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Sodium taurocholate cotransporting polypeptide (NTCP) is
expressed at the surface of human hepatocytes and functions as
an entry receptor of hepatitis B virus (HBV). Recently, we have
reported that epidermal growth factor receptor (EGFR) is
involved in NTCP-mediated viral internalization during the cell
entry process. Here, we analyzed which function of EGFR is
essential for mediating HBV internalization. In contrast to the
reported crucial function of EGFR-downstream signaling for
the entry of hepatitis C virus (HCV), blockade of EGFR-down-
stream signaling proteins, including mitogen-activated protein
kinase (MAPK), phosphoinositide 3-kinase (PI3K), and signal
transducer and activator of transcription (STAT), had no or only
minor effects on HBV infection. Instead, deficiency of EGFR
endocytosis resulting from either a deleterious mutation in
EGFR or genetic knockdown of endocytosis adaptor molecules
abrogated internalization of HBV via NTCP and prevented viral
infection. EGFR activation triggered a time-dependent relocal-

ization of HBV preS1 to the early and late endosomes and to
lysosomes in concert with EGFR transport. Suppression of
EGFR ubiquitination by site-directed mutagenesis or by knock-
ing down two EGFR-sorting molecules, signal-transducing
adaptor molecule (STAM) and lysosomal protein transmem-
brane 4� (LAPTM4B), suggested that EGFR transport to the late
endosome is critical for efficient HBV infection. Cumulatively,
these results support the idea that the EGFR endocytosis/sorting
machinery drives the translocation of NTCP-bound HBV from
the cell surface to the endosomal network, which eventually
enables productive viral infection.

Hepatitis B virus (HBV)3 is a hepatotropic virus that specifi-
cally infects human and related species (1). The entry receptor
for HBV, sodium taurocholate cotransporting polypeptide
(NTCP, also known as solute carrier family 10A1 (SLC10A1)),
is a liver-specific bile acid transporter expressed mainly on the
cell surface (2). NTCP allows the specific attachment mediated
by the preS1 region of the HBV large surface protein (LHBs)
to target cells (3, 4). After HBV preS1 attachment, NTCP is
thought to trigger HBV endocytosis using a yet unknown mech-
anism. Recently, we have reported that epidermal growth factor
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receptor (EGFR) initiates the internalization of NTCP-medi-
ated viral internalization (5). Whereas NTCP supports HBV
attachment to the cell surface, loss of interaction between
EGFR and NTCP abrogated HBV internalization from the cell
surface. However, how EGFR mediates the internalization of
HBV remains to be clarified.

EGFR is a receptor tyrosine kinase that triggers signaling
events essential for cellular processes, including Ras-mitogen
activated protein kinase (MAPK), phosphatidylinositide 3-ki-
nase (PI3K)-Akt, and JAK-STAT pathways (6). Upon stimula-
tion with its ligand, epidermal growth factor (EGF), EGFR is
autophosphorylated to activate these signaling pathways. In
addition, activated EGFR itself is transported to the endosomal
network through the endocytosis machinery, destined to be
degraded in the lysosome or recycled back to the plasma mem-
brane. To date, EGFR has been reported to play a pivotal role in
the entry mechanism of different classes of viruses, such as
human cytomegalovirus, hepatitis C virus (HCV), and respira-
tory syncytial virus (7). Typically, in such cases, virus entry
essentially requires EGFR-triggered activation of the down-
stream signaling, including that leading to actin rearrangement
necessary to the migration of internalized viral particles to the
site of replication (see “Discussion”). In the present study, we
analyze the function of EGFR that essentially regulates the
NTCP-mediated viral entry.

Results

EGFR-downstream signaling has only a minor or no role in
HBV infection

Stimulation with EGF activates EGFR through the induction
of dimerization and autophosphorylation, leading to the activa-
tion of downstream signaling (6). Activation of EGFR in
HepG2-NTCP cells by EGF treatment during HBV inoculation
enhanced HBV infection (Fig. 1A, lane 2). In contrast, inactiva-
tion of EGFR by gefitinib, an EGFR autophosphorylation inhib-
itor (8), remarkably down-regulated HBV infection (Fig. 1A,
lane 4) without cytotoxicity (Fig. S1A). Overexpression of WT
EGFR restored HBV infection in HepG2-NTCP cells trans-
fected with si-EGFR, whereas that with a mutation at Lys-721,
an essential residue for ATP binding and EGFR phosphoryla-
tion (Fig. 1B (b)) (9, 10), had no ability to restore infection (Fig.
1B (a) and Fig. S1C, lane 2 versus lane 3 or 4). These results
suggest that EGFR activation supports HBV infection.

Activated EGFR triggers its downstream signaling, including
Ras-MAPK, PI3K-Akt, and JAK-STAT pathways (11) (Fig. 1C,
top). We examined the significance of these signaling pathways
in the infection of HBV as well as HCV as a reference: EGFR has
been reported to facilitate HCV entry through activation of Ras
and PI3K-Akt (12, 13). As reported, inhibition of either Ras
(tipifarnib), PI3K (wortmannin), or Akt (GSK690693) reduced
HCV entry in a dose-dependent manner (Fig. 1D (a) and Fig.
S2a). In contrast, pharmacological inhibition of the Ras-
MAPK, PI3K-Akt, or JAK-STAT pathway had no drastic effect
on HBV infection of HepG2-NTCP cells or primary cultures of
human hepatocytes, with only a marginal reduction of HBV
infection upon wortmannin treatment in both cell types (Fig.
1D (b and c) and Fig. S2 (b and c)). Also in the viral internaliza-

tion assay, Ras inhibitor (tipifarnib) reduced the internalization
of HCV, but not HBV (Fig. S3). In contrast, knockdown of
EGFR and treatment with gefitinib, which inhibits not only sig-
nal transduction but also EGFR endocytosis, as mentioned
below, reduced the internalization of both HCV and HBV (Fig.
S3). Thus, blockade of EGFR-downstream signaling did not
show any remarkable effect on HBV infection.

EGFR endocytosis machinery is essential for supporting HBV
internalization

In addition to the activation of its downstream signaling,
EGFR phosphorylation induces the recruitment of adaptor
molecules that leads to the endocytosis of EGFR (Fig. 2A, left)
(6). We then examined the contribution of the EGFR endocy-
tosis machinery in HBV infection. As shown in Fig. 2B and Fig.
S4A, knockdown of such endogenous adaptor molecules, either
AP2A1 or EPS15, by multiple siRNAs significantly reduced
HBV infection of HepG2-NTCP cells or primary human hepa-
tocytes to the level seen by the knockdown of EGFR (Fig. 2B and
Fig. S4A). Moreover, an EGFR variant with the L1010A/L1011A
double mutation (EGFRre-L1010,11A) (Fig. 2A, right), which is
deficient in endocytosis of activated EGFR (14, 15) (see Fig. 2C
(k)) but still active on EGFR-downstream signaling (Fig. S4B),
could not rescue HBV infection in si-EGFR–transfected
HepG2-NTCP cells (Fig. 2D, lane 4). These data suggest that
the active EGFR endocytosis pathway, rather than the EGFR-
downstream signaling, is essential for supporting HBV infec-
tion. This EGFR regulation was not observed in the infection
of hepatitis E virus (Fig. S4C). Recently, we reported that
EGFR-depleted cells supported the cell attachment of fluo-
rescence-labeled HBV preS1 peptide, a probe to visualize the
HBV entry process (5, 16, 17), to a similar extent as the
control cells (Fig. 2E, lane 1 versus lane 3), whereas NTCP-
depleted cells completely lost the HBV preS1-cell attach-
ment (Fig. 2E, lane 1 versus lane 2) (5). However, knockdown
of EGFR attenuated the internalization of HBV preS1-NTCP
complex (Fig. 2C, a– d), which was rescued by the comple-
mentation of the WT EGFR (Fig. 2C, e– h). In contrast to the
WT EGFR, we found that an endocytosis-defective EGFRre-
L1010,11A did not render preS1-NTCP internalization (Fig.
2C, i–l and the right graph). These results clearly suggest that
the EGFR endocytosis machinery is important for mediating
the HBV internalization.

Time-dependent transport of HBV preS1-EGFR to the
endosomal network

Upon endocytosis triggered by the EGFR stimulation, EGFR
is sorted to the endosomal network (6). We then chased the
localization of HBV preS1-EGFR after EGF stimulation by co-
staining with organelle markers. As shown in Fig. 3, speckles
that were positive for both preS1 and EGFR (preS1-EGFR
speckles) were readily colocalized with EEA1, an early endo-
some marker, as early as 15–30 min after EGF stimulation and
peaked at 40 min with �50% colocalization and were then grad-
ually dissociated from the early endosome (Fig. 3, green in the
right graph). Instead, colocalization of preS1-EGFR speckles
with CD63 (as a late endosome marker) was markedly increased
in the first 50 min after EGF stimulation and was maintained for
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up to 80 min (Fig. 3, blue in the right graph). The colocalization
with LAMP1 (a lysosome marker) was even more gradually
increased and peaked at later time points, 70 – 80 min (Fig. 3,
orange in the right graph). A similar localization change was

also observed using HBV virion along with EGFR (Fig. S5).
Thus, localization of HBV-EGFR speckles was sequentially
shifted from the early endosome to the late endosome and sub-
sequently to lysosome after EGFR activation.

Figure 1. Role of EGFR-downstream signaling in supporting HBV infection. A, HBV infection upon activation or inactivation of EGFR. EGF or gefitinib was
applied during HBV inoculation of HepG2-NTCP cells for 16 h, and HBV infection was evaluated by detecting HBs in the culture supernatant (top left, black bars)
as well as cccDNA (top left, white bars), HBV DNAs (bottom left, top panel, relaxed circular (rc) DNA and replicative intermediates (intermediates)), and HBc (right
pictures, red) in the cells at 12 days post-inoculation. Total EGFR (EGFR) and EGFR phosphorylated at Tyr-1068 (p-EGFR) as well as actin as an internal control
(actin) were detected by immunoblotting (bottom left). The numbers on the right of the panels indicate the size markers of DNA (kb, top panel) and protein (kDa,
second, third, and bottom panels). Scale bars, 100 �m. B, ability of EGFR and its mutant to support HBV infection. HepG2-NTCP cells transfected with or without
siRNA against EGFR (si-EGFR) and transduced with either EGFRre-WT or EGFRre-K721M by lentivirus vector were evaluated for HBV infection by detecting HBs
in the culture supernatant (a, top graph). Protein expressions were also detected (a (middle and bottom panels) and b). C (a), schematic representations of the
EGFR-downstream signaling (Ras-MAPK, PI3K-Akt, and JAK-STAT) and inhibitors for each cascade. b– d, effect of inhibitors on the target signaling. The indicated
proteins were detected by immunoblot in HepG2-NTCP (b and c) or Huh-7 cells (d) treated with or without the indicated inhibitors. D, infection of HCV
pseudoparticles to Huh-7 cells (a) and of HBV to HepG2-NTCP cells (b) and primary human hepatocytes (c) were evaluated upon treatment with or without the
indicated inhibitors. Precise experimental procedures, including compound concentrations and treatment times, are shown under “Experimental procedures.”
Error bars, S.D. Experiments were repeated three times (n � 3 independent experiments, each with triplicate samples). *, p � 0.05; **, p � 0.01; N.S., not
significant.
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EGFR-mediated sorting of HBV preS1 to the late endosome is
important for productive infection

To examine the role of the observed EGFR relocalization to
the endosomal network in achieving the productive infection,
we employed an EGFR mutant. The EGFRre-5R mutant, having
five point mutations of Lys (amino acids 692, 713, 843, 905, and

946) to Arg was reported to be less ubiquitinated to escape from
the transport to the late endosome, with accumulation in the
early endosome (18, 19) (Fig. 4A and Fig. S6A). Expression of
this EGFRre-5R mutant in EGFR-depleted cells supported
much a lower level of HBV infection compared with the WT
EGFR (Fig. 4A (right panels and graph) and Fig. S6B). This
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observation was further supported by perturbation of the sort-
ing pathway by knockdown of STAM and LAPTM4B; STAM is
an EGFR-sorting adaptor molecule mediating the EGFR local-
ization to the late endosome, and LAPTM4B suppresses the late
endosome sorting of EGFR (see Fig. 5) (20, 21). Genetic knock-
down of STAM significantly decreased the late endosome local-
ization of HBV preS1-EGFR complex (Fig. 4B, left) and reduced
the productive infection both in HepG2-NTCP cells (Fig. 4B
(right) and Fig. S7) and PHH (Fig. 4C). Augmentation of late
endosome localization of EGFR by knocking down LAPTM4B
(Fig. 4D, left) significantly promoted the HBV infection level
(Fig. 4 (D (right) and E) and Fig. S7). These results cumulatively
support the important role of the EGFR-sorting machinery in
the productive infection of HBV.

Discussion

EGFR has been reported to play a role in the entry mecha-
nism of a variety of viruses. For example, human cytomegalovi-
rus interacts with EGFR as a host receptor and activates its
downstream signaling to reorganize the cytoskeletal structures
and facilitate the viral particle translocation to the nucleus (22).
Herpes simplex virus type 1, respiratory syncytial virus, vac-
cinia virus, and African swine fever virus also activate EGFR
signaling, leading to actin rearrangement that enables the inter-

nalization/migration of incoming viral particles (7). HCV-in-
duced activation of EGFR facilitates viral internalization by
mechanisms that include the activation of Ras downstream sig-
naling to induce assembly of the viral receptor complex
required for viral internalization (13, 23). These examples high-
light the essential role of EGFR-downstream signaling and the
resulting cellular rearrangement in facilitating the viral entry
process. In contrast to the above, EGFR plays a unique role in
HBV internalization, in mediating the internalization of the
HBV-NTCP complex through its endocytosis/sorting pathway
(Fig. 5). We also suggest that the transport of incoming HBV to
the endosomal network, especially to the late endosome, is key
to achieving productive infection. Although the mechanisms
underlying HBV entry, especially post-attachment, remain
largely unknown, our results provide significant information
and tools to further investigate this process, including the pre-
cise site of membrane fusion that is assumed to be engaged in
the release of vesicular nucleocapsids into the cytosol.

The EGFR endocytosis/sorting pathway is regulated by mul-
tistep processes, including the dimerization and posttransla-
tional modification of EGFR, recruitment of adaptor molecules,
and complex formation of membrane trafficking components
(11, 20, 24). This regulatory system is modulated by factors such

Figure 2. EGFR endocytosis was essential for mediating HBV internalization. A, schematic representation of the downstream events after activation of EGFR
(left) and its mutant of Leu-Leu at 1010 and 1011 to Ala-Ala (EGFR-L1010,11A) (right). EGFR-L1010,11A is deficient in endocytosis, while possessing the intact
potential to activate the EGFR-downstream signaling. B, HBV infection was evaluated by quantifying the core-associated HBV DNA in HepG2-NTCP cells (a) or
the extracellular HBs of primary human hepatocytes (b) transfected with siRNAs against the indicated target gene. EGFR, AP2A1, and EPS15 as well as actin as
an internal control were detected by immunoblotting (bottom panels). C, internalization of HBV preS1 (red), NTCP (green), and EGFR (purple) was evaluated by
confocal microscopy. si-EGFR–transfected HepG2-NTCP cells transduced with or without either EGFRre-WT or EGFRre-L1010,11A were exposed with a fluores-
cence-labeled myristoylated preS1 peptide (amino acids 2– 48) (preS1 probe) at 4 °C to allow attachment. After washing, the cells were then stimulated with
EGF at 37 °C for 30 min to allow preS1 internalization and were observed by immunofluorescence. Scale bars, 10 �m. The percentages of cells in which preS1,
NTCP, and EGFR were internalized as speckles are indicated in the right graph (n �100). D, HBV infection was examined in HepG2-NTCP cells transfected with
(lanes 2– 4) or without (lane 1) si-EGFR and transduced with GFP (lane 1,2), EGFR (EGFRre-WT) (lane 3), or its mutant, EGFRre-L1010,11A (lane 4) that has
si-EGFR–resistant substitutions. HBV infection was evaluated with HBs by ELISA (top graph) and HBV DNA by Southern blotting (top panel). Protein expressions
are also shown in the bottom panels. E, HBV preS1-cell attachment was evaluated by using the cells transfected with the indicated siRNAs (si-control, si-NTCP
or si-EGFR) and transduced with or without EGFRre-WT or EGFRre-L1010,11A as shown under “Experimental procedures” (top pictures). Scale bars, 200 �m. The
bottom graph shows the quantification of the fluorescence attached to the cells. Error bars, S.D. The reproducibility of the data was confirmed in three
independent experiments. *, p � 0.05; **, p � 0.01; N.S., not significant.

Figure 3. Time-dependent transport of HBV preS1 and EGFR to the endosomal network. HepG2-NTCP cells attached with the preS1 probe on the cell
surface at 4 °C were stimulated with EGF and then chased under observation by confocal microscopy up to 90 min. HBV preS1 (red), EGFR (purple), each
organelle marker (green; EEA1 for early endosome, CD63 for late endosome, and LAMP1 for lysosome), and the nucleus (blue) was detected at 15, 30, 40, 50, 60,
70, 80, and 90 min after EGF stimulation. The left pictures show a representative image at 30, 50, and 70 min after EGF stimulation. (The arrows indicate the
preS1-EGFR speckles colocalized with early endosome, late endosome, or lysosome). Scale bars, 10 �m. In the right graph, the number of HBV preS1 speckles
was counted as the total number (n � 90), and among them, the number of those colocalized with EGFR and each organelle marker (green, early endosome;
blue, late endosome; orange, lysosome) was counted to calculate the percentage of preS1-EGFR speckle localization at each organelle. This percentage (y axis)
is shown against the time after EGF stimulation (x axis). Error bars, S.D. Data are based on the average of three independent experiments from at least n � 10
cells, n � 90 vesicles.
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as extracellular ligands, stresses, and microenvironments. This
raises the possibility that cell susceptibility to HBV infection
could be affected by these conditions and be dependent upon
the expression level of NTCP. In addition, our demonstration
that EGFR is a key factor in the HBV life cycle should open the
field of investigation for antiviral discovery and prevention.

Experimental procedures

HBV infection assay

HBV infection was performed as described (25). HBV (gen-
otype D) used as inoculum was recovered from the culture
supernatant of Hep38.7-Tet cells cultured under tetracycline
depletion and concentrated up to 200-fold by PEG concentra-

tion. For infection experiment, HepG2-NTCP cells or primary
human hepatocytes were inoculated with HBV at 12,000 and
500 genome equivalent/cell, respectively, for 16 h in the pres-
ence of 4% PEG 8000. After washing out free HBV, the cells
were cultured for an additional 12–15 days and harvested for
evaluating HBV infection. HBV infection was evaluated either
by detecting HBs in the culture supernatant by ELISA, HBc in
the cells by immunofluorescence, HBV DNA in the cells by
Southern blotting, or core-associated HBV DNA and covalently
closed circular DNA (cccDNA) by real-time PCR, as described
(26). In Fig. 1, the cells during HBV inoculation were treated
together with the indicated ligand or compounds (EGF (10
ng/ml) or gefitinib (50 �M), tipifarnib (6.25, 12.5, or 25 �M),

Figure 4. EGFR-mediated sorting of HBV preS1 to the late endosome was important for the productive HBV infection. A, left, HepG2-NTCP cells
transfected with si-EGFR and transduced with EGFR (EGFRre-WT) or that carried mutations of Lys (amino acids 692, 713, 843, 905, and 946) to Arg (EGFRre-5R)
were observed by confocal microscopy as shown in Fig. 3. Arrows, preS1-EGFR speckles localized in the late endosome (left panels). Right, HBV infection was
evaluated with intracellular HBc (right panels, red) and core-associated HBV DNA (right graph). Protein expressions of EGFR or its variant (EGFR) and actin as an
internal control (actin) are also shown. B–E, similar analysis was performed using HepG2-NTCP cells (B and D) and primary human hepatocytes (C and E)
transfected with or without siRNA against STAM (B and C) or LAPTM4B (D and E), known trafficking adaptors that facilitate and suppress EGFR sorting to the late
endosome, respectively. Scale bars, 10 �m (left panels of A, B, and D) and 100 �m (right panels of A, B, and D). Error bars, S.D. Data are representative of at least
n � 3 independent experiments. *, p � 0.05; **, p � 0.01.
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PD98059 (12.5, 25, or 50 �M), FR180204 (12.5, 25, or 50 �M),
wortmannin (12.5, 25, or 50 �M), GSK690693 (12.5, 25, or 50
�M), or ruxolitinib (12.5, 25, or 50 �M)) to examine HBV infec-
tion. Bexarotene, a retinoid X receptor agonist, was used as a
positive control that has been reported to reduce HBV infection
(27).

Indirect immunofluorescence analysis

For evaluation of HBV infection, HBc in the cells after infec-
tion was detected by immunofluorescence as described (25)
using anti-HBc antibody (Thermo Scientific).

For detecting the subcellular localization of preS1 probe,
NTCP, EGFR, and the organelle markers, the indicated cells
were incubated with the preS1 probe at 4 °C for 30 min to 2 h
and then washed out. The preS1-attached cells were cultured at
37 °C to allow internalization under treatment with or without
EGF (100 ng/ml) for the indicated times (30 min in Fig. 2E; 15,
30, 40, 50, 60, 70, 80, and 90 min in Fig. 3; 50 min in Fig. 4A; 60
min in Fig. 4B; 40 min in Fig. 4D). The cells were fixed with
4% paraformaldehyde and permeabilized with 0.3% Triton
X-100, followed by incubation with anti-EGFR (Cell Signal-
ing Technology), anti-HA (Sigma) (for detection of HA-tagged
EGFRre-WT or EGFRre-5R in Fig. 4A), and anti-NTCP (28)
antibodies. The immunocomplex was visualized with Alexa
488 – or Alexa 647– conjugated secondary antibody (Thermo
Scientific) by staining the nucleus with 4�,6-diamidino-2-phe-
nylindole. For co-detection with organelle markers, we used
anti-EEA1 (early endosome) (BD Biosciences), anti-CD63 (late
endosome) (Santa Cruz Biotechnology, Inc.), and anti-LAMP1
(lysosome) (Abcam). Fluorescence signal was observed with
confocal microscopy TCS SP8 (Leica).

For quantification of the localization in Fig. 2E, we observed
at least 100 cells per sample as a total cell number and counted
the number of cells having intracellular speckles for each signal
(preS1 probe, NTCP, and EGFR) to calculate the percentage of
cells having internalized signal (shown in the right graph). In
Fig. 3, we counted the intracellular speckles that were positive

for preS1, at least 90 speckles per sample, as a total number, and
these preS1 speckles colocalized with both EGFR and each
organelle marker (organelle marker– colocalized preS1-EGFR
speckles). We calculated the percentage of the organelle
marker– colocalized preS1-EGFR speckles over the total preS1
speckles, and this is shown in the graph.

Statistics

Statistical significance was determined with at least three
samples by using Student’s test (*, p � 0.05; **, p � 0.01; N.S.,
not significant) in Figs. 1 (A and B), 2 (B, D, and E), 4 (A–E) and
Figs. S3 (A and B) and S4A.

Other experimental procedures are described in the support-
ing Experimental procedures.
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