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Hepatocellular carcinoma (HCC) is a hypervascular tumor, and accumulating
evidence has indicated that stimulation of angiogenesis by hepatitis B virus (HBV) may
contribute to HCC malignancy. The small protein of hepatitis B virus surface antigen
(HBsAg), SHBs, is the most abundant HBV protein and has a close clinical association with
HCC; however, whether SHBs contributes to HCC angiogenesis remains unknown. This
study reports that the forced expression of SHBs in HCC cells promoted xenograft tumor
growth and increased the microvessel density (MVD) within the tumors. Consistently,
HBsAg was also positively correlated with MVD counts in HCC patients’ specimens. The
conditioned media from the SHBs-transfected HCC cells increased the capillary tube formation and migration of human umbilical vein endothelial cells (HUVECs). Intriguingly,
the overexpression of SHBs increased vascular endothelial growth factor A (VEGFA)
expression at both the mRNA and protein levels. Higher VEGFA expression levels were
also observed in xenograft tumors transplanted with SHBs-expressing HCC cells and in
HBsAg-positive HCC tumor tissues than in their negative controls. As expected, in the culture supernatants, the secretion of VEGFA was also signiﬁcantly enhanced from HCC cells
expressing SHBs, which promoted HUVEC migration and vessel formation. Furthermore,
all three unfolded protein response (UPR) sensors, inositol-requiring enzyme 1a (IRE1a),
protein kinase RNA-like endoplasmic reticulum (ER) kinase (PERK), and activating transcription factor 6 (ATF6), associated with ER stress were found to be activated in SHBs-expressing cells and correlated with VEGFA protein expression and secretion. Taken together,
these results suggest an important role of SHBs in HCC angiogenesis and may highlight a
potential target for preventive and therapeutic intervention for HBV-related HCC and its
malignant progression.
ABSTRACT

IMPORTANCE Chronic hepatitis B virus infection is one of the important risk factors for
the development and progression of hepatocellular carcinoma (HCC). HCC is characteristic
of hypervascularization even at early phases of the disease due to the overexpression of
angiogenic factors like vascular endothelial growth factor A (VEGFA). However, a detailed
mechanism of HBV-induced angiogenesis remains to be established. In this study, we
demonstrate for the ﬁrst time that the most abundant HBV protein, i.e., small surface antigen (SHBs), can enhance the angiogenic capacity of HCC cells by the upregulation of
VEGFA expression both in vitro and in vivo. Mechanistically, SHBs induced endoplasmic
reticulum (ER) stress, which consequently activated unfolded protein response (UPR) signaling to increase VEGFA expression and secretion. This study suggests that SHBs plays
an important proangiogenic role in HBV-associated HCC and may represent a potential
target for antiangiogenic therapy in HCC.
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pproximately 350 million to 400 million people worldwide are believed to be
chronically infected with hepatitis B virus (HBV), 20 to 30% of whom will develop
cirrhosis and hepatocellular carcinoma (HCC) (1). Although the relationship between
persistent HBV infection and HCC development has been well documented, the underlying mechanisms are comprehensive and still difﬁcult to establish since HBV-associated hepatocarcinogenesis is a multifactorial process involving both direct and indirect
mechanisms that might act synergistically (2). HCC is a highly angiogenic cancer, and
accumulating data have indicated that HBV may stimulate angiogenesis, thereby contributing to HCC progression and malignancy (3, 4). In fact, conditioned medium of
HBV-infected hepatocytes was shown to be capable of inducing the formation of tubelike structures, resembling blood vessels, of human umbilical vein endothelial cells
(HUVECs) (5). In patients with chronic viral hepatitis, a signiﬁcant change in the vascular
architecture takes place with neovascularization, suggesting that angiogenesis could
contribute to the increased risk of HCC in patients with chronic HBV infection. The appearance of endothelial cells (ECs) forming characteristic capillary structures in inﬂamed portal
tracts from chronic viral hepatitis has been demonstrated. Regardless of its etiology, HCC is
a highly vascularized tumor, and vascular endothelial growth factor A (VEGFA; also referred
to as VEGF) is thought to be the most important surrogate biomarker of cancer angiogenesis (6, 7). An association between increased serum VEGFA and advanced-stage HCC, characterized by vascular invasion and metastasis, has been reported previously (8, 9). Additionally,
a correlation between microscopic venous invasion and intrahepatic metastasis and high serum VEGFA levels has been demonstrated in a trial that may transform the treatment landscape of HCC (10). Despite the clear association among HBV infection, VEGFA expression,
and clinicopathological features in patients with HCC, the underlying mechanism is still not
fully understood.
Chronic HBV infection is characterized by the persistence of hepatitis B virus surface
antigen (HBsAg) that consists of large (LHBs), middle (MHBs), and small (SHBs) surface
antigens. Of the three envelope proteins, SHBs is produced at a high rate and can be
secreted independently of LHBs and MHBs. Coincidentally, in the sera of hepatitis B
patients, SHBs is presented as the most abundant HBV protein (11). Many studies have
reported that the accumulation of HBV surface proteins in the endoplasmic reticulum
(ER) of HBV-infected hepatocytes causes ER stress that could elicit several signaling
pathways essential for cell proliferation, invasion, cell survival, and apoptosis, all of
which could contribute to the progression of severe liver diseases such as cirrhosis and
HCC (12–14). For instance, deletions in the pre-S1 or pre-S2 regions have been shown
to be more often associated with the development of hepatocellular carcinoma (12).
The L77R mutation in SHBs resulted in the markedly reduced secretion of virions but
signiﬁcantly increased retention of HBsAg in the ER-Golgi apparatus of transfected
Huh7 cells, which was similar to what was observed when LHBs was overexpressed,
although there was no evidence of ER stress (13). The HBsAg variant KD with W36L/
V47K/N52D/V184A/F220L substitutions, which was isolated from a South Korean subject occultly infected with genotype C and exhibits a secretion-defective phenotype,
universally induced ER stress in hepatocytes, leading to liver-damaging processes, including reactive oxygen species (ROS) production, nitric oxide production, and apoptosis induction (14). Moreover, it has been found that HBsAg binds to enoyl-coenzyme A hydratase
short chain 1 (ECHS1), affects the localization of ECHS1 in the mitochondria, decreases the
mitochondrial membrane potential (MMP), and ultimately leads to cell apoptosis (15). The
interaction with JUN activation domain-binding protein 1 (JAB1) triggers the degradation of
the cyclin-dependent kinase (CDK) inhibitor p27, the hyperphosphorylation of pRb, and cell
cycle progression (16). Overwhelming ER stress and an excessive unfolded protein response
(UPR) can cause hepatic inﬂammation, cell death, tissue damage, and ﬁbrosis, contributing
to the development of various liver diseases (17, 18).
Given the oncogenic potential of HBsAg-induced ER stress and the important role
of VEGFA in HCC vascularization, it is tempting to speculate that ER stress caused by
SHBs in hepatocytes may stimulate VEGFA expression and secretion via UPR signals,
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FIG 1 SHBs promotes angiogenesis of HCC. (A) In vitro growth curves of Huh7-Flag, Huh7-SHBs, HepG2-Flag, and HepG2-SHBs cells as determined by a
CCK-8 assay. OD450, optical density at 450 nm. (B) Relative growth rates of Huh7-Flag versus Huh7-SHBs tumors and HepG2-Flag versus HepG2-SHBs
tumors after subcutaneous inoculation of 2  106 cells into nude mice. (C) Gross appearance of the dissected tumors xenografted from the indicated cells
at the end of the experiment. (D) Tumor weight at the end of the study. (E) Density of microvessels as assessed by CD31 immunochemistry in the
indicated xenograft tumors. (F) Density of microvessels as assessed by CD31 immunochemistry in HBsAg-negative and -positive HCC specimens. Bars,
50 m m. Original magniﬁcation, 200. Values are means 6 standard deviations (SD) from 3 to 5 independent experiments. *, P , 0.05.
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thus promoting HCC angiogenesis. Here, we report that the ectopic expression of SHBs
in HCC cells upregulates VEGFA expression via the activation of ER stress-associated
signaling.

F1

RESULTS
SHBs induces angiogenesis in vivo. First, we examined the effect of SHBs expression on cell proliferation by a cell counting kit 8 (CCK-8) assay using previously established stable clones of Huh7 and HepG2 cells expressing either the SHBs-Flag fusion
protein (named Huh7-SHBs and HepG2-SHBs) or the Flag tag only (designated Huh7Flag and HepG2-Flag). No signiﬁcant difference in cell growth was found between
SHBs-expressing and nonexpressing cells in vitro (Fig. 1A). However, when HCC cells
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were xenografted subcutaneously into BALB/c nude mice, the overexpression of SHBs
in Huh7 and HepG2 cells signiﬁcantly promoted tumor growth in vivo compared with
the control tumors (Fig. 1B to D). Therefore, it was speculated that SHBs-promoted tumor growth in vivo may act through the induction of tumor neovascularization. To
assess tumor neovascularization, the angiogenic marker CD31 was immunochemically
stained, and CD31-positive vessels were counted on the xenograft tumors and HCC
clinical specimens (Fig. 1E and F). Apparently, the mean microvessel density (MVD) values in Huh7-SHBs or HepG2-SHBs xenograft tumors were signiﬁcantly higher than
those of their respective controls (91.9 6 5.6 versus 46.6 6 10.8 and 123.1 6 16.1 versus 53.3 6 2.7, respectively [P , 0.05]). Intriguingly, a signiﬁcant correlation between
MVD and HBsAg expression in the HCC specimens was noted (r = 0.532; P , 0.001).
These results clearly suggest that the expression of SHBs enhances HCC angiogenesis
in vivo.
Supernatants of SHBs-expressing HCC cells promote the angiogenic capacity of
HUVECs. To further conﬁrm the effect of SHBs on HCC angiogenesis, the conditioned
medium (CM) derived from SHBs-expressing HCC cells was used to culture human umbilical vein endothelial cells (HUVECs) to determine tube formation. As expected, CM
harvested from Huh7-SHBs or HepG2-SHBs cells signiﬁcantly increased the formation
of tube structures compared with the control cells (Fig. 2A). Moreover, CM from SHBsexpressing HCC cells signiﬁcantly increased the migratory capability of HUVECs in the
transwell migration assay (Fig. 2B). The motogenic phenotype was also conﬁrmed in a
wound-healing/scratch assay showing that CM from SHBs-expressing cells closed the
wound more rapidly than that from the control cells (Fig. 2C). To further deﬁne the
contribution of SHBs to HUVEC tube formation and migration, we employed a 1.2-mer
HBV replicon system, mimicking the natural course of HBV infection in human hepatic
cell lines (19). An SHBs- or hepatitis B virus X protein (HBx)-null counterpart of the HBV
1.2-mer replicon, i.e., pRep-HBV-SHBs(2) or pRep-HBV-HBx(2), was also created for the
comparison. The lack of expression of SHBs or HBx in pRep-HBV-SHBs(2)- or pRepHBV-HBx(2)-transfected cells was veriﬁed by Western blotting (Fig. 2D). Of note, the
depletion of SHBs from the 1.2-mer HBV replicon system also abrogated the expression
of LHBs and MHBs. Figure 2E shows that CM from 1.2-mer HBV replicon-transfected
Huh7 or HepG2 cells substantially enhanced the tube formation of HUVECs compared
to the empty control vector pRep-Sal. In sharp contrast, CM derived from HCC cells
transfected with the SHBs-null or HBx-null replicon dramatically impaired the ability to
stimulate HUVEC tube formation. Similar results were obtained in the transwell migration assay (Fig. 2F). It is noteworthy that HBx could stimulate angiogenesis during hepatocarcinogenesis by enhancing the transcription of VEGF (20). Therefore, an HBx mutant was included as a parallel control for the SHBs mutant for their effect on the
angiogenic and migratory capacities of HUVECs. Taken together, these results conﬁrm
that CM from SHBs-expressing HCC cells enhances the angiogenic capacity of HUVECs
and that both SHBs and HBx have similar effects on promoting angiogenesis in vitro.
SHBs upregulates the expression of VEGFA in HCC cells. Vascular endothelial
growth factor (VEGF) is an important proangiogenic factor that refers to the family of
VEGF-related polypeptides, including VEGFA, VEGFB, VEGFC, and VEGFD, etc. VEGF is a
well-known marker for angiogenesis in chronic liver disease (21). Therefore, we examined and compared the intracellular expression of VEGF in SHBs-overexpressing and
control HCC cells. The results showed that among the VEGF family members, only
VEGFA protein expression was signiﬁcantly upregulated in SHBs-overexpressing Huh7SHBs or HepG2-SHBs cells as detected by immunoblot analysis (Fig. 3A) or by an
enzyme-linked immunosorbent assay (ELISA) of the culture supernatants (Fig. 3B).
Meanwhile, the transcriptional level of VEGFA was also increased in Huh7-SHBs or
HepG2-SHBs cells as determined by quantitative reverse transcription-PCR (qRT-PCR)
(Fig. 3C). Similarly, immunohistochemical staining of formalin-ﬁxed parafﬁn-embedded
tissue sections from Huh7-SHBs or HepG2-SHBs xenograft tumors revealed that SHBsexpressing tumors concurrently had a signiﬁcantly higher level of VEGFA expression
than the control tumors (Fig. 3D). Furthermore, there was a positive correlation
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FIG 2 The supernatant of SHBs-expressing cells promotes migration and tube formation of HUVECs. (A) Capillary tube formation in HUVECs cultured in
conditioned medium (CM) derived from Huh7-Flag, Huh7-SHBs, HepG2-Flag, and HepG2-SHBs cells. (B) Migrated HUVECs after incubation in CM derived
from Huh7-Flag, Huh7-SHBs, HepG2-Flag, and HepG2-SHBs cells in the transwell migration assay. (C) Relative motility of HUVECs cultured with CM derived
from the indicated cells as assessed by a wound-healing assay. (D) Expression of SHBs and HBx in pRep-HBV-, pRep-HBV-SHBs(2)-, or pRep-HBV-HBx
(2)-transfected Huh7 or HepG2 cells was assessed by Western blotting. (E) Capillary tube formation in HUVECs cultured in CM derived from HCC cells
transfected with pRep-HBV, pRep-HBV-SHBs(2), pRep-HBV-HBx(2), or the empty control vector pRep-Sal. (F) Migrated HUVECs after incubation in CM
derived from HCC cells transfected with pRep-HBV, pRep-HBV-SHBs(2), pRep-HBV-HBx(2), or the empty control vector pRep-Sal in the transwell migration
assay. Values are means 6 SD from 3 to 5 independent experiments. *, P , 0.05.
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FIG 3 SHBs induces VEGFA expression. (A) Western blot analysis of VEGFA, VEGFB, VEGFC, and VEGFD protein
expression in Huh7-Flag, Huh7-SHBs, HepG2-Flag, and HepG2-SHBs cells. (B) ELISA of VEGFA protein expression in the
indicated cell supernatants. (C) qRT-PCR analysis of VEGFA mRNA expression in the indicated cells. Transcript levels
were normalized to GAPDH and expressed relative to the respective control cells. (D) VEGFA expression in the
indicated xenograft tumors by anti-VEGFA immunohistochemistry (IHC). (E) Immunochemical staining of HBsAg and
VEGFA in HCC tissues (n = 20). A signiﬁcant positive correlation was found between SHBs and VEGFA expression in
HCC tissues. Values are means 6 SD from 3 to 5 independent experiments. *, P , 0.05.
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between HBsAg and VEGFA expression in the HCC clinical specimens (Fig. 3E). Overall,
these results suggested that the expression of SHBs is linked to the upregulation of
VEGFA in HCC cells.
SHBs promotes angiogenesis via inducing VEGFA expression. To further verify
the central role of VEGFA in SHBs-induced angiogenesis, VEGFA was knocked down in
HCC cells by two VEGFA-speciﬁc small interfering RNAs (siRNAs), and VEGF receptor tyrosine kinase signaling in HUVECs cultured with CM from VEGFA-silenced HCC cells
was then examined. The knockdown of VEGFA in these cells was conﬁrmed by an
ELISA of CM that demonstrated a signiﬁcant reduction of secreted VEGFA from both
SHBs-overexpressing and control HCC cells (Fig. 4A). The in vivo angiogenic response
to VEGFA is mediated mainly through the activation of VEGF receptor 2 (VEGFR2) upon
ligand binding by the dimerization of the tyrosine kinase receptor and the consequent
autophosphorylation of tyrosine residues, including Tyr951, to coordinate endothelial
cell proliferation/survival, primarily via the extracellular signal-regulated kinase (ERK)
and phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathways (22, 23). As anticipated, compared to CM from the control cells, CM from SHBs-expressing cells
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FIG 4 SHBs promotes angiogenesis via inducing VEGFA expression. (A) ELISA of VEGFA protein expression in the supernatants of Huh7-Flag,
Huh7-SHBs, HepG2-Flag, and HepG2-SHBs cells with or without VEGFA knockdown. (B) Western blot analysis of the phosphorylation status of
VEGFR activation-associated signaling molecules in HUVECs cultured with CM from the indicated cells. (C) Capillary tube formation in HUVECs
cultured in CM derived from the indicated cells. (D) Migrated HUVECs after incubation in CM derived from the indicated cells. (E) CM
harvested from Huh7-SHBs, HepG2-SHBs, or control cells was pretreated with 1.0 m g/mL neutralizing antibodies against VEGFA, and tube
formation of HUVECs cultured in the pretreated CM was then examined. (F) Number of migrated HUVECs after incubation in the pretreated
CM. Values are means 6 SD from 3 to 5 independent experiments. *, P , 0.05.

increased the phosphorylation of VEGFR2 as well as ERK and AKT in HUVECs (Fig. 4B).
However, the knockdown of VEGFA in SHBs-expressing and control HCC cells abolished
the activation of VEGFR2 and the phosphorylation of ERK and AKT equally well in
HUVECs. Moreover, CM from VEGFA-silenced and SHBs-expressing HCC cells signiﬁcantly inhibited HUVEC endothelial capillary formation and migration, whereas the
knockdown of VEGFA in the control non-SHBs-expressing cells did not elicit any
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FIG 5 SHBs induces VEGFA via ER stress. (A) Effect of the ER stress inhibitors 4-PBA and TUDCA on the expression of BIP
and VEGFA in Huh7-Flag, Huh7-SHBs, HepG2-Flag, and HepG2-SHBs cells. Cells were treated with 5 mM 4-PBA or 2 mM
TUDCA for 24 h and analyzed by Western blotting. DMSO, dimethyl sulfoxide. (B) Migrated HUVECs after incubation in CM
derived from the indicated cells with or without 4-PBA or TUDCA treatment in the transwell migration assay. (C) Effect of
SHBs mutants G145R and KD (ﬁve mutations, W36L, T47K, N52D, V184A, and F220L), known to aggravate ER retention, on
VEGFA protein expression. (D) ELISA of VEGFA protein expression in the supernatants of HCC cells transfected with pSHBs,
pG145R, pKD, or the empty control vector pcDNA3.1. (E) Capillary tube formation in HUVECs cultured in CM derived from
HCC cells transfected with pSHBs, pG145R, pKD, or the empty control vector pcDNA3.1. (F) Migrated HUVECs after
incubation in CM derived from HCC cells transfected with pSHBs, pG145R, pKD, or the empty control vector pcDNA3.1.
Values are means 6 SD from 3 to 5 independent experiments. *, P , 0.05.

notable effect on HUVEC tube formation and migration (Fig. 4C and D). Similar results
were obtained by the addition of neutralizing antibodies against VEGFA (Fig. 4E and F).
These results provide further evidence that SHBs-enhanced angiogenesis acts through
the upregulation of VEGFA expression and VEGFR2-dependent signaling.
SHBs-induced upregulation of VEGFA is mediated through endoplasmic reticulum
stress. We and others have shown that SHBs could induce endoplasmic reticulum (ER)
stress (19, 24, 25). However, whether SHBs-induced ER stress in HCC cells is responsible
for VEGFA expression and production has not been reported. To explore this, SHBsoverexpressing and control HCC cells were treated with the ER stress inhibitor 4-PBA or
AQ:G/F5 TUDCA, and the alteration in VEGFA expression was then assessed. As shown in Fig.
5A, the addition of 4-PBA or TUDCA, which effectively relieved ER stress, as reﬂected by
the decreased expression of BIP (a putative ER stress sensor), abrogated the SHBsinduced increase of VEGFA expression. In parallel, CM from SHBs-expressing but not
control cells, while both were treated with 4-PBA or TUDCA, signiﬁcantly diminished
the migratory ability of HUVECs (Fig. 5B). The notion that SHBs-induced ER stress is a
determinant of VEGFA production was also supported by the observation that the
introduction of SHBs mutants G145R and KD (W36L/V47K/N52D/V184A/F220L), known
to aggravate ER retention (14, 19), further increased the expression of VEGFA (Fig. 5C
and D) and promoted HUVEC tube formation and migratory ability (Fig. 5E and F).
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Induction of VEGFA by SHBs is dependent on UPR signaling. Cells cope with ER
stress by activating the unfolded protein response (UPR). The three main ER transmembrane sensors that elicit the UPR include the activating transcription factor 6 (ATF6)
axis, the inositol-requiring enzyme 1a/X-box-binding protein 1 (IRE1a/XBP1) axis, and
the protein kinase RNA-like ER kinase–activating transcription factor 4 (PERK-ATF4) axis
(26). It has been shown that transcription factors from all three arms of the UPR (ATF4,
spliced XBP1, and cleaved ATF6) have consensus sites on the promoter region of VEGF
to drive VEGF transcription once binding (27, 28). To investigate whether SHBs-induced
VEGFA expression originated from UPR signaling, ATF6, IRE1a, or PERK was individually
knocked down in HCC cells, and the expression of VEGFA was examined. As shown in
Fig. 6A to E, siRNA-mediated knockdown of either ATF6, IRE1a, or PERK attenuated
VEGF protein expression and mitigated the expression of the respective activation
markers of the ATF6/IRE1a/PERK signaling pathway, such as p50-ATF6, spliced XBP1,
and ATF4/CHOP, initially induced by SHBs. It has been demonstrated that the VEGFA
promoter region contains XBP1- and ATF6-binding sites (1,309 bp upstream of the
VEGFA transcription start site), and the ﬁrst intron of VEGFA contains an ATF4-binding
site (3,351 bp downstream of the VEGFA transcription start site) (27, 28). To determine
whether UPR transcription factor binding was required for VEGFA induction under
SHBs-triggered ER stress conditions, the human VEGFA gene sequence (bp 21309 to 0
or bp 0 to 13351 from the transcription start site) containing the binding sites of the
UPR transcription factors was cloned into the pGL4.10[luc2] reporter plasmid, and the
resulting plasmids were transfected into Huh7 and HepG2 cells with knockdown of
each UPR transcription factor. We found that the knockdown of IRE1a, ATF6, or PERK
signiﬁcantly decreased the luciferase activities (Fig. 6F). CM from SHBs-expressing HCC
cells with a knockdown of any one of the three UPR effectors also resulted in signiﬁcant reductions of HUVEC tube formation (Fig. 6G) and HUVEC migration (Fig. 6H).
These results suggest that the induction of VEGFA by SHBs-caused ER stress is dependent on UPR signaling.
DISCUSSION
HBV infection remains a major global health problem, infecting around 2 billion
people in the world. An estimated 350 million to 400 million people worldwide are
believed to be chronically infected with HBV, among whom 350 million people present
with chronic hepatitis B (CHB) infection (29). CHB is one of the most important risk factors for the development of HCC (30). Currently, there are no good curative therapies
available for HCC; thus, the 5-year survival rate remains dismal. As HCC is a highly vascularized tumor characteristic of active neovascularization, the identiﬁcation of cellular
factors that regulate angiogenesis might offer an opportunity to combat this aggressive cancer. In the serum of HBV patients, HBsAgs are the most abundant HBV proteins,
and a higher HBsAg level ($1,000 IU/mL) has been shown to be associated with a
higher risk of development of HCC (31). However, the pathogenic role and detailed
mechanism of SHBs, particularly in HCC angiogenesis, remain largely unknown. In this
study, we found that SHBs plays a crucial proangiogenic role in HCC via a mechanism
linked to the activation of UPR signaling and the consequent VEGFA expression under
conditions of ER stress caused by SHBs.
Accumulating evidence has indicated that HBV proteins can modulate the angiogenesis pathway, thus contributing to HCC progression and malignancy (4). Among
the HBV proteins, the most pathogenic protein, hepatitis B virus X protein (HBx), has
received much attention in HBV-induced angiogenesis. HBx alone could induce an
angiogenic response as HBx transfectants increased the formation of new blood vessels compared to the control transfectants (20). Furthermore, in HBx transgenic mice,
there was a signiﬁcant increase of VEGF mRNA expression in the livers of the mice (32).
HBx-enhanced angiogenesis may be mediated by altering multiple pathways and processes that are implicated in angiogenesis. It has been shown that HBx activates mitogen-activated protein kinase (MAPK), whose activation leads to the upregulation of
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FIG 6 SHBs induces VEGFA expression via the UPR pathway. (A to D) Effect of siRNA-mediated knockdown of ATF6 (A), IRE1a (B), or PERK (C and D)
on the expression of VEGFA and the activation markers of the ATF6/IRE1a/PERK pathway in Huh7-Flag, Huh7-SHBs, HepG2-Flag, and HepG2-SHBs

(Continued on next page)
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angiopoietin-2 (Ang-2) expression (33) and the stabilization of hypoxia-inducible factor
1a (HIF-1a) (34). HIF-1a is known to stimulate the transcription of VEGF, and in the clinical setting, the level of HIF-1a in HCC samples is positively correlated with vascular
invasion (35). Moreover, the X protein also upregulates the expression of matrix metalloproteinase 2 (MMP-2), MMP-3, MMP-9, MMP-14, and cyclooxygenase-2 (COX-2), all of
which may play an important role in HBV-related angiogenesis in HCC (4). Unlike HBx,
very little is known about the possible role of HBsAg in HCC angiogenesis. In the present study, we found that the overexpression of SHBs in HCC cells markedly promoted
tumor growth in vivo, which was accompanied by a higher expression level of the
angiogenic marker CD31 and a higher MVD count in xenografted tumors than in control tumors. More importantly, in clinical specimens from HCC patients, there was a signiﬁcant correlation between MVD and HBsAg expression. The notion that SHBs may
play a crucial role in HCC angiogenesis was further conﬁrmed by in vitro functional
studies. We found that the forced expression of SHBs in HCC cells not only increased
the formation of tubule structures in HUVECs but also enhanced the migratory capability of HUVECs. All of these results indicate the promotive effect of SHBs on HCC angiogenic progression. In parallel with the ability of SHBs to promote the angiogenic
capacity of HCC cells, VEGFA was found to be signiﬁcantly upregulated in SHBs-overexpressing cells and the cell supernatants as well as in xenografted tumors, indicating a
close association between SHBs expression and VEGFA upregulation.
VEGFA is one of the most potent and best-studied angiogenic factors. Tumor angiogenesis can rely primarily on VEGFA-driven responses leading to a dysfunctional vasculature. However, the complex processes of angiogenesis involve many other factors
derived from both tumor cells and endothelial cells, which may explain why VEGFA signal pathway inhibitors are not very effective at yielding endurable clinical responses in
most patients but rather yield transitory improvements followed by resistance (36).
Emerging evidence has implicated pathways of ER stress in angiogenesis and their
effects on vascular pathologies such as vasoproliferative disorders of the eye, cancer,
and atherosclerosis (26). An early study in transgenic mice demonstrated that when
LHBs and SHBs were produced by hepatocytes at roughly equimolar ratios, HBsAg particles were formed that became entrapped within the endoplasmic reticulum to initiate
a cascade of events that ultimately progressed to malignant transformation (37).
Indeed, the mutated HBsAg proteins, primarily pre-S mutants, are now regarded as
“precursor lesions of HCC” and a risk factor for the development and recurrence of
HCC due to the induction of ER stress and hepatocyte injury (38, 39). However, it
should be recognized that HBsAg variants may have distinct capacities or pathways to
induce ER stress and deﬁnite resulting clinical outcomes (40). In MHBs and LHBs variants generated by mutations in the pre-S region, ER stress occurred via the increased
intracellular accumulation of MHBs or LHBs variants or via the increased accumulation
of HBsAg due to the incorrect ratio of produced LHBs and HBsAg (40). Because the relative ratio of LHBs to MHBs and SHBs is crucial for HBV replication, it appears that HBV
has evolved a feedback mechanism by which ER stress induced by the accumulation of
LHBs could increase the synthesis of MHBs and SHBs proteins, which together form
mixed, secretable particles (41). Intriguingly, in this study, we found that the depletion
of SHBs from the 1.2-mer HBV replicon system also abrogated the expression of LHBs
and MHBs. Consistent with this observation, a recent study also demonstrated that the
abolished expression of the full-length SHBs protein by mutation of the S gene ATG
codon into ATA, AAG, TTG, or GCG was accompanied by blocked LHBs protein secreFIG 6 Legend (Continued)
cells detected by Western blotting (A; B, top three panels; and C), semiquantitative RT-PCR (B, bottom two panels), or quantitative real-time PCR (D).
(E) ELISA of VEGFA protein expression in the supernatants of HCC cells transfected with siRNAs for ATF6, IRE1a, or PERK. (F) Cells were cotransfected
with plasmids containing the VEGFA promoter/intron and the Renilla control vector after siRNA-mediated knockdown of ATF6, IRE1a, or PERK, and
luciferase activities were measured. (G) Capillary tube formation in HUVECs cultured in CM derived from Huh7-Flag and Huh7-SHBs cells or HepG2Flag and HepG2-SHBs cells with or without knockdown of ATF6, IRE1a, or PERK. (H) Migrated HUVECs after incubation in CM derived from Huh7Flag and Huh7-SHBs cells or HepG2-Flag and HepG2-SHBs cells with or without knockdown of ATF6, IRE1a, or PERK. Values are means 6 SD from 3
to 5 independent experiments. *, P , 0.05.
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tion, the loss of intracellular MHBs protein, and reduced intracellular LHBs protein (42).
These ﬁndings further strengthen the notion that SHBs coexpression should be
required to stabilize LHBs and MHBs proteins. Further studies are warranted to investigate how the balanced synthesis of the three forms of the HBV surface protein operates in HCC cells transfected with the HBV replicon system with respect to their
induced ER stress and angiogenesis.
Our recent study has also revealed a novel role of SHBs in the progression and metastasis of HCC wherein SHBs elicits ER stress to activate JAK2-STAT3 signaling cascades
for the induction of the epithelial-to-mesenchymal transition (EMT) process in HCC
(25). However, whether and how SHBs-induced ER stress in HCC cells could give rise to
VEGFA expression and contribute to HCC angiogenesis remain unknown. The present
study demonstrates that treatment of SHBs-overexpressing cells with ER stress inhibitors signiﬁcantly reduced VEGFA expression. Additionally, when HCC cells overexpressing SHBs were treated with ER stress inhibitors, the capacity of CM from the treated
and SHBs-overexpressing cells to enhance the angiogenic capacity was also attenuated. On the other hand, the expression of SHBs mutants G145R and KD that are
known to aggravate ER retention (13) further increased VEGFA expression, and CM
from the SHBs mutant-transfected cells promoted HUVEC tube formation and migration. These ﬁndings clearly suggest that the ability of SHBs to promote the angiogenic
capacity of HCC acts through the induction of ER stress.
While the past 3 decades have witnessed a surge in our understanding of the cellular and molecular mechanisms governing blood vessel growth, little information is
available with respect to the link between angiogenesis and ER stress. Nevertheless,
the classical pathways of the unfolded protein response (UPR) activated under conditions of ER stress have recently been described to generate angiomodulatory or angiostatic signals (26). The mammalian UPR consists of a triad of ER membrane-resident
sensors: IRE1a (inositol-requiring enzyme 1a), PERK (protein kinase-like endoplasmic
reticulum kinase), and ATF6 (activating transcription factor 6). Intriguingly, their respective transcription factors, i.e., XBP1s, ATF4, and ATF6f, have consensus sites on the
VEGFA promoter region to which the three UPR-related transcription factors could
bind and then drive VEGFA transcription (27). For instance, XBP1s has the ability to
bind to more than two regions in the VEGF promoter (43). Moreover, homocysteine
treatment or exposure to oxidative stressors such as arsenite could trigger ATF4-dependent transcription of VEGF through binding to the promoter region of VEGF (44).
However, it should also be noted that ER stress can have context-dependent and dichotomous effects on angiogenesis (26). In the present study, we found that the
knockdown of either ATF6, IRE1a, or PERK in SHBs-expressing HCC cells decreased
VEGFA protein expression, suggesting that in the context of SHBs-induced ER stress,
any one of the three arms of the UPR signaling pathways could individually contribute
to the enhancement of VEGFA expression. Although it remains possible that angiogenic programs can utilize the signaling machinery of the UPR independent of ER
stress, these results indicate that SHBs promotes the angiogenic capacity of HCC at
least in part by activating UPR signaling pathways.
In summary, as pictorially modeled in Fig. 7, this study has revealed an important
role of SHBs in HCC angiogenesis via the activation of the UPR pathways under conditions of ER stress caused by SHBs, which may provide new insight into the mechanisms
that regulate angiogenesis for the malignant progression of HBV-related HCC and may
represent SHBs as a promising preventive and therapeutic target for this grave disease.
MATERIALS AND METHODS
Clinical specimens and patient information. A total of 20 HCC patients who underwent hepatectomy at the First Afﬁliated Hospital of Fujian Medical University between 2014 and 2018 were enrolled
in this study. Their clinicopathological characteristics were described previously (25). All patients were
diagnosed pathologically with primary HCC. Informed consent was obtained from all the patients, and
the protocol was approved by the Ethics Committee of Fujian Medical University.
Cell lines and culture. The human hepatoma cell lines HepG2 and Huh7 were obtained from the
American Type Culture Collection (Manassas, VA, USA) and the China Center for Type Culture Collection
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FIG 7 Schematic models for the mechanism by which SHBs promotes HCC angiogenesis via ER stress
signaling to upregulate VEGFA expression.
(Wuhan, China), respectively. HUVECs were a kind gift from H. S. Huang (45). HepG2 cells, Huh7 cells,
and HUVECs were maintained in minimum essential medium (MEM; Invitrogen, Carlsbad, CA, USA),
Dulbecco’s modiﬁed Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA, USA), and endothelial cell medium (ECM; ScienCell, San Diego, CA, USA), respectively, supplemented with 10% heat-inactivated fetal
bovine serum (FBS; HyClone Laboratories Inc., Logan, UT, USA) in a 5% CO2 humidiﬁed incubator at
37°C.
Plasmid construction. pCDH-Flag was constructed by inserting Flag coding sequences of
GATTACAAGGATGACGACGATAAG into the NotI and NheI sites (New England BioLabs, Beverly, MA, USA)
of pCDH-CMV-MCS-EF1-Puro (System Biosciences, Palo Alto, CA, USA). pCDH-SHBs-Flag was constructed
by inserting the PCR-generated SHBs-Flag fusion gene from HBV DNA (3,215 bp, genotype B, adw subtype [GenBank accession number AF100309]) into pCDH-CMV-MCS-EF1-Puro (Flag epitope at the C terminus of SHBs) (46). The primer sequences were as follows: 59-TTGCTAGCGCCACCATGGAGAACATCG
CATCAGG-39 (forward) and 59-CGGCGGCCGCTTACTTATCGTCGTCATCCTTGTAATCAATGTATACCCAAA
GACAA-39 (reverse). Stable clones of Huh7 and HepG2 cells expressing either SHBs or the Flag tag only
were established as previously reported (25). pRep-HBV harboring the 1.2-unit-length HBV genome and
the control empty plasmid pRep-Sal1 were constructed as described previously (47). pRep-HBV-HBx(2)
containing a stop codon at the 8th amino acid of HBx (CAA to TAA) and pRep-HBV-SHBs(2) with the
SHBs start codon ATG mutated to ACG were generated by site-speciﬁc mutagenesis as described previously (48). pG145R (expressing SHBs mutant G145R) and pKD (expressing a combination of ﬁve amino
acid mutations in SHBs, i.e., W36L/V47K/N52D/V184A/F220L) were constructed by subcloning the PCRampliﬁed fragments with the designed mutations using pSHBs-Flag as a template into pcDNA3.1/Hygro
(1) (Invitrogen, Carlsbad, CA). The sequence of the human VEGFA gene (positions 21309 to 0 or positions 0 to 13351) from the VEGFA transcriptional initiation site, known to contain UPR transcription factor-binding sites (27, 28), was chemically synthesized by General Biosystems with EcoRV-HindIII (VEGFA
positions 0 to 13351) and KpnI-XhoI (VEGFA positions 21309 to 0) recognition sites on two ends and
then cloned into the pGL4.10[luc2] vector (Promega, Madison, WI, USA) to generate the respective luciferase reporter plasmids (27). Transfection was performed using Lipofectamine 3000 transfection reagent
(Invitrogen) according to the manufacturer’s instructions.
RNA interference. Small interfering RNAs (siRNAs) speciﬁcally targeting VEGFA, ATF6, PERK, and
IRE1a were designed and chemically synthesized by Shanghai GenePharma Co. (Zhangjiang Hi-Tech
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Park, Shanghai, China). A nontargeting control siRNA (NC-siRNA) was used as a negative control. siRNAs
were transfected into cells using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s
instructions. The knockdown efﬁciency was conﬁrmed by Western blotting at 48 h posttransfection. The
siRNAs are as follows: NC-siRNA (59-UUCUCCGAACGUGUCACGUTT-39), siVEGFA#1 (59-GCAGCUACUGCC
AUCCAAUTT-39), siVEGFA#2 (59-CAGCACAACAAAUGUGAAUTT-39), siATF6#1 (59-GCACCAUCCCUGAGUCA
UUTT-39), siATF6#2 (59-GGAGACAGCAACGUAUGAUTT-39), siPERK#1 (59-GUGGAAAGGUGAGGUAUAUTT39), siPERK#2 (59-GCAGUCAUCAGUCAGAAUUTT-39), siIRE1a#1 (59-CCUUUCUCCCAGAUCCUAATT-39), and
siIRE1a#2 (59-GCAAGAACAAGCUCAACUATT-39).
Western blot analysis. Tissues were lysed for 10 min in radioimmunoprecipitation assay (RIPA) lysis
buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS), and
cells were lysed for 30 min at 4°C in Western and immunoprecipitation (IP) lysis buffer (20 mM Tris [pH
7.5], 150 mM NaCl, 1% Triton X-100) supplemented with a mix of protease inhibitors (Beyotime
Biotechnology, Shanghai, China). The protein concentration was determined using the bicinchoninic
acid (BCA) protein assay kit (Thermo Fisher Scientiﬁc, Waltham, MA, USA) according to the manufacturer’s protocol. Proteins were separated by SDS-PAGE on a 12% or 10% gel under reducing conditions
and transferred to polyvinylidene diﬂuoride (PVDF) membranes (Bio-Rad Laboratories, Hercules, CA,
USA). The membrane was blocked for 1 h with Tris-buffered saline (TBS)–Tween 20 (50 mmol/L Tris,
160 mmol/L NaCl, 0.1% Tween 20 [pH 7.8]) containing 5% bovine serum albumin (BSA), and all subsequent steps were done in this buffer, followed by incubation overnight at 4°C with primary antibodies
against HBsAg (Creative-Diagnostics, NY, USA); HBx (Abcam); VEGFA (Bioss, Beijing, China); ATF6 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA); and b -actin, Flag, ERK1/2, p-ERK1/2(Thr202/Tyr204), AKT, pAKE(Ser473), p-AKT(Thr308), VEGFR2, p-VEGFR2(Tyr951), BIP, XBP1s, p-PERK, EIF2a, and p-EIF2a (all from
Cell Signaling Technology, Danvers, MA). After intensive washing, the horseradish peroxidase (HRP)coupled secondary antibody (Cell Signaling Technology) was added for 1 h, and the proteins were
visualized with enhanced BeyoECL Star (Beyotime Biotechnology).
In vitro VEGFA quantiﬁcation. The supernatants were collected from Huh7-SHBs or HepG2-SHBs
cells, and VEGFA was quantiﬁed by using the Quantikine VEGFA enzyme-linked immunosorbent assay
(ELISA) kit (Abcam).
Quantitative real-time PCR analysis. Total RNA was extracted using the TRIzol reagent (Invitrogen)
and transcribed to cDNA by using the ExScript reverse transcription-PCR (RT-PCR) kit (TaKaRa, Shiga, Japan).
Quantitative real-time PCR was performed using the Mx3000P real-time PCR system (Agilent Technologies,
Santa Clara, CA, USA) with the SYBR Premix ExTaq kit (TaKaRa) according to the manufacturer’s instructions.
The primers used were as follows: 59-AGGGCAGAATCATCACGAAGT-39 (forward) and 59-AGGGTCTCGATTG
GATGGCA-39 (reverse) for VEGFA, 59-GTTCTCCAGCGACAAGGCTA-39 (forward) and 59-ATCCTGCTTGCTGTTG
TTGG-39 (reverse) for ATF4, 59-AGAACCAGGAAACGGAAACAGA-39 (forward) and 59-TCTCCTTCATGCGCTGC
TTT-39 (reverse) for CHOP, and 59-CTGGAAAGCAAGTGGTAGA-39 (forward) and 59-CTGGGTCCTTCTGGGTA
GAC-39 (reverse) for XBP1. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as a reference gene, and relative mRNA levels were calculated using the 22DDCT method. The GAPDH forward and
reverse primers were 59-ATGGGGAAGGTGAAGGTCGG-39 (forward) and 59-GACGGTGCCATGGAATTTGC-39
(reverse).
Semiquantitative RT-PCR analysis of XBP1. Semiquantitative RT-PCR analyses of XBP1 were performed as previously reported (19). The ampliﬁed products of spliced XBP1S (398 bp) and unspliced
XBP1U (424 bp) were resolved on 1% agarose gels with ethidium bromide and visualized using Syngene
Gbox F3 (Syngene, Cambridge, UK).
Luciferase reporter assay. Luciferase activity was detected using the dual-luciferase assay
(Promega, Madison, WI, USA). Cells were cotransfected with pRL-TK (Promega) and the pGL4.10[luc2]VEGFA (positions 21309 to 0) or pGL4.10[luc2]-VEGFA (positions 0 to 13351) vector. Detailed procedures of the luciferase reporter assay were described previously (25).
CCK-8 assay. Cells were seeded into 96-well plates with 5  103 cells per well and cultured for 1 to
6 days. Cell counting kit 8 (CCK-8; Donjindo, Japan) was used to detect the viability of cells. The absorbance at a wavelength of 450 nm (A450) was measured using a microplate reader (Bio-Tek, Winooski, VT,
USA). The cell growth curves were plotted according to the mean absorbances at various time points.
In vitro migration assays. To detect the migration of primary HUVECs, HUVECs were seeded onto
the upper chamber of a transwell (BD Biosciences, NJ, USA) in serum-free medium at 3.3  104 cells per
well, and the lower chamber contained 10% FBS culture medium harvested from Huh7-SHBs or HepG2SHBs cells. After a 24-h incubation, the cells that had not migrated or invaded were gently removed
from the upper chamber with a cotton swab. The cells were ﬁxed, stained using Giemsa solution, and
counted using a Qimaging Micropublisher 5.0 RTV microscope camera (Olympus Corporation, Tokyo,
Japan).
Wound-healing assay. HUVECs were plated into six-well plates and grown to nearly 90% conﬂuence. A same-size scratch was made through the cell monolayer using a pipette tip. After washing with
phosphate-buffered saline (PBS), the cells were cultured with the conditioned medium derived from
Huh7-SHBs or HepG2-SHBs cells and incubated at 37°C with 5% CO2. Wound closure was photographed
at 0 or 24 h (Carl Zeiss, Jena, Germany).
Tube formation assays. HUVECs (1  104 cells per well) were cultured at 37°C for 6 h in a 96-well
plate coated with Matrigel (BD Pharmingen) in the conditioned medium of Huh7-SHBs or HepG2-SHBs
cells. Images were taken under a light microscope. The number of formed tubes, which represents the
degree of angiogenesis in vitro, was scanned and quantitated in ﬁve low-power ﬁelds (magniﬁcation,
100). To clarify whether SHBs-mediated angiogenesis was related to an autocrine or a paracrine effect
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of VEGFA secreted into the culture, the conditioned medium was pretreated with neutralizing antibodies
against VEGFA (1.0 m g/mL; R&D Systems) for 30 min at 37°C.
Xenograft model of HCC in nude mice. All experimental procedures involving animals were performed according to institutional ethical guidelines for animal experiments. For subcutaneous tumor
experiments, 2  106 Huh7-Flag, Huh7-SHBs, HepG2-Flag, and HepG2-SHBs cells were implanted by subcutaneous injection into male BALB/c nude mice. The tumor volume was measured every 2 days (for
Huh7-SHBs tumors) or 3 days (for HepG2-SHBs tumors) once the tumors became palpable, calculated
using the formula length  width2/2, and plotted as a function of time to generate the in vivo growth
curves. At the endpoints, tumors were dissected, weighed, and then ﬁxed in a 4% paraformaldehyde
solution.
Immunohistochemistry. Sections were stained using anti-VEGFA antibodies (Abcam, Cambridge,
UK), anti-CD31 antibody (Cell Signaling Technology), and HBsAg (a kind gift from Quan Yuan at Xiamen
University) (49). Images were captured using an Olympus BX53 microscope (Olympus). A 4-tiered scale
was used to obtain the degree of staining as previously described (50).
Statistical analysis. Statistical analysis was performed using SPSS software (SPSS22.0; SPSS Inc.,
Chicago, IL, USA). mRNA and protein levels were analyzed by analysis of variance (ANOVA). Survival analysis was conducted using the Kaplan-Meier method with a log rank test. A P value of ,0.05 was considered statistically signiﬁcant.
Ethics approval. All experimental procedures involving animals were performed in accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory Animals (51) and were
approved by the Institutional Animal Care and Use Committee of Fujian Medical University. Informed
consent was obtained from all the patients, and the protocol was approved by the Ethics Committee of
Fujian Medical University.
Data availability. The data sets generated and/or analyzed during the current study are available
from the corresponding authors upon reasonable request.
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