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Hepatitis B virus (HBV) DNA replication takes place inside the viral core particle and
is dependent on autophagy. Here we show that HBV core particles are associated with
autophagosomes and phagophores in cells that productively replicate HBV. These auto-
phagic membrane-associated core particles contain almost entirely the hypophosphory-
lated core protein and are DNA replication competent. As the hyperphosphorylated
core protein can be localized to phagophores and the dephosphorylation of the core pro-
tein is associated with the packaging of viral pregenomic RNA (pgRNA), these results
are in support of the model that phagophores can serve as the sites for the packaging of
pgRNA. In contrast, in cells that replicate HBV, the precore protein derivatives, which
are related to the core protein, are associated with autophagosomes but not with phago-
phores via a pathway that is independent of its signal peptide. Interestingly, when the
core protein is expressed by itself, it is associated with phagophores but not with auto-
phagosomes. These observations indicate that autophagic membranes are differentially
involved in the trafficking of precore and core proteins. HBV induces the fusion of
autophagosomes and multivesicular bodies and the silencing of Rab11, a regulator of
this fusion, is associated with the reduction of release of mature HBV particles. Our
studies thus indicate that autophagic membranes participate in the assembly of HBV
nucleocapsids, the trafficking of HBV precore and core proteins, and likely also the
egress of HBV particles.
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Hepatitis B virus (HBV) chronically infects nearly 300 million people worldwide and
can cause severe liver diseases, including cirrhosis and hepatocellular carcinoma (1, 2).
HBYV is an enveloped virus with a small 3.2-kb circular and partially double-stranded
DNA (dsDNA) genome (3). The HBV genome contains four overlapping genes
termed S, C, P, and X genes. The § gene contains three in-phase translation initiation
codons and expresses three cocarboxy-terminal envelope proteins collectively known as
the surface antigen (HBsAg). The C gene also contains two in-phase ATG codons. The
translation initiating from the downstream ATG codon generates the 21-kDa core pro-
tein, which forms the viral core particle that displays the core antigenic determinant
(HBcAg). The translation initiating from the upstream ATG codon produces a 25-kDa
protein termed the precore protein, which contains the entire sequence of the core pro-
tein plus an amino-terminal extension of 29 amino acids (i.e., the precore sequence).
The N terminus of the precore sequence contains a signal peptide. This signal peptide
directs the precore protein to the endoplasmic reticulum (ER) and is cotranslationally
removed by the signal peptidase located in the lumen of ER to generate the precore
protein derivative termed p22 (4). p22 is either translocated into the ER and further
cleaved at multiple sites at its C-terminal arginine-rich domain by a furin-like protease
in the zrans-Golgi network and secreted as a dimer (5-7) or released back into the cyto-
sol (8). The secreted precore derivatives are known as the e antigen (HBeAg). HBeAg
is detected in the serum of HBV patients and immunologically distinct from HBcAg.
The arginine-rich domain shared by p22 and the core protein contains a nuclear locali-
zation signal (8), which promotes the nuclear localization of p22 and the core protein (9).
The P gene codes for the viral DNA polymerase, which is also a reverse transcriptase, and
the X gene codes for a regulatory protein.

The replication of HBV DNA takes place inside the core particle. The HBV core
protein packages the pregenomic RNA (pgRNA), which is also the mRNA of the core
protein and the polymerase, to form the core particle. The pgRNA is then converted to
the circular and partially dsDNA genome by the viral DNA polymerase that is also
packaged (10-12). The phosphorylation of the core protein is required for the packag-
ing of the pgRNA and its dephosphorylation occurs during the packaging of the
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pgRNA and is required for HBV DNA replication (13, 14).
The core particle then interacts with viral envelope proteins in
intracellular membranes to form the mature virion (10, 15),
which is released from cells via a process that involves the mul-
tivesicular bodies (MVBs) and the endosomal sorting complex
required for transport (ESCRT) machinery (16-18).

Autophagy is a catabolic process that is important for maintain-
ing cellular homeostasis. In the early stage of autophagy, mem-
brane crescents, known as phagophores or isolation membranes,
are formed in the cytosol. The membranes of phagophores
subsequently expand to form an enclosed double-membrane struc-
ture known as the autophagosome. Autophagosomes mature by
fusing with lysosomes to form autolysosomes, in which the car-
goes of autophagosomes are digested by lysosomal enzymes for
recycling (19). In addition to fusing with lysosomes, autophago-
somes may also fuse with MVBs to form amphisomes. Amphi-
somes may fuse with lysosomes or, alternatively, fuse with plasma
membranes for the release of its cargos in a process known as
secretory autophagy (20-22). The regulation of autophagy
involves more than 30 autophagy-related genes (ATG) (23). For
example, ATG5 and ATG12, which are covalently linked, com-
plex with ATGI6L to form phagophores. The microtubule-
associated protein light-chain 3 (LC3), a cytosolic protein, becomes
lipidated during autophagy and replaces the ATG5-ATGI2-
ATGI6L complex on expanding phagophores to complete the for-
mation of autophagosome (24, 25). ATG5, ATG12, or ATGI6L
is hence often used as the marker for phagophores, and lipidated
LC3 is used as the marker for autophagosomes (26).

Many viruses, including HBV, can perturb the autophagic
pathway to promote their own replications (27). HBV can acti-
vate the early autophagic pathway to enhance its DNA replica-
tion (28). In addition, studies from transgenic mice carrying an
overlength HBV DNA genome with liver-specific knockout of
ATGS confirmed an essential role of autophagy in HBV DNA
replication in vivo (29). Although it has been very well docu-
mented that HBV could induce autophagy to promote its own
replication, the detailed molecular mechanism by which
autophagy and autophagic membranes regulate HBV replica-
tion remains largely unclear.

In this report, we examined the relationship between autopha-
gic membranes and HBV core particles to understand how
autophagy might regulate HBV DNA replication. We found that
HBV core particles that contained replicating HBV DNA were
associated with autophagosomes and phagophores, and phago-
phores could apparently serve as the sites for the packaging of
HBV pgRNA. We also found that the precore protein was associ-
ated with autophagosomes via a pathway independent of its signal
peptide. Interestingly, when the core protein was expressed by
itself, it was associated with phagophores but not with autophago-
somes. These results indicate distinct relationships between auto-
phagic membranes and intracellular trafficking of core and precore
proteins. Our further studies indicate that HBV induced the
fusion between autophagosomes and MVBs, and the silencing of
Rabl1, a small GTPase involved in this fusion, was associated
with the reduction of release of mature HBV particles from cells.
Together, these results indicate that autophagic membranes partic-
ipate in the assembly of HBV nucleocapsids, the trafficking of
precore and core proteins, and likely also the egress of HBV.

Results

HBV Core Particles Colocalize with Autophagosomes in HBV-
Infected Hepatocytes. Previous studies indicated that HBV
could induce autophagy in liver-derived cell lines, including
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Huh7 and HepG2 cells. However, whether HBV can induce
autophagy in primary human hepatocytes after infection had
not been demonstrated. To test this possibility, we infected
PXB cells, which were human hepatocytes isolated from
humanized uPA/SCID mice (30), with HBV. At day 5 postin-
fection, cells were lysed for immunoblot analysis. As shown in
Fig. 14, HBV induced the lipidation of LC3, which is a marker
of autophagy, without affecting the level of p62, a protein
degraded by autophagy. This result is consistent with the previ-
ous reports, which indicated that HBV could induce autopha-
gosomes without inducing autophagic protein degradation (29).
The analysis using an antibody that recognized both the pre-
core protein and the denatured core protein (i.e., the anti-
body directed against HBeAg, see below) revealed multiple
precore/core protein bands in HBV-infected cells but not in
mock-infected cells. To confirm the induction of the auto-
phagic response by HBV, we also performed immunofluores-
cence microscopy. As shown in Fig. 1B, although few LC3
puncta (i.e., autophagosomes) were detected in mock-infected
cells, a significant amount of LC3 puncta was detected in HBV-
infected cells, confirming the induction of autophagosomes by
HBV. We also analyzed HBV core particles using an antibody
that specifically recognized HBcAg and not HBeAg (see below).
Interestingly, HBcAg colocalized extensively with LC3 puncta,
indicating the possible association of HBV core particles with
autophagosomes. Due to the difficulty to obtain human hepato-
cytes on a frequent basis, our subsequent studies were conducted
using Huh7 hepatoma cells that had been transfected with the
1.3mer overlength HBV genomic DNA.

HBV Core Particles Are Associated with Purified Autophagosomes.
To confirm the association of HBV core particles with auto-
phagosomes, we used a two-step purification procedure that we
recently developed to purify autophagosomes. This two-step
purification procedure involves first, the isolation of cellular
membranes, and second, the affinity purification of autophago-
somes from isolated membranes. We had previously established
a Huh7 hepatoma cell line that stably expressed the green fluo-
rescent protein (GFP)-LC3 fusion protein (Huh7-GFP-LC3) (31).
To purify HBV-induced autophagosomes, Huh7-GFP-LC3 cells
were transfected with the control vector pUC19 or the 1.3mer
overlength HBV genome. Huh7 cells that did not express the
GFP-LC3 fusion protein were also transfected with the 1.3mer
HBV genome to serve as the control. Cellular membranes were
isolated by membrane flotation in a discontinuous sucrose gradient
after ultracentrifugation. As shown in Fig. 24, LC3-1I and GFP
LC3-1I, which are markers of autophagosomes, were efficiently
separated from their nonlipidated cytosolic forms, LC3-I and
GFP-LC3-I. GAPDH, a cytosolic protein, was detected in the
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Fig. 1. Colocalization of HBV-induced autophagosomes with HBcAg in

human hepatocytes by HBV infection. PXB cells were infected with HBV
(MOI = 100) for 5 d. Cells were lysed for Western blot analysis (A) or fixed
and stained for LC3 (green) and HBcAg (red) (B). In A, LC3-I and LC3-Il are
the nonlipidated and lipidated forms of LC3, respectively, and in B, DAPI
was used to stain nuclei. The cells were examined at 40x magnification.
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cytosolic fractions (fractions 5 to 10) as expected. Immunoblot
analysis using the anti-HBeAg antibody that did not distinguish
between denatured precore and core proteins revealed a precore/
core protein band in both the membrane fraction (fraction 3) and
the cytosolic fractions (7-10) for cells transfected with the HBV
genomic DNA.

We had also analyzed replicating HBV DNA in the sucrose
gradient by Southern blot. Interestingly, a strong HBV DNA
signal was detected in the membrane fraction (Fig. 2B). The
analysis of the pgRNA packaged in core particles also revealed
that a significant fraction of pgRNA was associated with the
membrane fraction (Fig. 2C). These results indicate the possi-
ble association of HBV pgRNA packaging and DNA replica-

tion with membranes.
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Fig. 2. Purification of autophagosomes from cells transfected with the
HBV genomic DNA. (A) Stable Huh7-GFP-LC3 cells transfected with pUC19
or the 1.3mer HBV genome, and Huh7 cells transfected with the 1.3mer
HBV genome were lysed 48 h later with a hypotonic buffer and fractionated
in a discontinuous sucrose gradient. Individual fractions were analyzed by
immunoblotting. The top and the bottom of the gradient are indicated. (B)
Southern-blot analysis of core particle-associated HBV DNA in individual
sucrose fractions of Huh7+HBV cells. DS, double-stranded linear DNA; RC,
relaxed circular DNA; and SS, single-stranded DNA. (C) Primer-extension
analysis of pgRNA packaged in core particles in fraction 3 or pooled frac-
tions 7 to 10 of Huh7+HBV cells. Total cellular RNA was used as the control
in the analysis. (D) Fraction 3 shown in A was isolated, and autophago-
somes in this fraction were affinity-purified using anti-GFP beads and ana-
lyzed by immunoblot. Total cell lysates were also analyzed to serve as the
input control.
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Autophagosomes in fraction 3 were subsequently affinity-
purified using the anti-GFP antibody. The purified autophago-
somes as well as total cell lysates (i.e., the input control) were
then subjected to immunoblot analysis. As shown in Fig. 2D,
in agreement with the previous reports (28, 32) and the results
shown in Fig. 14, HBV increased the level of LC3-II. A slight
increase of the GFP-LC3-II band was also detected. In contrast
to HBV-infected PXB cells, which generated multiple precore
and core protein bands, Huh7 cells transfected by the HBV
genomic DNA produced predominantly the 21-kDa core pro-
tein (also see below). When autophagosomes purified from
GFP-LC3-II cells transfected with the HBV DNA (Huh7-
GFP-LC3+HBV) were analyzed by immunoblot, LC3-1I, GFP-
LC3-1I, ATG5, and the 21-kDa core protein were detected.
The detection of a low level of ATG5 with autophagosomes
was not surprising, as some of the purified autophagosomes
were likely membranes transitioning from phagophores to
autophagosomes and therefore positive for both ATGS5 and
LC3-II. An additional protein band, which migrated slightly
more slowly than the core protein band, was also detected.
This protein band was presumably the precore protein deriva-
tive p22 (also see below). The association of the core protein
with purified autophagosomes was consistent with the results
shown in Fig. 1B, which indicated the colocalization of the
core particles with autophagosomes. This association of p22
and the core protein with autophagosomes was not due to
contamination, as it was not detected in Huh7 cells trans-
fected with the 1.3mer HBV genome (Huh7+HBYV), which
served as the negative control.

Association of HBV Core Particles with Autophagosomes Is
Independent of Precore Protein, HBsAg, and DNA Replication.
To test whether the association of the core protein with autopha-
gosomes was mediated by the precore protein, which contained
a signal peptide for membrane-targeting, Huh7-GFP-LC3 cells
were transfected with the 1.3mer HBV genome that was incapable
of expressing only the precore protein. This precore mutant con-
tains a G-to-A mutation at nucleotide 1896, which converted a
TGG codon to a TGA termination codon and abolished the
expression of the precore protein without affecting the expression
of the core protein or other HBV genes (33). Autophagosomes
were then purified from cells for immunoblot analysis. As shown
in Fig. 34, the precore mutation did not affect the association of
the 21-kDa protein with autophagosomes, although it led to the
loss of two protein bands with slightly faster and slower mobilities
on the gel than the 21-kDa protein band. These results confirmed
that the 21-kDa protein was indeed the core protein and the
slower migrating protein band was the precore protein-derivative
p22. The faster migrating band was presumably a p22-derivative
likely generated by cleavage at the C-terminal arginine-rich
domain. These results also demonstrated that the association of
the core protein with autophagosomes was precore-independent.
To confirm that the association of the HBV core particles with
autophagosomes was indeed independent of the precore protein,
we conducted the immunofluorescence staining experiments using
antibodies directed against HBcAg (i.e., the core particle) or
HBeAg. As shown in Fig. 3B and C, HBV core particles were
detected in both the cytoplasm and the nucleus and there was a
high degree of colocalization of cytoplasmic core with autophago-
somes, irrespective of whether the cells were transfected with the
WT genome or the precore-negative mutant (PC MT) genome
(Fig. 3D). In contrast, HBeAg was detected mostly in the cyto-
plasm and partially colocalized with autophagosomes in cells trans-
fected with the WT HBV genome (Fig. 3B and D). It was not
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Fig. 3. Association of HBV core particles with autophagosomes in cells transfected with the HBV genomic DNA. Huh7-GFP-LC3 cells were transfected with
puUC19, p1.3xHBV, p1.3xHBV PC MT, or p1.3xHBV S MT for 48 h. (A) Autophagosomes purified by the two-step protocol were subjected to immunoblot analy-
sis. Total cell lysates were used as the input control. (B) Huh7-GFP-LC3 cells transfected with p1.3xHBV were immunofluorescence-stained for HBcAg and
HBeAg (red) using their respective antibodies for their colocalization with GFP-LC3 puncta. DAPI was used to stain nuclei (blue). (C) The study was conducted
the same way as in B, with the exception that cells were transfected with p1.3xHBV PC MT. (D) Percentages of GFP-LC3 puncta that were positive for HBcAg
and HBeAg in HBV WT cells or PC MT cells. The results represent the average of >50 cells. (E) Immunoblot analysis of cells transfected with pUC19,
p1.3xHBV or the p1.3xHBV S-negative mutant (S MT). The numbers (in kDa) denote the locations of molecular weight markers. (F) Immunoblot analysis of
total cell lysates (input) and autophagosomes purified from cells transfected with pUC19, p1.3xHBV or S MT. (G) Colocalization analysis of HBcAg or HBeAg
(red) with autophagosomes (green). The cells were examined at 40x magnification.

detected in cells transfected with the PC MT DNA (Fig. 30).
These results confirmed that the association of the HBV core par-
ticles with autophagosomes was independent of the precore pro-
tein and demonstrated that precore protein derivatives were also
associated with autophagosomes.

We also investigated whether the association of core particles with
autophagosomes was mediated by surface proteins by introducing a
T-to-A mutation at nucleotide 223, which converted codon 22 of
the small S protein sequence to a premature termination codon, to
prevent the proper expression of all three surface proteins. The HBV
genome with this S gene mutation (S MT) was then transfected
into Huh7-GFP-LC3 cells. As shown in Fig. 3E the S gene muta-
tion led to the loss of all three surface proteins without affecting the
expression of precore and core proteins. It also abolished the secre-
tion of HBsAg into the incubation media without affecting the
secretion of HBeAg (ST Appendix, Fig. S1 A and B). We next
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conducted the immunoblot analysis on purified autophagosomes. As
shown in Fig, 3F, the association of the core protein and the precore
protein derivatives with autophagosomes was not affected by the loss
of surface proteins. The immunofluorescence staining of HBcAg
and HBeAg also confirmed their association with autophagic puncta
in cells (Fig. 3G). The HBV DNA replication also did not appear
to be essential for precore and core proteins to become associated
with autophagosomes, as the treatment of cells with entecavir, a
deoxyguanosine analog that inhibited the HBV DNA polymerase
activity (34) and abolished HBV DNA replication (SI Appendix;
Fig. S10), had no effect on the association of these two proteins
with autophagosomes (S/ Appendix, Fig. S1D).

Precore and Core Proteins Are Peripherally Associated with
Autophagosomes. To further study the topological relationship
between core particles and autophagosomes, we conducted the
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trypsin digestion experiment. Proteins that are peripherally
associated with autophagosomes would be sensitive to trypsin
digestion, and those that are located in the lumen of autopha-
gosomes would be resistant. Autophagosomes were purified
from Huh7-GFP-LC3+HBYV cells and then treated with tryp-
sin. As shown in Fig. 44, the core protein was completely
digested by trypsin regardless of whether it was expressed by
the WT HBV genome or the PC MT mutant, indicating that
it was only peripherally associated with autophagosomes. Inter-
estingly, precore protein derivatives expressed by the WT HBV
genome were also sensitive to trypsin, indicating that they were
also located on the outside of autophagosomal membranes. To
confirm this result, we expressed the precore protein by itself in
Huh7-GFP-LC3 cells followed by the purification of autopha-
gosomes for trypsin digestion. As shown in the same figure, the
precore protein derivatives associated with autophagosomes
were sensitive to trypsin digestion, confirming that they were
indeed peripherally associated with autophagosomes. As a con-
trol, we also analyzed LC3-II, which is associated with both
inner and outer membranes of autophagosomes. As shown in
the same figure, LC3-II was partially resistant to trypsin diges-
tion. However, this partial resistance was lost if membranes
were solubilized with 0.1% Nonidet P-40 (Nonidet P-40), a
nonionic detergent. In contrast, apolipoprotein E (ApoE),
which resides in the lumen of autophagosomes (35), was not
sensitive to trypsin digestion unless the membranes were solubi-
lized by Nonidet P-40. These results indicated that HBV
precore protein derivatives and core particles were only periph-
erally associated with autophagosomes.

The peripheral association of the precore protein derivatives
with autophagosomes was interesting and raised the possibility
that these protein species might be derived from p22 that was
released back into the cytosol after the removal of its signal
peptide. To investigate this possibility, we expressed the precore
protein, its derivative p22 without its signal peptide, and the
core protein separately in Huh7-GFP-LC3 cells and used the
two-step purification procedure to purify autophagosomes for
immunoblot analysis. As shown in Fig. 4B, precore protein
derivatives, as well as p22 expressed without its signal peptide,
were associated with autophagosomes. This result indicated
that the association of p22 with autophagosomes did not
require its signal peptide and supported the possibility that it
was the cytosolic p22 that was associated with autophagosomes.
Surprisingly, the core protein expressed by itself was not associ-
ated with autophagosomes and could not be detected in the
immunoblot analysis. To confirm the immunoblot results, we
conducted immunofluorescence microscopy. As shown in Fig.
4C, HBeAg was localized predominantly to the cytoplasm.
Although there were not many autophagic puncta in HBeAg"
cells as the precore protein by itself could not induce autoph-
agy, the great majority of these autophagic puncta colocalized
with HBeAg. No HBcAg could be detected in cells transfected
with the precore protein-expressing plasmid. The p22 protein
expressed without its signal peptide was detected primarily in
the nucleus, although part of it was also detected in the cyto-
plasm. This result was consistent with what had previously
been reported (9). Similar to the precore protein, p22 in the
cytoplasm colocalized with the autophagic puncta. The same as
the precore protein, no HBcAg could be detected in cells
expressing p22. In contrast to precore proteins, HBcAg was
detected primarily in the nucleus when the core protein was
expressed by itself and, in agreement with the immunoblot
results, no colocalization of HBcAg with autophagosomes was
detected (Fig. 40). Similarly, no HBeAg was detected in cells
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that expressed the core protein. The quantification of the coloc-
alization efficiencies of precore, p22 and HBcAg with autopha-
gosomes are shown in Fig. 4D. The results shown in Fig. 4B-D
indicated that the core protein, when it was expressed by itself,
could not be associated with autophagosomes. In contrast, the
precore protein derivatives could be associated with autophago-
somes in the absence of other HBV factors. The results shown
in Fig. 4C also confirmed the specificity of our anti-HBeAg
and anti-HBcAg antibodies.

HBV Core Protein but Not Precore Protein Is Associated with
Phagophores. Phagophores are the precursor of autophagosomes.
To determine whether the localization of precore and core pro-
teins to autophagosomes was the result of their interaction with
phagophores, we cotransfected Huh7 cells with the 1.3mer WT
HBV genome and the expression plasmid of the mEmerald-
ATGS fusion protein. ATGS5 is a marker of phagophores. At 48 h
posttransfection, cells were lysed with a hypotonic buffer. A simi-
lar two-step purification protocol, which involved the isolation of
cellular membranes by membrane flotation in a discontinuous
sucrose gradient and the subsequent affinity purification using the
anti-GFP antibody, was used to purify phagophores. Cells trans-
fected with only the mEmerald-ATG5—expressing plasmid or the
1.3mer HBV genome were used as the controls. The purified
phagophores were then subjected to immunoblot analysis. As
shown in Fig. 54, the core protein, but not the precore protein
derivatives, was detected when phagophores purified from cells
cotransfected with the mEmerald-ATG5-expressing plasmid and
the 1.3mer HBV genomic DNA were analyzed. The association
of the core protein with phagophores was specific and not due to
contamination, as the core protein was not detected in cells trans-
fected with only the HBV genomic DNA without the cotransfec-
tion of the mEmerald-ATG5—expressing plasmid. To further
confirm the results, we also performed the immunofluorescence
staining experiment. Cells were fixed and stained for the core par-
ticles using the anti-HBcAg antibody or for the precore protein
using the anti-HBeAg antibody. As shown in Fig. 5B, HBV core
particles in the cytoplasm colocalized with mEmerald-ATG5
puncta (i.e., phagophores), whether they were expressed from the
WT HBV genome or the PC MT mutant. In contrast, there was
little colocalization of HBeAg with phagophores, in agreement
with the immunoblot results shown in Fig. 54. The quantitative
analysis of mEmerald-ATG5 puncta that were positive for core
particles is shown in Fig. 5C.

The arginine-rich domain of the core protein contains multi-
ple phosphorylation sites (36-38). To determine whether the
association of the core protein with phagophores was regulated
by its phosphorylation, we cotransfected Huh7 cells with the
mEmerald-ATG5—expressing plasmid and the expression plas-
mid for the HBV core protein, the pCore-mutant 1 (CM1)
core protein mutant or the pCore-mutant 2 (CM2) mutant.
The expression plasmids for CM1 and CM2 had previously
been generated in our laboratory (14, 36). CM1 contained the
serine to alanine mutation in the three major phosphorylation
sites located in the three SPRRR repeats in the arginine-rich
domain of the core protein and resembled the hypophosphory-
lated core protein. In contrast, CM2 contained the serine to
glutamic acid mutations in these three repeats and resembled
the hyperphosphorylated core protein. As shown in S/
Appendix, Fig. S2, the same as the WT core protein, both
CM1 and CM2 core protein mutants colocalized with phago-
phores. This result indicated that the association of the core
protein with phagophores was likely independent of its phos-
phorylation status.
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Fig. 4. Analysis of the association of precore and core proteins with autophagosomes. (A) The membrane protection assay was performed on autophago-
somes that had been purified from Huh7-GFP-LC3 cells transfected with the HBV WT DNA, the PC MT DNA, or the precore protein (PC)-expressing plasmid.
Autophagosomes were treated with PBS, trypsin or trypsin plus Nonidet P-40 (see Materials and Methods for details) followed by immunoblot analysis. Total
cell lysates without treatment were used as the input control. (B and C) Huh7-GFP-LC3 cells were transfected with the expression plasmid of the PC, p22
without its signal peptide or the core protein. Immunoblot analysis was then conducted on total cell lysates or purified autophagosomes (B), and immuno-
fluorescence microscopy was conducted to analyze the possible colocalizations between autophagosomes (green) and HBcAg or HBeAg (red) (C). Nuclei
were stained with DAPI (blue). The cells were examined at 40x magnification. (D) Quantification of GFP-LC3 puncta (i.e., autophagosomes) that were positive

for HBcAg or HBeAg. The results represented the average of >50 cells.

Core Particles Associated with Autophagic Membranes Are
DNA Replication Competent. The observation that HBV core
particles were associated with autophagosomes and phagophores
in cells that were transfected with the HBV genomic DNA
prompted us to examine whether these autophagic membrane-
associated core particles contained replicating HBV DNA. Stable
Huh7-GFP-LC3 cells that had been transfected with the HBV
genomic DNA and Huh7 cells that were cotransfected with the
mEmerald-ATG5—expressing plasmid and the HBV genomic
DNA were used for the purification of autophagosomes and phag-
ophores, respectively. Core particles associated with phagophores
and autophagosomes, as well as those in the whole-cell lysates,
which served as a positive control, were then analyzed by the
endogenous polymerase assay and labeled with [a-"*P]-dCTP. As
shown in Fig. 64, two DNA bands, which represented the
dsDNA and the single-stranded HBV DNA (ssDNA) (39), were
detected when the whole-cell lysates were used for the analysis.
When autophagosomes purified from Huh7-GFP-LC3 cells that
had been transfected with the HBV genomic DNA were analyzed
by the endogenous polymerase assay, two DNA bands were also
detected, indicating that they contained DNA replication-
competent core particles (Fig. 64). The association of DNA
replication-competent core particles with autophagosomes was not
due to the nonspecific contamination of free core particles, as
autophagosomes purified from Huh7 cells transfected with the

https://doi.org/10.1073/pnas.2201927119

HBV DNA failed to yield replicating DNA signals (Fig. 6A4).
When phagophores purified from Huh7 cells cotransfected with
the mEmerald—ATGS—exgressing plasmid and the HBV genomic
DNA were analyzed, 32p_Jabeled HBV DNA could also be
detected, indicating that core particles associated with phago-
photes were also capable of replicating HBV DNA. Interestingly,
in contrast to the whole-cell lysates and autophagosomes, which
produced both dsDNA and ssDNA, phagophores produced
mostly dsDNA, indicating that phagophores likely contained
mostly core particles in the late stage of HBV DNA replication.
Previous studies indicated that the phosphorylation of the core
protein was essential for pgRNA packaging and during this packag-
ing process, the core protein was dephosphorylated, which was
essential for HBV DNA replication (40-43). Thus, pgRNA- or
DNA-containing core particles (i.e., nucleocapsids) contained only
hypophosphorylated core protein (44). We had examined the phos-
phorylation status of the core protein associated with phagophores
and autophagosomes using the NuPAGE gel, which allowed the
separation of hyper- and hypophosphorylated core proteins (13).
To reduce the complexity of protein bands on the gel, we used cells
transfected with the HBV DNA that was incapable of expressing
the precore protein for the studies (i.e., PC MT mutant). Phago-
phores and autophagosomes purified from cells were subjected to
electrophoresis using the NuPAGE gel followed by immunoblot
analysis. As shown in Fig. 68, HBV core protein associated with
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autophagosomes was hypophosphorylated, although a low level of
intermediately phosphorylated core protein could also be detected.
In contrast, phagophores contained almost exclusively the hypo-
phosphorylated core protein (Fig. 6C0). These results indicate that
most, if not all, of the core particles associated with these autopha-
gic membranes were RNA- or DNA-containing particles.

Silencing of Rab11 Suppresses Viral Egress. MVBs play an
important role in the egress of mature HBV particles. As autopha-
gosomes can fuse with MVBs to form amphisomes, we investi-
gated whether HBV-induced autophagosomes could also fuse
with MVBs. As shown in Fig. 74, CD63, a tetraspanin protein
and a marker for MVBs (45), extensively colocalized with GFP-
LC3 puncta in HBV™ cells, indicating the formation of amphi-
somes. Rabl1 is a small GTPase required for the formation of
amphisomes (46-48). To determine whether it is also involved in
the formaton of HBV-induced amphisomes, we used small-
interfering RNA (siRNA) to silence its expression. As shown in
Fig. 7B, Rabll silencing led to the reduction of autophagic
puncta and their colocalization with CD63. Interestingly, it also
increased the level of the core protein in cells (Fig. 70). This
increase was correlated with an increase of intracellular HBV
DNA and a decrease of extracellular HBV DNA (Fig. 7D). The
reduction of extracellular HBV DNA was also observed when viri-
ons and naked core particles were separately analyzed (S/
Appendix, Fig. S3A). These results indicate the involvement of
Rabl11, a regulator of amphisomes, in HBV egress. In contrast to
Rabll silencing, the treatment of cells with bafilomycin Al,
which inhibits autophagic degradation in autolysosomes as evi-
denced by the increase of p62 sequestosome and LC3 protein lev-
els (SI Appendix, Fig. S3B), increased the precore/core protein level
and both intracellular and extracellular HBV DNA levels (S/
Appendix, Fig. S3C). This result indicates that the production and
the release of progeny viral particles could also be negatively regu-
lated by the late stage of autophagy.

Discussion

Previous studies indicated that autophagy played an important
role in HBV DNA replication (28, 29). In this report, we
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demonstrate that HBV core particles containing replicating
HBV DNA are associated with autophagosomes and phago-
phores (Figs. 1-3, 5, and 6). As the core protein associated
with these autophagic membranes was mostly hypophosphory-
lated (Fig. 6B and ), which is a hallmark of mature HBV core
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Fig. 6. DNA Replication-competent core particles are associated with both
autophagosomes and phagophores. (4) The endogenous polymerase assay
(EPA) was conducted using whole-cell lysates (Left), autophagosomes puri-
fied from Huh7-GFP-LC3 cells or Huh7 cells that had been transfected with
pUC19 (Cont) or p1.3xHBV (Center), or phagohores purified from Huh7 cells
that had been cotransfected with the mEmerald and pUC19 (Cont) or
p1.3xHBV (Right). (B) Total cell lysates or autophagosomes purified from
Huh7-GFP-LC3 cells transfected with pUC19 (Cont) or p1.3xHBV PC MT
were subjected to electrophoresis in a NUPAGE gel followed by immuno-
blot to determine the phosphorylation status of the core protein. (C) Total
cell lysates (input) and phagophores purified from Huh7 cells that had
been cotransfected with the expression plasmids of mEmerald-ATG5 and
p1.3xHBV PC MT were analyzed as in B. The locations of hyper-, intermedi-
ate-, and hypophosphorylated core protein bands were indicated.
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particles (i.e., nucleocapsids), our results also indicate that
most, if not all, of the core particles associated with autophagic
membranes contained viral RNA or DNA. The phosphoryla-
tion of the core protein is required for the packaging of the
pgRNA, which is associated with the dephosphorylation of the
core protein. Our finding that the hyperphosphorylated core
protein analog (i.e., CM2 mutant) could be localized to phago-
phores (SI Appendix, Fig. S2) is in support of the model
that phagophores could serve as the platform for the packaging
of the pgRNA, which likely took place immediately after
the association of the hyperphosphorylated core protein with
phagophores.

Previous reports indicated that the silencing of ATGS5,
ATG12, or ATG16 suppressed HBV DNA replication (29,
49). These previous reports further supported the importance
of phagophores in the assembly of HBV nucleocapsids. The
HBYV core protein had been shown to bind to ATG12 (49). It
is conceivable that this binding mediates the interaction
between the core protein and phagophores and the subsequent
encapsidation of the pgRNA. It should be noted that previous
studies indicated that the silencing of ATG5 abolished HBV
DNA replication but only slightly reduced the pgRNA packag-
ing (28, 29). Thus, it is also possible that phagophores per se
are not essential for the pgRNA packaging, and the core par-
ticles containing the pgRNA are merely piggybacked onto
phagophores due to their interaction with ATG12. However,
this association with phagophores is required for the subsequent
HBV DNA replication. The observation that core particles
associated with phagophores were in the more advanced stage
of HBV DNA replication than those associated with autopha-
gosomes is interesting (Fig. 6A4). It is possible that phagophores
may provide a niche to promote HBV DNA replication.

Alternatively, it is also possible that the retention of core par-
ticles on phagophores delays their envelopment, prolonging
their access to nucleotides for the completion of viral DNA rep-
lication. Note that, although our results provide compelling
evidence to support a role of phagophores in pgRNA packaging
and HBV DNA replication, additional studies will be required
to confirm this observation.

Although core particles were found to be associated with
phagophores and autophagosomes in cells harboring replicat-
ing HBV DNA, they were associated with phagophores but
not autophagosomes when the core protein was expressed by
itself. Our results indicate that the association of the core
particles with autophagosomes was not dependent on the pre-
core protein, surface proteins (Fig. 3), or viral DNA replica-
tion (S Appendix, Fig. S1 C and D). How core particles
became associated with autophagosomes and why this associ-
ation required the presence of the HBV genome are unclear.
One possible explanation is that, after their assembly on
phagophores, core particles dissociate from phagophores and
only those particles containing viral pgRNA or DNA are
selectively reassociated with autophagosomes. This possibility
is supported by our observation that a fraction of pgRNA or
DNA-containing core particles was detected in the cytosolic
fractions (Fig. 2B and C).

In contrast to the core protein, in cells that productively rep-
licated HBV, precore protein derivatives were associated with
autophagosomes but not with phagophores (Figs. 3 and 5 A4
and B). Previous studies indicated that the precore protein
derivative p22 could be released back into the cytosol after the
removal of its signal peptide by signal peptidase in the ER
(8, 9). As precore protein derivatives were peripherally associated

with autophagosomes (Fig. 44), it is possible that the cytosolic

A GFP-LC3 CD63 Merge +HBc/eAg
<
Z B
g ek
» o 100
E ks
= @ 80
c Qo
o Om
@l © 88 60
I 2O
‘z': 25 40
o 3=
n ™ 20
— Q
P t
Qo =< 0
& siCont  siRab11
Control
C Vector HBV D
siRNA Cont Rab Cont Rab
Rab11 ‘.._ — - | 25 Intracellular 25 + Extracellular
.20 1 20 +
Precore/Core -— oD <3 I
% 5 15 4 15 4 ekek
-
52 | e— — — ]
p ’ -— | é o410 L . 103
T o
LC3-I —— - — = 05 A
O3 | e e s e : 0:8h:
0.0 0.0 -
-_— e G —
aAtDE ‘ | siCont siRab11 siCont  siRab11

Fig. 7. Rab11 regulates egress of progeny HBV particles. (A) Huh7-GFP-LC3 cells treated with the control siRNA or the Rab11 siRNA were transfected with
the HBV genomic DNA. The possible colocalization of autophagosomes (green) and CD63 (red) was analyzed by immunofluorescence microscopy. The
merged images of GFP-LC3 puncta and CD63 were shown. HBeAg and HBcAg were also stained together (blue) using the antibodies directed against these
two viral antigens. The cells were examined at 40x magnification. (B) Quantitative analysis of GFP-LC3 puncta that were positive for CD63. The results repre-
sented the average of >50 cells. (C) Immunoblot analysis of Huh7-GFP-LC3 cells that were treated with control siRNA or Rab11 siRNA and then transfected
with pUC19 or the 1.3mer HBV genomic DNA. (D) gPCR of intracellular HBV DNA replicative intermediates in cells treated with either the control siRNA
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p22 was directly targeted to autophagosomes after its release from
the ER. Our observation that p22 expressed without its signal
peptide could be localized to autophagosomes supports this possi-
bility (Fig. 4B and (). The biological function of the
autophagosome-associated p22 remains to be determined. It is
possible that the fusion between autophagosomes and MVBs will
promote the interaction between p22 and Toll-like receptors
(TLRs), which are inserted in endosomal membranes or plasma
membranes, to disrupt the TLR signaling and host innate
immune response, as previously reported (50).

MVBs play an important role in the release of mature HBV
particles from cells (16-18). We found that the silencing of
Rab11, which disrupted the fusion between autophagosomes
and MVBs (Fig. 74 and B), reduced the extracellular HBV
DNA level and in the meantime increased the intracellular
HBV core protein and DNA levels (Fig. 7C and D). This find-
ing agrees with a role of amphisomes in the egress of HBV viri-
ons, although the possibility that Rab11 silencing might have
affected other properties of MVBs to result in the suppression
of HBV egress cannot be ruled out. In contrast to Rabll
silencing, bafilomycin A1, which inhibits autophagic degrada-
tion in autolysosomes, increased HBV precore/core protein lev-
els and intracellular and extracellular DNA levels (S Appendix,
Fig. S3 B and (). This increase of HBV protein and DNA
levels might be due to the reduction of autophagic degradation
of HBV particles and the increase of early autophagic mem-
branes, which supported HBV replication.

In conclusion, our results indicate that autophagy plays mul-
tiple roles in the lifecycle of HBV: it provides the membranes
for the assembly of HBV nucleocapsids, regulates the trafficking
of HBV precore protein and core particles, and may also regu-
late the release of mature HBV virions.

Materials and Methods

Cell Cultures and HBV Infection. Huh7 cells and Huh7 cells that stably
expressed GFP-LC3 (31) were maintained at 37 °C in Dulbecco's modified essen-
tial medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Human
hepatocytes (i.e., PXB cells) were prepared from uPA/SCID mice with humanized
liver and used for the HBV infection experiment, as described previously (30).
Briefly, PXB cells were infected with HBV (multiplicity of infection [MOI] = 100)
obtained from HBV transgenic mouse serum in the presence of 4% polyethylene
glycol (PEG). On day 1 postinfection, the culture medium was removed, and cells
were washed thoroughly with phosphate-buffered saline (PBS) three times
and incubated with the fresh medium containing 10% FBS and 2% dimethyl
sulfoxide (DMSO). All animal work was conducted under the approval of the Uni-
versity of Southern California Institutional Animal Care and Use Committee in
accordance with federal, state and local guidelines.

DNA Plasmids, siRNA, and DNA Transfection. The plasmid p1.3xHBV con-
tains the overlength 1.3mer HBV genomic DNA in the pUC19 vector (51).
p1.3xHBV PC” (PC MT), and p1.3xHBV S™ (S MT) contained 1.3mer HBV genome
with mutations that abolished the expression of the HBV precore protein and
HBsAg, respectively. The S MT was constructed by mutating nucleotide 223 from
Tto A to generate a premature termination codon. This mutation did not affect
the overlapping polymerase coding sequence. HBV protein expression plasmids,
including pCMV-precore, pCMV-core, CM1, and CM2 had been described
before (36). The plasmid pcDNA-p22 was constructed by deleting the signal
peptide-coding sequence (amino acids 2 to 19) from pCMV-precore. The DNA
plasmid mEmerald-ATG5-C-18 was purchased from Addgene (Addgene plasmid
#54000). siRNA targeting human Rab11a (SASI_Hs01_00126206) and a nega-
tive control siRNA (SIC001) were purchased from Sigma-Aldrich. The DNA and
siRNA transfections were performed using Lipofectamine 3000 (Invitrogen) and
TransIT-X2 (Mirus) per the manufacturer's instructions.
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Antibodies. The primary antibodies used in this study included the rabbit anti-
LC3B antibody (Sigma), rabbit anti-GFP antibody (Cell Signaling), rabbit anti-
p62 antibody (Cell Signaling), rabbit anti-LC3B antibody (Invitrogen), mouse
anti-ApoE antibody (Santa Cruz), rabbit anti-ATG5 antibody (Cell Signaling), rab-
bit anti-HBsAg antibody (Novus Biologicals), mouse anti-CD63 antibody (Santa
Cruz), and rabbit anti-Rab11a antibody (Invitrogen). Rabbit antibodies against
HBcAg and HBeAg had been described previously (9). Briefly, the anti-HBcAg
was produced by injecting rabbits using core particles expressed in Escherichia
coli. The anti-HBeAg was prepared the same way with the exception that the
core particles were denatured in SDS-mercaptoethanol prior to injection into rab-
bits. Secondary antibodies used for immunofluorescence were anti-rabbit and
anti-mouse secondary antibodies conjugated with fluorescein isothiocyanate,
rhodamine, or Alexa Fluor plus 405 (Invitrogen).

Immunoblot Analysis. Depending on the experiments, cells were lysed with
M-PER mammalian protein extraction reagent (ThermoFisher) or with a hypo-
tonic buffer. After a brief centrifugation to remove cell debris, cell lysates were
subjected to SDS/PAGE or NuPAGE 12% Bis-Tris protein gel (Invitrogen) and
transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was
blocked with 5% skim milk for 45 min and incubated with the primary antibody
overnight at 4 °C. After three washes with Tris-buffered saline (TBS) (10 mM
Tris-HCl [pH 7.5], 150 mM NaCl) containing 1% Tween 20 (TBST), the membrane
was incubated with horseradish peroxidase (HRP)-conjugated secondary anti-
body for 1 h. After washes with TBST, chemiluminescent substrates (Thermo Sci-
entific) were added to the membrane, and the image was captured using the
LAS-4000 imaging system (Fujifilm).

Immunofluorescence Staining and Microscopy. Cells were rinsed with
PBS, fixed with cold acetone, permeabilized with PBS containing 0.1% saponin,
1% bovine serum albumin (BSA), and 0.05% sodium azide for 15 min, and then
incubated with antibodies for immunofluorescence staining. Coverslips were
mounted in Prolong Glass Antifade Mountant (Invitrogen) or Vector Shield (Vec-
tor) containing DAPI, which stained the nucleus. Images were acquired with a
Keyence All-in-One fluorescence microscope. The colocalization efficiency, which
measured the fraction of green fluorescent protein (GFP/mEmerald) pixels that
were also positive for red pixels, was determined from randomly selected cells
(>50) using the Keyence All-in-One software.

Membrane Flotation and Affinity Purification of Autophagic
Membranes. The membrane flotation assay was performed as previously

described (52). Briefly, cells seeded in two 10-cm plates were lysed with 500 plL
hypotonic buffer (10 mM Tris-HCl [pH 7.5], 10 mM KCl, 5 mM MgCl,), and
passed through a 26-gauge needle at least 20 times. Next, nuclei and other cell
debris were removed by centrifugation at 1,000 x g for 5 min at 4 °C. An ali-
quot of the supernatant was removed to serve as the input control, and the rest
of the sample was mixed with 4 mL of 80% sucrose solution in the low-salt
buffer (LSB) (50 mM Tris-HCI [pH 7.5], 25 mM KCl, and 5 mM MgCl,) and over-
laid with 4 mL of 55% sucrose solution, followed by the addition of 1.5 mL 10%
sucrose solution in LSB. The sucrose gradient was centrifuged at 38,000 rpm in
a Beckman SWA4QTi rotor for 18 h at 4 °C. After centrifugation, 1-mL fractions
were collected from the top of the gradient, and 20 pL of each fraction was sub-
jected to immunoblot analysis. For the affinity purification, the membrane frac-
tion was incubated with 50 plL anti-GFP monoclonal antibody-conjugated
magnetic beads (MBL) at 4 °C overnight. The immune complex was then iso-
lated with a magnetic separator for electron microscopy or immunoblot analysis.

Southern Blot and Primer-Extension Analysis. For Southerm-blot analysis
of HBV DNA, each sucrose fraction was treated with 10 units of DNase | (Thermo-
Fisher) and micrococcal nuclease (New England Biolab) for 1 h at 37°C to
remove free DNA. The reaction was stopped by the addition of EDTA and protein-
ase K (300 pg/mL, ThermoFisher) and further incubated at 65 °C for 16 h as pre-
viously described (53). The HBV DNA packaged in core particles was then
isolated by phenol-chloroform extraction and ethanol precipitation and analyzed
by Southern blot using >*P-labeled HBV DNA as the probe. The primer extension
was performed as previously described (28). Briefly, to isolate the pgRNA pack-
aged in core particles, cytosolic fractions 7 to 10, which were pooled, and fraction
3, which contained the membranes, were treated with DNase | and micrococcal
nuclease for 1 h, as mentioned above. The sucrose in the samples was diluted
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with 4 volumes of PBS, and core particles were pelleted by ultracentrifugation at
50,000 rpm in a Beckman SW55Ti rotor for 1 h at 4 °C. The core-associated
pgRNA or total cellular RNA, which was used as the control, was extracted by TRI-
z0l following the manufacturer's instructions (ThermoFisher). The oligonucleo-
tide, 5’-GGT GAG CAA TGC TCA GGA GAC TCT AAG G-3', which corresponds to
nucleotides 2052 to 2025 of the HBV genome, was synthesized and used as the
primer. To end-label the primer, 20 pmol of the oligonucleotide was mixed with
100 pCi of y[*2P1-ATP (Perkin-Elmer) and 10 units of T4 polynucleotide kinase
for 1 h at 37 °C. The end-labeled primer was then purified using the QIAquick
Nucleotide Removal Kit (Qiagen) and added to the RNA samples. The primer
extension was carried out using SuperScript IV Reverse Transcriptase following
the manufacturer's instructions (ThermoFisher). The reaction was stopped by
phenol-chloroform extraction and ethanol precipitation. The samples were then
analyzed on an 6% sequencing gel followed by autoradiography.

HBsAg and HBeAg ELISA. The incubation media of cells were harvested and
analyzed for HBsAg and HBeAg using the ELISA kit following the manufacturer's
instructions (Intemational Immuno-Diagnostics). The medium was diluted
20-fold with PBS and 100 pl of diluted sample was used for the assay. The
assays were conducted in triplicate.

Membrane Protection Assay. Affinity-purified autophagosomes were treated
with 30 pL of 0.25% trypsin, 0.25% trypsin with 0.5% Nonidet P-40 (Nonidet P-
40), or PBS at 37 °C for 1 h. PMSF (20 mM) was added after 1 h to stop the tryp-
sin digestion reaction. The samples were then mixed with the protein sample
buffer for SDS/PAGE.

Endogenous Polymerase Assay. Autophagosomes or phagophores that were
affinity-purified using the anti-GFP-conjugated magnetic beads as described
above were resuspended in the reaction mixture containing 50 mM Tris-HCl
(pH = 7), 40 mM NH,Cl, 20 mM MgCl,, 0.1% Nonidet P-40 and 0.3%
p-mercaptoethanol, 1 mM dNTP mixture, and o-*2P dCTP while they were still
associated with the beads. The reaction mixture was incubated at 37 °C for 2 h.
Next, 5 mM dCTP was added and continued the reaction for another hour at
37°C. The reaction was stopped by adding 10% SDS, 50 mM EDTA, 10 mg/mL
proteinase K and tRNA carrier, and further incubated at 65 °C for 2 h. The HBV
DNA synthesized was then isolated by phenol-chloroform extraction and ethanol
precipitation. The DNA pellet was rinsed with 70% ethanol and analyzed by
agarose gel electrophoresis and autoradiography.
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