg, but
not HBeAg production in these cell models. Moreover,
a Dual-Glo luciferase reporter assay showed that GlcN had
no significant effect on HBV promoter activity (Figure S3).
Next, the effect of GlcN on HBV transcription was further
examined by northern blotting. HBV RNA levels were slightly
increased by GlcN treatment (Figure 1F), which may partially
contribute to increased HBV replication. However, the effect
of GlcN on HBV transcript levels did not sufficiently explain
the enhanced HBV replication, indicating that some other
mechanism(s) exist(s).

GlcN promotes HBV replication by suppressing
autophagic degradation

It is well known that GlcN can activate the HBP to generate the
end product UDP-GlcNAc and influences various cellular bio-
synthetic processes by glycosylation [8]. Therefore, we analyzed
whether GlcN modulates HBV replication through regulating
the HBP. O-GlcNAcylation is regulated by 2 enzymes, OGT
(O-linked N-acetylglucosamine [GlcNAc] transferase) and
OGA (O-GlcNAcase) [26,27]. Thus, HepG2.2.15 cells were trea-
ted with GlcN with or without the OGA inhibitor PUGNAc or
OGT inhibitor OSMI-1 for 24 h [27]. Western blotting analysis
revealed that PUGNAc and OSMI-1 increased and decreased,
respectively, the O-GlcNAcylation of cells treated with GlcN
(Figure 2A, right panel). However, these 2 inhibitors did not
affect the effect of GlcN on HBsAg production (Figure 2A, left
panel). Further, UDP-GlcNAc, the donor ofO-GlcNAc for OGT
activity, did not promote HBsAg production in HepG2.2.15 cells
(Figure S4). To confirm that GlcN treatment does not modulate
HBV replication through the HBP, HepG2.2.15 cells were
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transfected with specific siRNAs to knock down UAP1 (UDP-
N-acetylglucosamine pyrophosphorylase 1) and GNPNAT1
(glucosamine-phosphate N-acetyltransferase 1), which are criti-
cally involved in the HBP, followed by GlcN treatment. Effective
Uap1 and Gnpnat1 knockdown was verified by western blotting
(Figure 2B, right panel). Knockdown of Uap1 and Gnpnat1 did
not change the effect of GlcN on HBsAg production (Figure 2B,
left panel). These results indicated that GlcN treatment acts on
HBV replication independently of the HBP.

GlcN is an effective autophagy activator [10]. We and
others have demonstrated that the HBV life cycle is closely
related to the autophagy process [22]. Thus, we asked whether
GlcN enhances HBV replication and HBsAg production
through regulating autophagic flux. To investigate the effect
of GlcN on autophagic flux and HBV replication and gene
expression, HepG2.2.15 cells (Figure 2C,D) and Huh7 cells
transfected without (Figure S5A) or with HBV plasmid pSM2

(Figure S5B and S5C) were treated with GlcN.
Immunofluorescence microscopy revealed that the number
of MAP1LC3/LC3 (microtubule associated protein 1 light
chain 3) puncta as well as HBsAg expression were signifi-
cantly increased by GlcN treatment (Figure 2C; S5A and S5B).
LC3 puncta and HBsAg colocalized in hepatic cells, consistent
with previous findings [19,24]. Moreover, GlcN also strongly
increased the levels of the autophagic cargo LC3-II and
SQSTM1, as well as HBcAg, as detected by western blotting
(Figure 2D; S3C). These data suggested that GlcN treatment
increased the number of LC3 puncta and HBsAg likely by
blocking autophagic degradation, similarly to chloroquine
(CQ) treatment and RAB7 silencing [24].

To strengthen the evidence that GlcN influences autopha-
gic degradation, Huh7 cells were transfected with a plasmid
expressing mCherry-GFP-LC3 and then treated with 5 mM
GlcN or 10 µM CQ for 48 h. CQ inhibits acidification of the

Figure 1. GlcN promotes HBV replication and HBsAg expression. (A) PHHs infected with HBV virions (multiplicity of infection [MOI] = 30) were treated with 5 mM
GlcN, ManN, or GalN and harvested after 48 h. (B) HepG2.2.15 cells were treated with 5 mM GlcN, ManN, or GalN for 48 h. HBsAg and HBeAg from culture
supernatants and intracellular HBsAg from cell lysates were quantified by CMIA. (C) Cell viability was measured by CCK8 assay at 0, 24, 48, or 72 h after treatment
with GlcN at different concentrations (1, 2, 5, and 10 mM). (D–E) HepG2.2.15 cells were treated with 0, 1, 2, or 5 mM GlcN for 48 h. (E) Encapsidated HBV replicative
intermediates were detected by Southern blotting. The levels of HBV genomes in culture supernatants were determined by qPCR. (F) HBV RNA levels in HepG2.2.15
cells were analyzed by northern blotting. S:CO, signal to cutoff ratio; RC, relaxed circular DNA; SS, single-stranded DNA. *P < 0.05; **P < 0.01; ns, not significant.
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lysosomal compartment and prevents cargo degradation in
lysosomes [24,28]. Like CQ treatment, GlcN led to an accu-
mulation of LC3 puncta with strong expression of both GFP
and mCherry, indicating incomplete autophagy and reduced
cargo degradation in autophagosomes (Figure 2E). Confocal
microscopy analysis showed the fluorescent signal of dye

quenched-bovine serum albumin (DQ-BSA) decreased upon
GlcN treatment, but increased upon treatment with Earle’s
balanced salt solution (EBSS) (Figure 2F), suggesting that
GlcN blocks autolysosomal proteolysis. These results consis-
tently demonstrated that GlcN treatment increases the num-
ber of autophagosomes by blocking autophagic degradation.

Figure 2. GlcN promotes HBV replication by suppressing autophagic degradation. (A) HepG2.2.15 cells were treated with 5 mM GlcN with or without 100 µM OGT
inhibitor PUGNAc or 10 µM OGA inhibitor OSMI-1 for 24 h. (B) HepG2.2.15 cells were transfected with specific siRNAs against UAP1 (siUAP1) and GNPNAT1/GNA1
(siGNPNAT1), or siRNA negative control (siNC) at 40 nM, followed by treatment with 5 mM GlcN for 48 h. HBsAg and HBeAg secreted in culture supernatants and
intracellular HBsAg were quantified by CMIA. O-GlcNAc, UAP1, and GNPNAT1 expression was analyzed by western blotting, using ACTB as a loading control. (C and D)
HepG2.2.15 cells were treated with 5 mM GlcN for 48 h. (C) The cells were fixed, incubated with primary antibody horse anti-HBsAg and rabbit anti-LC3, followed by
staining with Alexa Fluor 488-conjugated anti-rabbit and Alexa Fluor 594-conjugated anti-horse secondary antibody IgG, respectively. Finally, the cells were imaged
by confocal microscopy. Scale bar: 5 μm. (D) LC3, SQSTM1, and HBcAg expression were analyzed by western blotting. LC3-II:ACTB ratios were determined by
densitometry. (E) Huh7 cells were transfected with mCherry-GFP-LC3 plasmid and then treated with 5 mM GlcN for 24 h. Cells cultured with 10 µM chloroquine (CQ)
for 24 h were used as a positive control. The expression of mCherry and GFP was determined by confocal microscopy. Scale bar: 5 μm. (F) HepG2.2.15 cells were
treated as in (C), followed by incubation with 10 μg/ml DQ-BSA for 30 min. The accumulating fluorescent signal of DQ-BSA was analyzed by confocal microscopy.
Cells treated with EBSS for 2 h were used as a positive control. Scale bar: 5 μm. S:CO, signal to cutoff ratio. *P < 0.05; **P < 0.01; ns, not significant.
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GlcN suppresses autophagic degradation by suppressing
lysosomal acidification

GlcN may interfere with autophagic degradation by blocking
autophagosome–lysosome fusion or altering lysosomal pro-
teolysis activity. Thus, it is necessary to distinguish these 2
modes of action. Firstly, the colocalization of LC3 and LAMP1
(lysosomal associated membrane protein 1), a lysosome mar-
ker, was analyzed by confocal microscopy. Colocalization of
GFP-LC3 and LAMP1 was markedly elevated upon GlcN
treatment in Huh7 cells (Figure S6). As previous studies
from our laboratory and other groups have validated that
there is a direct interaction between HBsAg and LC3
[19,24], the colocalization of HBsAg and LAMP1 was further

analyzed by confocal microscopy in HepG2.2.15 cells.
Colocalization of HBsAg and LAMP1 was increased upon
GlcN treatment (Figure 3A). Thus, GlcN did not prevent
autophagosome-lysosome fusion. Interestingly, LAMP1
expression was markedly increased in Huh7 cells after GlcN
treatment. The LAMP1 level has been shown to be elevated by
HBx-induced autophagy [18]. This is consistent with the
finding that GlcN strongly promotes autophagosome forma-
tion and enhances lysosome production to form autolyso-
somes [12,29].

Likely, GlcN treatment may protect lysosomal degradation
by preventing the acidification of lysosomal compartments.
Thus, we determined changes in lysosomal functions in the
course of autophagy by staining lysosomes with fluorescent

Figure 3. GlcN suppresses autophagic degradation mediated by suppressing lysosomal acidification. (A) Huh7 cells were transfected with HBV plasmid pSM2,
followed by treatment with 5 mM GlcN for 24 h. Cells treated with 5 µM CID1067700 (CID) for 24 h were used as a positive control. The cells were fixed, incubated
with horse anti-HBsAg and rabbit anti-LAMP1 antibodies, and stained with Alexa Fluor 488-conjugated anti-rabbit and Alexa Fluor 594-conjugated anti-horse
secondary antibody IgG, respectively. Colocalization of HBsAg and LC3 or LAMP1 was imaged by confocal microscopy. Scale bar: 5 μm. (B) HepG2.2.15 cells were
treated with 5 mM GlcN for 24 h. The cells were stained with 100 nM LysoTracker Red or 1 μM LysoBeacon Green for 1 h. Cells treated with EBSS for 2 h were used as
a positive control. The fluorescence intensity of LysoTracker Red or LysoBeacon Green was analyzed by confocal microscopy. Scale bar: 5 μm. (C) HepG2.2.15 cells
were treated with 5 mM GlcN for 24 h. The cells were stained with acridine orange (AO) for 15 min. AO fluorescence was detected by confocal microscopy using
a 488-nm (green) or a 561-nm (red) laser. Scale bar: 5 μm. (D) HepG2.2.15 cells were treated with 5 mM GlcN for 48 h. The levels of mature CTSD expression were
analyzed by western blotting, using ACTB as a loading control. CTSD:ACTB ratios were quantified by densitometry. (E–G) HepG2.2.15 cells were treated with 5 mM
GlcN with or without 10 µM CQ for 24 h. (E) Transfected cells were imaged by confocal microscopy using LC3-specific antibody. Scale bar: 5 μm. (F) LC3, SQSTM1, and
HBcAg expression were analyzed by western blotting, using ACTB as a loading control. LC3-II:ACTB ratios were quantified by densitometry. (G) HBsAg and HBeAg
secreted in culture supernatants were analyzed by CMIA. S:CO, signal to cutoff ratio. *P < 0.05; **P < 0.01; ns, not significant.
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dyes and measuring lysosomal enzyme activity. First,
HepG2.2.15 cells were treated with 5 mM GlcN for 24 h or
EBSS for 2 h, and then stained with 100 nM LysoTracker Red
or 1 μM LysoBeacon Green for 1 h. The fluorescence inten-
sities of LysoTracker and LysoBeacon staining were signifi-
cantly decreased in cells treated with GlcN, but increased in
EBSS-treated cells (Figure 3B), indicating low acidification of
lysosomes. The effect of GlcN on lysosomal acidification was
further examined by staining with acridine orange (AO),
which emits bright red fluorescence when entering acidic
lysosomes. HepG2.2.15 cells were treated with GlcN or CQ
as described above, and then stained with 5 μM AO. Confocal
microscopy revealed that lysosomal acidification was reduced
in cells treated with GlcN or CQ when compared with control
cells (Figure 3C). In addition, GlcN treatment clearly reduced
the levels of the maturated form of lysosomal hydrolase CTSD
(cathepsin D), as indicated by western blotting (Figure 3D).

Given that both GlcN and CQ may enhance HBV replica-
tion by inhibiting lysosomal degradation, we investigated
whether these 2 chemicals would have any additive effect if
applied simultaneously. HepG2.2.15 cells were treated with
GlcN with or without CQ. Consistent with previous data
(Figure 1D, 2C,D), the number of LC3 puncta (Figure 3E),
levels of LC3-II, SQSTM1, and HBcAg (Figure 3F), and
secreted HBsAg in culture supernatants (Figure 3G) were
markedly elevated by GlcN or CQ treatment. However, there
was no significant additional elevation when the cells treated
with GlcN and CQ simultaneously. Thus, GlcN and CQ

together did not have an additive effect on autophagic process
at the concentrations used in the experiment.

The amino group of GlcN contributes to inhibition of
lysosomal degradation and promotion of HBV replication

As GlcN suppressed lysosomal acidification and blocked
autophagic degradation, we suspected that the presence of
an amino group in the GlcN structure may contribute to the
blockage of lysosomal proteolysis. Thus, we examined the
function of the amino group of GlcN on HBV production.
HepG2.2.15 cells were treated with 5 mM of GlcN or
N-acetyl-D-glucosamine (Ace-GlcN), which is acetylated on
the amino group. Unlike GlcN, Ace-GlcN showed no signifi-
cant effect on LC3-II, SQSTM1, and HBcAg expression and
HBsAg secretion in HepG2.2.15 cells (Figure 4A,B). Similar
results were obtained in PHHs infected with HBV virions
(Figure 4C,D). These results suggested that the amino group
of GlcN may be required for inhibition of lysosomal
degradation.

GlcN promotes HBV replication by inducing autophagy
via feedback inhibition of MTORC1 signaling

Previous studies have reported that inhibition of lysosome
function may affect the MTORC1 signaling pathway in dif-
ferent cell systems [30,31]. In the present study, we observed

Figure 4. GlcN promotes HBV replication by inhibiting lysosomal degradation through its amino group. (A and B) HepG2.2.15 cells were treated with 5 mM GlcN or
N-Acetyl-D-glucosamine (Ace-GlcN) for 48 h, respectively. (C and D) PHHs with HBV virion infection (MOI = 30) were treated with 5 mM GlcN or Ace-GlcN for 48 h.
(A and C) LC3, SQSTM1, and HBcAg expression were analyzed by western blotting, using ACTB as a loading control. LC3-II:ACTB ratios were quantified by
densitometry. (B and D) HBsAg and HBeAg secreted in culture supernatants were analyzed by CMIA. S:CO, signal to cutoff ratio. *P < 0.05; **P < 0.01; ns, not
significant.
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that GlcN decreased the phosphorylation of MTOR as well as
of 2 downstream kinases, RPS6KB1/p70-S6K (ribosomal pro-
tein S6 kinase B1) and ULK1/Atg1 (unc-51 like autophagy
activating kinase 1), in HepG2.2.15 cells at 48 h after treat-
ment (Figure S7A). This indicated that GlcN may enhance
autophagy induction and autophagosome formation through
inhibiting MTORC1 signaling. To confirm the feedback inhi-
bition of MTORC1 signaling by GlcN treatment, HepG2.2.15
cells were treated with 5 mM GlcN and harvested at 0, 6, 12,

24, and 48 h after treatment. Western blotting analysis clearly
indicated that the levels of phosphorylated MTOR decreased,
whereas the levels of LC3-II and SQSTM1 increased by GlcN
treatment (Figure 5A). Kinetically, GlcN treatment may block
autophagic degradation at an early time point (< 6 h after
adding GlcN), followed by feedback inhibition of MTORC1
activity at a later time point (24–48 h after adding GlcN).

Based on the above findings, the promotion of HBV repli-
cation by GlcN treatment would depend on autophagy

Figure 5. GlcN promotes HBV replication by inducing autophagy via feedback inhibition of MTOR signaling. (A) HepG2.2.15 cells were treated with 5 mM GlcN and
harvested at 0, 6, 12, 24, and 48 h after treatment. Western blot analysis was conducted to detect MTOR, p-MTOR, LC3, and SQSTM1 expression, using ACTB as
a loading control. LC3-II:ACTB and p-MTOR:ACTB ratios were quantified by densitometry. (B and C) HepG2.2.15 cells were treated with 5 mM GlcN with or without
2 µM MTOR activator MHY1485 (MHY) for 48 h. (B) Cells were fixed, incubated with rabbit anti-LC3 antibodies, followed by staining with Alexa Fluor 488-conjugated
anti-rabbit secondary antibody IgG. Finally, the cells were imaged by confocal microscopy. Scale bar: 5 μm. (C) HBsAg and HBeAg secreted in culture supernatants
and intracellular HBsAg from cell lysates were analyzed by CMIA. (D–E) HepG2.2.15 cells were transfected with specific siRNAs against RRAGA (siRRAGA) or siNC at
40 nM. After 24 h, the transfected cells were treated with 5 mM GlcN for 48 h. (D) RRAGA, MTOR, p-MTOR, LC3, and SQSTM1 expression were analyzed by western
blotting. The LC3-II:ACTB and p-MTOR:ACTB ratios were quantified as described above. (E) HBsAg and HBeAg secreted in culture supernatants and intracellular HBsAg
from cell lysates were analyzed as described above. S:CO, signal to cutoff ratio. *P < 0.05; **P < 0.01; ns, not significant. (F) A proposed model of how GlcN effectively
promotes virus replication by inducing autophagic stress through its dual effects in suppressing autophagic degradation and inhibiting MTORC1 signaling pathway.
On the one hand, GlcN blocks autophagic degradation by inhibiting lysosomal acidification through its amino group. On the other hand, GlcN further induces
autophagosome formation via feedback inhibition of MTORC1 signaling in a RRAGA GTPase-dependent manner.
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induction via MTORC1-dependent signaling. To prove this
hypothesis, HepG2.2.15 cells were treated with GlcN with or
without the MTOR activator MHY1485. Confocal microscopy
revealed that MHY1485 suppressed the number of LC3
puncta in GlcN-treated cells (Figure 5B). MHY1485 also sup-
pressed HBsAg production in GlcN-treated cells (Figure 5C).
To confirm that GlcN inhibits MTORC1 or ULK1 signaling in
the context of complete autophagic flux, HepG2.2.15 cells
were treated with GlcN and the class III phosphatidylinositol
3-kinase inhibitor 3-MA or the MTOR inhibitor rapamycin.
The data showed that rapamycin further enhanced HBsAg
production induced by GlcN treatment (Figure S7B).
However, 3-MA largely reversed the promotive effect of
GlcN on HBsAg production. These data suggested that GlcN
promotes HBV production by activating autophagy initiation
signaling, leading to the nucleation, elongation, and closure of
vesicles and autophagosome formation [12,32].

As a feedback mechanism, the RRAGA (Ras-related GTP-
binding A) GTPase signaling pathway may also contribute to
the inhibition of MTORC1 signaling caused by some classic
lysosome inhibitors [30]. This mechanism may be also active
when lysosomal functions are inhibited by GlcN. To analyze
this, HepG2.2.15 cells were treated with 5 mM GlcN for 48 h
after siRNA-mediated knockdown of RRAGA. Interestingly,

both RRAGA silencing and GlcN treatment decreased
RRAGA levels and MTOR phosphorylation (Figure 5D).
However, there was no significant additional elevation when
RRAGA-knockdown cells were treated with GlcN. HBsAg
production was measured to assess the impact of RRAGA
knockdown on HBV gene expression (Figure 5E). RRAGA
knockdown significantly increased HBsAg production, but it
did not increase the positive effect of GlcN on HBsAg pro-
duction. These data suggested that GlcN induces lysosomal
impairment and then forms a feedback loop to inhibit
MTORC1 signaling via RRAGA GTPase signaling.

Collectively, besides its direct lysosomal degradation-
inhibiting effect, GlcN induces autophagy via feedback inhibi-
tion of MTORC1 signaling in an RRAGA GTPase-dependent
manner and thus promotes HBV replication (Figure 5F).

GlcN promotes HBV replication in an HBV hydrodynamic
injection mouse model

To test the effect of GlcN application in vivo, an HBV
hydrodynamic injection (HI) mouse model was established
in C57BL/6 mice. At 14 days post HI with plasmid pAAV-
HBV1.2, the mice were treated with PBS or 50 mg/kg/day
GlcN by intraperitoneal injection for 3 weeks (Figure 6A).

Figure 6. Glucosamine promotes HBV replication in an HBV HI mouse model. (A) C57BL/6 mice received HI with 10 µg of plasmid pAAV-HBV1.2. At 14 days after HI,
the mice were treated with PBS or 50 mg/kg/d GlcN by intraperitoneal injection for 3 weeks. Mouse serum samples were collected at 0, 1, 2, and 3 weeks after GlcN
treatment. (B) Serological markers of HBV infection HBsAg, and HBV DNA were assayed at the indicated time points. Serum HBsAg was analyzed by CMIA. Positivity
for HBsAg was defined as ≥ 1*. (C) Serum HBV DNA was quantified by qPCR. (D–F) Liver tissues were collected on day 21 after GlcN treatment. Two samples from
each group were separately labeled with the indicated numbers and were used in further experiments. (D) Liver tissue sections were stained with an anti-HBc
antibody (magnification, 200×). HBcAg-positive hepatocytes were counted. (E) HBV replicative intermediates were extracted and detected by Southern blotting. HBV
DNA levels in the mouse liver were also measured by qPCR. (F) Western blot analysis was conducted to detect the MTOR, LC3, and SQSTM1 proteins, using ACTB as
a loading control. LC3-II:ACTB ratios were quantified by densitometry. *P < 0.05; **P < 0.01; ns, not significant.
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Mouse serum was collected at 0, 1, 2, or 3 weeks after
GlcN treatment. The kinetics of serum HBsAg and HBV
DNA indicated that GlcN treatment enhanced HBV repli-
cation and gene expression in mice (Figure 6B,C). While
serum HBV markers in animals of the control group
gradually decreased, most GlcN-treated mice retained
higher levels of HBsAg and HBV DNA throughout the
observation period (Figure 6B; S8A). Serum HBeAg levels
were very low, and no significant difference in HBeAg
levels was found between GlcN- and PBS-treated mice.
To determine whether HI or GlcN may cause liver
damage, GPT/ALT (glutamic-pyruvic transaminase) and
GOT1/AST (glutamic-oxaloacetic transaminase 1) were
determined by fully automated biochemical analysis. Mice
of both the PBS- and GlcN-treated groups had low serum
GPT/ALT (0–20 IU/ml) and GOT1/AST (0–20 IU/ml)
levels around the normal cut-off level of 10 IU/ml
(Figure S8B), indicating that neither HI nor GlcN caused
measurable liver damage.

The effects of GlcN application on HBV replication and
gene expression in the mouse liver tissue were also analyzed.
HBcAg expression and HBV DNA levels were measured at day
21 after GlcN treatment. HBcAg-positive hepatocytes in mouse
liver sections were quantified by immunohistochemical stain-
ing; they were significantly increased by GlcN as compared
with PBS treatment (Figure 6D). Consistently, HBV DNA
levels in mouse liver tissue samples were significantly increased
by GlcN treatment as indicated by Southern blot and qPCR
at day 21 after treatment (Figure 6E). LC3-II and SQSTM1
levels in liver tissues were strongly elevated, whereas MTOR
phosphorylation was decreased by GlcN treatment (Figure 6F).
These results indicated that GlcN application can enhance
HBV replication by both suppressing autophagic degradation
and inhibiting MTORC1 signaling in vivo.

GlcN promotes VSV, IAV, and EV71 replication in vitro

While viruses are degraded by complete autophagy, others
utilize this process to enhance their replication or envelop-
ment [15–17]. The interplay between autophagy and IAV,
EV71, or VSV has been studied in recent years. IAV and
EV71 can activate autophagy and induce autophagosome for-
mation to promote their replication [16,17]. However, VSV
infection is sensed by the host cell, which consequently acti-
vates antiviral autophagy [15]. We investigated the effects of
GlcN on the replication of these 3 viruses.

Madin-Darby canine kidney (MDCK), rhabdomyosarcoma
(RD), and Huh7 cells were all treated with GlcN. LC3-II and
SQSTM1 levels were strongly increased in all 3 cell lines
treated with GlcN as indicated by western blotting (Figure
7A-C). MDCK, RD, and Huh7 cells were infected with IAV,
EV71, and VSV, respectively, followed by GlcN treatment.
GlcN treatment promoted IAV transcription and replication,
based on measurement of the production of two forms of IAV
RNA (mRNA and cRNA; Figure 7D). Similarly, GlcN treat-
ment increased EV71 replication (Figure 7E) and VSV repli-
cation (Figure 7F). In conclusion, GlcN promotes the
replication of a broad range of viruses.

Discussion

The present study revealed that GlcN effectively promotes
HBV replication and gene expression in vitro and in vivo by
interfering with lysosomal acidification and degradation and
by promoting autophagy initiation through feedback inhibi-
tion of MTORC1 signaling. Moreover, GlcN promotes IAV,
EV71, and VSV replication in vitro. Our present study pro-
vides a rational explanation for potential side effects caused by
GlcN supplementation in chronic HBV carriers.

GlcN is frequently used as a dietary supplement to pro-
mote joint health or treat osteoarthritis [1,3], often without
any medical judgment and/or in a poorly purified form [7].
Clinical trials have shown no serious adverse effects and
toxicity in patients receiving GlcN treatment [2,4,5]. Because
of a lack of thorough clinical examination in patients com-
plaining of joint pain before and during treatment with GlcN,
mild forms of hepatotoxicity may remain undiagnosed. Only
a few studies reported hepatotoxicity or other severe disease
outcomes in patients with liver disease [6,7]. It remained
unknown whether GlcN supplementation poses an extra risk
of adverse effects, such as enhanced viral replication or
rebound, in patients with chronic viral infection. Our findings
indicate potential side effects caused by GlcN supplementa-
tion in patients with viral infections, including chronic HBV
carriers, and suggest careful examination of clinical cases is
needed in future.

O-GlcNAcylation plays an important role in different cellular
processes [8]. However, we excluded a direct role of the HBP in
GlcN-mediated enhancement of HBV replication. As indicated by
previous studies, GlcN may induce autophagy via MTOR-
dependent or -independent pathways [10,11,33]. Jiang et al.
found that GlcN activates autophagy in rat nucleus pulposus
cells by inhibiting the MTOR signaling pathway [11]. However,
Shintani et al. showed that GlcN induced autophagy via an
MTOR-independent pathway [33]. In the present study, GlcN
blocked autophagic degradation of HBV virions and proteins by
inhibiting lysosomal acidification, followed by further promotion
of HBV replication through feedback inhibition of MTORC1
signaling in the lysosomes. Thus, GlcN can modulate autophagy
in hepatocytes in a dual way. By using different fluorescent dyes, to
stain lysosomes in GlcN-treated cells, we were able to demonstrate
that GlcN suppresses acidification of lysosomal compartments,
likely owing to the presence of its amino group.We cannot exclude
that different cell types respond differently to GlcN treatment.

As GlcN, ManN, and GalN belong to a class of structural
isomers among hexosamines, we originally reasoned they would
have a similar effect on HBV production. However, surprisingly,
only GlcN strongly increased HBV replication and HBsAg pro-
duction in cell models, indicating that the specific spatial struc-
ture of GlcN is crucial to its effect. Moreover, the amino group
of GlcN may also contribute to its effects. Indeed, Ace-GlcN had
no significant effect on HBV production in HepG2.2.15 cells or
PHHs. Thus, the amino group of GlcN causes the inhibition of
lysosomal degradation and promotion of HBV replication.
Although the amino group seems required for the inhibitory
effect of GlcN on lysosomal acidification, the exact mechanisms
underlying the action of GlcN need to be deeply investigated in
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future. Alkaline agents such as ammonium chloride and CQ can
inhibit lysosomal degradation by reducing lysosomal acidity [30].
GlcN may have a direct inhibitory effect on the pH decrease and
hydrolase activity in the lysosomes as an acid-neutralizing agent.
However, we cannot exclude that ammonia generated from
GlcN catabolism might also contribute to its effect [9]. GlcN
can be taken up by glucose transporters and phosphorylated by
hexokinase, and there is a competitive relationship between the
HBP and glycolysis [34]. Although a portion of glucosamine
enters the HBP, GlcN also enters glycolysis after glucosamine-
6-phosphate (GlcN-6-P) is deaminated by GNPDA1 (glucosa-
mine-6-phosphate deaminase 1), resulting in ammonia
production [34]. Ammonia can cause autophagosome accumu-
lation by interfering with lysosomal function [35]. In addition,
ammonia may contribute to the activation of autophagy [9,36].
A study by Thompson’s group [9] revealed that GlcN is partially
catabolized and leads to ammonia accumulation in MEF cells
treated with GlcN. They also found that ammonia-induced
autophagy depends on ATG5, but not ULK1/2. Thus, GlcN
may inhibit lysosomal acidification through its amino group
via a direct or indirect way.

Blockade of lysosomal functions can lead to enhanced
autophagy initiation via inhibition of MTORC1 signaling

[30]. Previous studies have reported that the disturbance of
lysosomal function may ultimately affect v-ATPase or other
molecules that are critical for MTORC1 activation [30,37].
The lysosome inhibitors BafA1 and concanavalin A (ConA)
inhibit MTORC1 activity via direct anti-v-ATPase activity,
which is closely linked to the LAMTOR (late endosomal/
lysosomal adaptor, MAPK and MTOR activator)-RRAG-
MTORC1 signaling axis [30,37]. However, CQ, E64D, and
pepstatin A inhibit MTORC1 activity but do not act through
a direct inhibitory effect on v-ATPase activity [30]. Thus,
lysosomes are not only required for the autophagic machin-
ery, but also affect autophagy induction. In the present study,
we confirmed that GlcN acts as a lysosome inhibitor by
interfering with lysosomal acidification, and inhibits
MTORC1 signaling in an RRAGA-dependent manner. Both
reduced lysosomal degradation and the consequent autophagy
induction via MTOR-ULK1 signaling by GlcN facilitate HBV
replication and HBsAg production.

Early autophagy is required for HBV replication and envel-
opment, whereas late autophagy is responsible for degrading
the cargoes, including HBV virions and proteins [18,19,24].
These findings can explain why GlcN had a strong positive
effect on HBV replication and increased HBV DNA amounts

Figure 7. GlcN enhances IAV, EV71, and VSV replication in vitro. (A–C) MDCK, RD, and Huh7 cells were treated with 10, 1, or 1 mM GlcN and harvested at 24 h after
treatment. The levels of LC3 and SQSTM1 were detected by western blotting, using ACTB as a loading control. LC3-II:ACTB ratios were quantified by densitometry. (D) MDCK
cells were infected with IAV (H3N2; MOI = 0.1) and treated with 10 mM GlcN for 24 h. The mRNA levels of the IAV NP gene were quantified by RT-qPCR. (E) RD cells were
infected with EV71 (MOI = 1) and treated with 1 mM GlcN for 12 h before harvesting the cells. EV71 RNA levels were determined by RT-qPCR with EV71 VP1-specific primers.
(F) Huh7 cells were infected with VSV (MOI = 1) and treated with 1 mM GlcN for 24 h. The culture medium was harvested, and the viral loads were determined by RT-qPCR
with VSV-specific primers. *P < 0.05; **P < 0.01; ns, not significant. IAV, influenza A virus; EV71, enterovirus 71; VSV, vesicular stomatitis virus.
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in cells and HBsAg by more than twofold. We confirmed that
GlcN had no specific effect on HBV promoter activity, but
a slight effect on the levels of HBV transcripts. The slightly
elevated HBV transcript levels may partially contribute to the
increase in HBV replication caused by GlcN, but does not
explain the strong effect of GlcN on HBV production. Thus,
other mechanisms related to post-transcriptional regulation,
including autophagy, are expected to be involved. Again, the
autophagic process is important for HBV replication, assem-
bly, and release [18,19,24,38]. Thus, autophagy is a primary
driving force for HBV replication and HBsAg production.

The effect of GlcN on HBsAg production by autophagy
was investigated in HepG2.2.15 cells with stable HBV replica-
tion and Huh7 cells transiently transfected with HBV replicat-
ing plasmid. Consistently, previous studies by our lab and
other groups have shown that autophagy regulates the pro-
duction of HBsAg, but not HBeAg [18,24]. It is possible that
the increased HBsAg RNA level may contribute to HBsAg
production, but it does not explain the strong increase in
HBsAg expression in GlcN-treated cells. The elevated 3.5-kb
HBV transcript is responsible for HBeAg expression [20,39].
However, pregenomic mRNAs are substrates for formation of
nucleocapsids and may partly be sequestered from the trans-
lation process if they are efficiently directed to the packaging
process and form HBV nucleocapsids [39–41]. Certainly,
a changed translation efficiency of HBsAg-specific RNA
could be considered, but yet is not supported by experimental
evidence. At the same time, HBeAg expression from 3.5-kb
HBV transcripts was not enhanced in the presence of GlcN.
Moreover, the degradation of HBsAg and HBV virions occurs
after autophagosome–lysosome fusion and depends on lyso-
somal functions [24,42]. In the current study, GlcN prevented
autophagic degradation of HBsAg and HBV virions by inhi-
biting the lysosomal functions. This process certainly contri-
butes to the productivity of HBsAg and HBV virions. In
contrast, HBeAg biosynthesis does not occur through the
autophagic process, but the endoplasmic reticulum–golgi
pathway, and therefore, is only marginally influenced by
autophagy [24,43,44].

An important finding of this study is that GlcN treatment
promotes IAV, EV71, and VSV replication (Figure 7). Thus,
GlcN may have a broad effect on viral replication through
preventing autophagic degradation. Thus, there may be some
risks for enhanced viral infection related to oral GlcN supple-
mentation in patients with chronic viral infections. This
aspect should be considered and monitored in future.

Materials and methods

Mice

Male 6–8-week-old C57BL/6 mice were purchased from
Beijing HFK Bioscience (China) and were maintained under
specific pathogen-free conditions at the Central Animal
Laboratory of Wuhan Institute of Virology, Chinese
Academy of Sciences (WIV, CAS; license number:
S03418030D). All animal experiments were approved by the
Institutional Animal Ethical Committee of WIV, CAS (license
number: WIVA02201801). This study was performed in strict

accordance with recommendations in the Guide for the Care
and Use of Laboratory Animals according to the regulation in
the People’s Republic of China.

Hydrodynamic injection

Briefly, 10 μg of HBV plasmid pAAV/HBV1.2 was hydrody-
namically injected into the tail vein of C57BL/6 mice in
a volume of phosphate-buffered saline (PBS) solution equiva-
lent to 10% of the body weight within 5–8 s [45]. Fourteen
days after the injection, the mice were treated daily with
50 mg/kg/day glucosamine (GlcN) or PBS by intraperitoneal
injection for 3 weeks. Mouse serum and liver samples were
collected at the indicated time points.

Materials

The plasmids pSM2, pAAV/HBV1.2, and GFP-LC3 have been
described previously [23,24,45]. The plasmids pHBV1.3, HBs-
2-S, and HK-188 for HBsAg expression were kindly provided
by Drs. Xinwen Chen (WIV, CAS, China), Reinhold
Schirmbeck (University of Ulm, Germany), and Willian
F. Carman (University of Glasgow, Scotland), respectively
[46–48]. The mCherry-GFP-LC3 plasmid was purchased
from Addgene (22,418; deposited by Jayanta Debnath).
Acridine orange (A9231), 3-MA (M928), chloroquine (CQ,
C6628), CID1067700 (SML0545), D-(+)-glucosamine hydro-
chloride (G4875), N-acetyl-D-glucosamine (A3286),
D-mannosamine hydrochloride (M4670), D-(+)-
galactosamine hydrochloride (G1639), rapamycin (R8781),
and UDP-GlcNAc (U4375), were purchased from Sigma-
Aldrich. LysoBeacon Green (Gene Copoeia, C048) and
LysoTracker Red (Thermo Fisher, L12492) were provided by
the indicated manufacturers. The MTOR activator MHY1485
was purchased from Selleckchem. EBSS (14,155,048) was pro-
vided by Thermo Fisher. Sequence information on siRNAs
used is shown in Table S1.

Cell culture

HepG2.2.15 human hepatoma cells, harboring integrated
dimers of the HBV genome (GenBank accession number,
U95551), were cultured in RPMI-1640 medium (Gibco,
21,875–034) with 10% heat-inactivated fetal bovine serum
(FBS; Merck Millipore, S0615), 1× MEM non-essential amino
acids (NEAA) solution (Gibco, 11,140–035), 100 U/ml penicil-
lin-streptomycin (Gibco, 15,140–122), and 500 µg/ml G418
(Merck Millipore, A2912) at 37°C in 5% CO2 [24]. Huh7 and
HepG2 human hepatoma cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco, 41,966–029) supple-
mented with 10% FBS, 1× MEM NEAA solution, and 100 U/ml
penicillin-streptomycin as described above [24].

Cell transfection and GlcN treatment

As described previously [23,24], cells were seeded into 6-well
or 12-well plates 1 day before transfection. When the cells
reached 80–90% confluence, they were transfected with plas-
mids or siRNAs at indicated concentrations using
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Lipofectamine 2000 (Invitrogen, 11,668–019) according to the
manufacturer’s instructions. After 4–6 h, the cells were trans-
ferred to fresh complete medium and incubated at 37°C in
a humidified atmosphere. At the indicated time points, GlcN
(with a stock concentration of 1 M) was added directly into
the medium of transfected cells at different concentrations (1,
2, 5, or 10 mM) for different periods (6, 12, 24, or 48 h).
Culture supernatants or cells were harvested at 72 h after
transfection.

Virus infection

As described previously [49,50], the HBV particles used for
primary human hepatocyte (PHH) infection were harvested
from HepG2.117 cells. PHHs isolated from human liver speci-
mens were kindly provided by Dr. Ruth Broering (University
Hospital Essen, Germany). For HBV infection, PHH cells
were cultured in primary hepatocyte maintenance medium
(PMM) for 24 h and then inoculated with HBV particles
(multiplicity of infection [MOI] = 30) in PMM with 4%
PEG 8000 at 37°C for 24 h. After HBV infection, the cells
were washed with PBS 3 times and maintained in PMM
containing 2% dimethylsulfoxide (Sigma, D5879). The culture
medium was renewed every other day. The influenza virus
strain A/Hong Kong/498/97 (H3N2) and the Indiana serotype
of VSV were provided by the China Center Type Culture
Collection. EV7`as kindly provided by Renmin Hospital of
Wuhan (Hubei, China). As described previously [50,51],
Madin-Darby canine kidney (MDCK), rhabdomyosarcoma
(RD), and Huh7 cells were separately cultured and infected
with influenza A virus (IAV, H3N2; MOI = 0.1), enterovirus
71 (EV71; MOI = 1), or vesicular stomatitis virus (VSV;
MOI = 1). Cells and supernatants were harvested at the
indicated time points.

Analysis of HBV replication, transcription, and gene
expression

For HBVDNA analysis, HBV replication intermediates of intra-
cellular core particles were extracted from hepatoma cells and
mouse liver tissue and were detected by Southern blotting
according to published protocols [23,24,52]. Cells were lysed
with lysis buffer containing 50 mM Tris-HCl, pH 7.4, 1 mM
EDTA, and 1% NP-40 (Sigma-Aldrich, 74,385) at 4°C for
10 min. Cell debris and nuclei were removed by centrifugation,
and the supernatant was mixed with 10 mMMgCl2 and 100 μg/
ml DNase I (Roche, 000000010,104,159,001) at 37°C for 30 min.
The reaction was stopped by the addition of 25 mM EDTA, and
then, 0.5 mg/ml proteinase K (Qiagen, 19,133) and 1% sodium
dodecyl sulfate (SDS) were added and the mixture was incubated
at 55°C for 2 h. DNA was extracted with phenol/chloroform
(1:1) and precipitated with isopropanol. The DNA was washed
with 75% ethanol and dissolved in TE buffer (10 mM Tris-HCl,
pH 8.0, 1 mM EDTA). DNA samples were resolved in 1%
agarose gels and transferred to positively charged nylon mem-
branes (GE Healthcare, RPN303B). The membranes were hybri-
dized with a 32P-labeled full-length HBV probe prepared using
a random priming labeling kit (GE Healthcare, RPN1633) in
hybridization buffer (G-Biosciences, 786–160). Hybridization

signals were visualized and analyzed using a Phospho-Imager
(Cyclon, Packard Instrument). For HBV transcription analysis,
HBV RNA was extracted and detected by northern blotting as
described previously [23]. Briefly, total cellular RNA was
extracted with TRIzol (Ambion, 15,596–018). Next, 10 μg total
RNA was resolved in a 1% agarose gel containing Gly gel prep/
running buffer (Ambion, AM8678) and was transferred onto
a positively charged nylon membrane (GE Healthcare,
RPN303B). The levels of intracellular HBsAg from cell lysates
and secreted HBsAg and HBeAg in culture supernatants and
mouse sera were determined using the Architect System and
HBsAg and HBeAg chemiluminescence immunoassay (CMIA)
kits (Abbott Diagnostics, 06C3622 and 06C3237) according to
the manufacturer’s instructions [24].

Immunohistochemical staining for HBcAg

Livers were taken from mice sacrificed at the indicated time
points, fixed in 10% formalin (Sigma, F1635), and embedded
in paraffin (Sigma, 1,071,501,000). HBcAg expression in
mouse liver tissue was visualized by immunohistochemical
staining of thin liver tissue sections using rabbit anti-HBc
antibody (Dako, B0586) and the Envision-System (Dako,
K500711–2). HBcAg-positive hepatocytes were counted as
described previously [45,53].

Western blot analysis

Western blot analysis was carried out as described previously [24].
Antibodies against the following proteins were used: HBcAg
(Abcam, ab8637), HBsAg (Abcam, ab9193), SQSTM1 (Abcam,
ab91526), LC3B (Cell Signaling Technology, 2775), Flag (Cell
Signaling Technology, 2368), MTOR (Cell Signaling Technology,
2972), phospho-MTOR (Cell Signaling Technology, 2971), ULK1
(Cell Signaling Technology, 8054), phospho-ULK1 (Ser757; Cell
Signaling Technology, 6888), RPS6KB1 (Cell Signaling
Technology, 9202), phospho-RPS6KB1 (Cell Signaling
Technology, 9234), RRAGA (Cell Signaling Technology, 4357),
CTSD (Santa Cruz Bioechnology, sc-13,148), GNPNAT1 (Sigma,
SAB1105945), LAMP1 (Sigma, 9091), UAP1 (Sigma,
HPA014659), and ACTB (Sigma, A5441). Membranes were incu-
bated (as appropriate) with Peroxidase-AffiniPure rabbit anti-
mouse IgG antibody (Jackson ImmunoResearch, 315–035–048)
or Peroxidase-AffiniPure goat anti-rabbit IgG antibody (Jackson
ImmunoResearch, 111–035–045). Immunoreactive bands were
visualized using an enhanced chemiluminescence system (GE
Healthcare, RPN2106).

Quantitative real-time (q)PCR and quantitative
reverse-transcription (RT-q)PCR

HBV progeny DNA was extracted from culture supernatants
using the DNA Blood Mini Kit (Qiagen, 51,106) and was
quantified by qPCR (Invitrogen, 11,733–046). The primer pair
5ʹ-GTTGCCCGTTTGTCCTCTAATTC-3ʹ (forward) and 5ʹ-
GGAGGGATACATAGAGGTTCCTT-3ʹ (reverse) was used.

Total RNA was extracted with TRIzol, followed by diges-
tion with DNase (Roche, 10104159001). For each sample, RT-
PCR was performed in duplicate, using RT-qPCR assays
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(Qiagen, 204,154). ACTB (QT01680476, Qiagen) was ampli-
fied as an internal control. The primers used were: NP (IAV)
forward 5′-ATCAG ACCGAACGAGAATCCAGC-3′, reverse
5′-GGAGGCCCTCTGTTGATTAGTGT-3′; cRNA (IAV)
-NP-Rev 5′-AGTAGAAACAAGGGTATTTTTCTTTAATTG
TCGT-3′; VP1 (EV71) forward 5′-AATTGAGTTCC
ATAGGTG-3′, reverse 5′-CTGTGCGAA TTAAGGACAG-3′;
VSV forward 5′-ATGTCTGTTACAGTCAAGAGAATC-3′,
reverse 5′-AGAGGAATCTCCTTTGATTTTCTGA-3′.

Confocal microscopy

Immunofluorescence staining was conducted as described
previously [24]. Transfected cells were fixed in 4% parafor-
maldehyde and permeabilized with 0.1% Triton X-100 (Sigma,
T8787). The cells were incubated with primary antibodies and
then stained with Alexa Fluor 488-conjugated goat anti-rabbit
IgG (H + L) (Jackson ImmunoResearch, 111–545–003), Alexa
Fluor 594-conjugated goat anti-horse IgG (H + L) (Jackson
ImmunoResearch, 108–585–003) or conjugated goat anti-
mouse IgG (H + L) (Cell Signaling Technology, 8890).
Nuclei were stained with 6-diamidino-2-phenylindole, and
the distribution of LC3 puncta was visualized with an LSM
710 confocal microscope (Zeiss, Jena, Germany) with a Plan-
Apochromat 63×/1.40 oil Iris M27 objective. LC3 puncta in
cells were quantified as described previously [24].
Colocalization of LC3 with HBsAg or organelle marker pro-
teins was analyzed using ImageJ software.

Dye quenched-bovine serum albumin (DQ-BSA)
degradation assay

The protocol for the DQ-BSA degradation assay has been
described previously [24,25]. Briefly, treated cells were incu-
bated with 10 μg/ml DQ Red BSA (Invitrogen, D-12,051) for
30 min at 37°C in a humidified atmosphere. The fluorescent
signal generated by lysosomal proteolysis of DQ Red BSA was
quantified with an LSM 710 confocal microscope (Zeiss,
Germany) as described above.

Acridine orange staining

The protocol for acridine orange staining has been described
previously [24]. Briefly, treated cells were stained with 5 μM
acridine orange (Sigma, A9231) for 15 min at 37°C in a humi-
dified atmosphere. Finally, the signal read at 488 nm (green)
or 561 nm (red) was detected by confocal microscopy.

Cytotoxicity assay

The cell counting kit-8 (Sigma, 96,992) was used for cytotoxi-
city assay according to the manufacturer’s instructions.
Briefly, HepG2.2.15 cells were seeded in 96-well plates at
2 × 104 cells/well and cultured in the presence of the indicated
concentrations of GlcN for the indicated periods. Next, CCK-
8 solution was added into each well for 2 h at 37°C. Finally,
the absorbance of the lysates was read at 570 nm using
a microplate reader.

Statistical analyses

Data are presented as the mean and standard error of the
mean. Statistical analyses were conducted using Graph Pad
Prism software (GraphPad Software Inc., La Jolla, CA, USA).
Analysis of variance with two-tailed Student’s t-test or non-
parametric one-way ANOVA with a Dunn post-test was used
to determine significant differences. Differences were consid-
ered statistically significant when P < 0.05. All experiments
were repeated independently at least 3 times.
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