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A B S T R A C T   

Chronic hepatitis B virus (HBV) infection is one of the major global health problems. Although the small protein 
of hepatitis B virus surface antigen (HBsAg), SHBs, is the most abundant HBV viral protein, its pathogenic role 
and molecular mechanism in malignant progression of HBV-related hepatocellular carcinoma (HCC) remain 
largely unknown. Here we reported that SHBs expression induced epithelial-mesenchymal transition (EMT) 
process in HCC cells and significantly increased their migratory and invasive ability as well as metastatic po-
tential. Mechanistically, SHBs expression in HCC cells induced endoplasmic reticulum (ER) stress that activated 
the activating transcription factor 4 (ATF4) to increase the expression and secretion of fibroblast growth factor 
19 (FGF19). The autocrine released FGF19 in turn activated JAK2/STAT3 signaling for induction of EMT process 
in HCC. Notably, SHBs was positively correlated with the expression of mesenchymal markers, the phosphory-
lation status of JAK2 and STAT3 as well as FGF19 levels in human HCC samples. HCC patients with SHBs positive 
had a more advanced clinical stage and worse prognosis. These results suggest an important role of SHBs in the 
metastasis and progression of HCC and may highlight a potential target for preventive and therapeutic inter-
vention of HBV-related HCC and its malignant progression.   

1. Introduction 

Approximately 350 million people worldwide are chronically infec-
ted with hepatitis B virus (HBV), 20–30% of whom will develop cirrhosis 
and hepatocellular carcinoma (HCC) [1]. Chronic HBV is characterized 
by the persistence of hepatitis B surface antigen (HBsAg) composed of 
large (LHBs), middle (MHBs) and small surface antigens (SHBs) that are 
present in the viral envelopes at a ratio of approximately 1:1:4 [2]. The 
three surface proteins encoded by S/Pre-S region of the virus genome 
share the same carboxyterminal region only differing in length due to 
their amino-terminal regions. SHBs are the most abundant HBV viral 
protein in the sera of hepatitis B patients and several mutations in S 
regions have been reported to cause SHBs accumulation in ER and elicit 
ER stress-mediated biological response such as ROS production, 

inflammatory cytokine production, hepatocyte proliferation followed by 
apoptosis, all of which are linked to the progression of liver disease after 
infection [3–5]. In spite of its abundance produced during HBV infection 
and its role played in the pathogenicity of HBV, the biological and 
clinical significance of SHBs in HCC metastatic progression is far from 
clear. 

Over the past decade, ample solid evidence has shown the relevance 
of epithelial-mesenchymal transition (EMT) for HCC development and 
progression [6,7] and many EMT modulators have been identified that 
include key signaling molecules in biologically important signaling 
pathways such as PI3K/AKT, p38MAPK, JNK, ERK, NF-κB, WNT/β-ca-
tenin, JAK/STAT, hypoxia-inducible factor 1α (HIF1α), Notch and 
Hedgehog [8]. Among various transcription factors that HBV trans-
activates, signal transducer and activator of transcription 3 (STAT3) is 
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commonly constitutively activated in HBV infection-induced hep-
atocarcinogenesis [9] since it is a point of convergence for numerous 
oncogenic signaling pathways that promote the generation of the 
pro-tumorigenic inflammatory microenvironment [10] and induce cell 
survival and proliferation as well as angiogenesis for tumor develop-
ment and progression [11]. Activation of STAT3 by cytokines is medi-
ated through tyrosine phosphorylation by Janus kinase (JAK) [12] and a 
cross talk between activation of JAK/STAT3 pathway and 
EMT-mediated metastasis has been observed in several cancers 
including hepatocellular carcinoma [13]. 

In this study we aimed to investigate a potential role and possible 
mechanism of SHBs in metastatic progression of HCC. The results 
demonstrated that ectopic expression of SHBs induced EMT process and 
invasion in HCC cells via increasing ER stress and consequently acti-
vating transcription factor ATF4 to upregulate the expression of fibro-
blast growth factor 19 (FGF19) that in turn activated JAK2/STAT3 
signaling. Importantly, SHBs expression was associated with activation 
of EMT and FGF19/JAK2/STAT3 signaling in HCC tissues and HCC 
patients expressing SHBs in tumors had a worse prognosis and lower 
overall survival. 

2. Materials and methods 

2.1. Clinical specimens and patient information 

Paraffin-embedded HCC specimens were obtained from patients who 
underwent curative resection between 2014 and 2018 at the First 
Affiliated Hospital 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. 

2.2. Cell line and culture 

The human hepatoma cell lines HepG2 and human embryonic kidney 
cells 293T were obtained from the American Type Culture Collection 
(Manassas, VA, USA), Huh7 was obtained from China Center for Type 
Culture Collection (Shanghai, China). Huh7 and 293T cells were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, 
Carlsbad, CA, USA) and HepG2 cells were maintained in Minimum 
Essential Medium (MEM, Invitrogen, Carlsbad, CA, USA) supplemented 
with 10% heat-inactivated fetal bovine serum (HyClone Laboratories 
Inc., Logan, UT, USA) in a 5% CO2 humidified incubator at 37 ◦C. 
Transfection was performed using Lipofectamine 3000 transfection re-
agent (Invitrogen) according to the manufacturer’s instructions. 

2.3. Plasmid construction and establishment of stably transduced cell 
lines 

pFlag was constructed by inserting Flag coding sequences of GAT-
TACAAGGATGACGACGATA AG into the Not I and Nhe I sites (New 
England BioLabs, Beverly, MA, USA) of pCDH-CMV-MCS-EF1-Puro 
(System Biosciences, Palo Alto, CA, USA). pSHBs was constructed by 
inserting of polymerase chain reaction (PCR)-generated SHBs-Flag 
fusion gene into pCDH-CMV-MCS-EF1-Puro. HBV DNA served as a 
template as described previously [14]. The primer sequences were as 
follows: 5′-TTGCTAGCGCCACCATGGAGAACATCG CATCAGG-3’ (for-
ward) and 5′-CGGCGGCCGCTTACTTATCGTCGTCATCCTTGTAAT-
CAATGTATACCCAAAGACA A- 3’ (reverse). The construction of 
pCDNA3.1/SHBs and pCDNA3.1/SHBs-S204R plasmids was described 
as we previously reported [14]. The promoter sequence of Twist (− 1000 
to +150 from the transcriptional initiation site, TIS), Snail (− 650 to 
+150 from the TIS), Slug (− 1121 to +186 from TIS), Zeb1 (− 500 to 
+100 from the TIS) was chemically synthesized by General Biosystems 
with Xho I and Hind III recognition sites on ends and cloned into the 
pGL4.10[luc2] vector (Promega, Madison, WI, USA) to generate the 
respective luciferase reporter plasmids. Vectors of GV248-shSTAT3 

harboring STAT3 small hairpin RNAs (shRNA) [15] and negative con-
trol were purchased from Shanghai Genechem Co., Ltd. 

For generation of SHBs stably expressing cell lines, pSHBs or empty 
vector of pFlag, together with lentiviral packaging plasmids pMDL, p- 
VSV-G, and pREV (Invitrogen), were co-transfected in 293T at 30% 
confluence in 6-cm culture dishes. The medium was collected after 
filtration with 0.45 μm filters and added into the culture of Huh7 or 
HepG2 cells in 6-cm culture dishes. After incubation for 48 h, puromycin 
at 2 μg/mL (Sigma-Aldrich, St. Louis, MO, USA) was used to select stably 
transduced cells for 7–14 days. Stable SHBs-overexpressing clones 
(Huh7-SHBs or HepG2-SHBs) or empty vector control (Huh7-Flag 
orHepG2-Flag) were used for further study. For generation of STAT3 
knockdown cell lines (Huh7-SHBs-shSTAT3, Huh7-Flag-shSTAT3) or 
control (Huh7-SHBs-NC, Huh7-Flag-NC), GV248-shSTAT3 was co- 
transfected with packaging plasmids pIK (Invitrogen) into 293T cells 
and the supernatants were collected and used to infect Huh7-SHBs cells 
or control cells. Hygromycin at 2 μg/mL (Invitrogen) was used to select 
stably transduced cells for 7–14 days. The lentiviral vector LvEX08 
expressing luciferase was a kind gift from Dr. Chen at Xiamen University 
[16]. For generation of luciferase expressing lentiviruses, LvEX08 
together with lentiviral packaging plasmids was co-transfected in 293T 
at 30% confluence in 6-cm culture dishes, the recombinant viruses in the 
supernatant were collected for further study. 

2.4. RNA interference 

The small interfering RNA (siRNA) specifically targeting STAT3, 
FGF19, FGFR4 or ATF4 were designed and chemically synthesized by 
Shanghai GenePharma Co. (Zhangjiang Hi-Tech Park, Shanghai, China). 
A nontargeting siRNA (NC-siRNA) was used as a negative control. siR-
NAs were transfected into cells using the Lipofectamine 3000 (Invi-
trogen) according to the manufacturer’s instructions. Gene silencing 
effect was confirmed by western blot analysis at 48 h post transfection. 
The paired forward and reverse siRNA sequences were listed in Table S1. 

2.5. Western blot analysis 

Tissues were lysed for 10 min in 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 & IP lysis buffer 
[20 mM Tris(pH7.5), 150 mM NaCl, 1% Triton X-100] supplemented 
with a mix of protease inhibitors (Beyotime Biotechnology, Shanghai, 
China). Protein concentration was determined using the BCA Protein 
Assay Kit (ThermoFisher Scientific, Waltham, MA, USA) according to 
the manufacturer’s protocol. Proteins were separated by SDS-PAGE on a 
12% or 8% gel in reducing conditions and transferred to polyvinylidene 
difluoride (PVDF) membranes (Bio-Rad Laboratories, Hercules, CA, 
USA). The membrane was blocked 1 h with TBS-Tween20 [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 the primary antibodies 
against Flag tag, GAPDH, E-cadherin, N-cadherin, Zeb1, Snail, Slug, 
Twist1, STAT3, p-STAT3(Tyr705), p-STAT3(Ser727), Lamin B1, PIASs, 
SOCSs, JAK2, p-JAK2(Tyr1007/1008), SHPs (all from Cell Signaling 
Technology, Danvers, MA). After intensive washing, the peroxidase- 
labeled HRP-coupled secondary antibody (Cell Signaling Technology) 
was added for 1 h and the proteins were visualized with the enhanced 
BeyoECL Star (Beyotime Biotechnology). 

2.6. In vitro migration and invasion assays 

The cell invasive capabilities were determined using a modified 
Boyden chamber invasion assay. Transwell inserts (BD Biosciences, San 
Jose, CA, USA) of 8-μm pore size were coated with 150 μl of 1:60 diluted 
Matrigel (BD Biosciences). 5 × 104 cells after overnight starvation were 
seeded onto the top of the coated filters in 300 μl of serum-free medium. 
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700 μl of DMEM with 10% FBS was placed in the lower chamber to act as 
a chemoattractant. After 24 or 48 h of incubation, the cells that had not 
migrated or invaded were manually removed from the upper chamber 
with a cotton swab. The cells were fixed in cold methanol for 10 min and 
then stained with Giemsa solution and counted using a Qimaging 
Micropublisher 5.0 RTV microscope camera (Olympus Corporation, 
Tokyo, Japan). To assess cell migration, assays were performed as above 
except that cells were plated on top of uncoated (Matrigel-free) inserts. 

2.7. Wound-healing assay 

Cells 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 PBS, fresh culture medium was 
added and the cells were incubated at 37 ◦C in 5% CO2. Wound closure 
was photographed at 0, 24 or 48 h (Carl Zeiss, Jena, Germany). 

2.8. Luciferase reporter assay 

Luciferase activity was detected using the Dual Luciferase Assay 
(Promega, Madison, WI, USA) according to the manufacturer’s in-
structions. Cells were co-transfected with pRL-TK (Promega) and 
pGL4.10[luc2]-Snail/Slug/Twist/Zeb1 vector and lysed in culture 
dishes containing a lysis buffer and the resultant lysates were centri-
fuged at maximum speed for 30sec in an Eppendorf microcentrifuge. 
Relative luciferase activity (RLA) was determined using a Modulus 
TD20/20 Luminometer (Turner BioSystems, Sunnyvale, CA, USA), and 
the transfection efficiencies were normalized according to Renilla 
activity. 

2.9. Co-IP assay 

For the in vivo coimmunoprecipitation (Co-IP) experiments, cells 
were lysed and the soluble proteins were precleared with 100 μl of a 
50% slurry of protein A agarose (Santa Cruz, CA, USA). The clear lysates 
were then mixed with 4 μg of antibodies and 100 μl of a 50% slurry of 
protein A agarose. The immunoprecipitated complexes were analyzed 
by western blot analysis. 

2.10. Immunofluorescent confocal microscopy 

Cells were plated into six-well plates and fixed with 4% para-
formaldehyde for 10 min followed by phosphate saline buffer (PBS) 
wash three times, then blocked 1 h with TBS-Tween20 containing 5% 
bovine serum albumin (BSA) followed by incubation overnight at 4 ◦C 
with the primary antibodies. After intensive washes, cells were incu-
bated with secondary antibodies [anti-rabbit IgG-Alexa Fluor 555-conju-
gated (red) or anti-rabbit IgG-Alexa Fluor 488-conjugated (green)] for 1 
h at room temperature and were stained with DAPI (Beyotime 
Biotechnology) and examined under a confocal microscope (TCS SP8; 
Leica Microsystems Inc., Buffalo Grove, IL, USA). 

2.11. In vivo metastasis study 

For the in vivo metastasis study, 2 × 106 cells pre-infected with 
luciferase expressing lentiviruses were orthotopically inoculated in the 
left hepatic lobes of nude mice (4–6 weeks old male BALB/c nu/nu) with 
a micro-syringe through an 8-mm transverse incision on the upper 
abdomen under anesthesia. 6 weeks post-operation, luciferase signal 
was generated by intraperitoneal injection of luciferin substrate and 
captured with the Xenogen IVIS100 System (Caliper Life Sciences, 
Hopkinton, MA, USA). All experimental procedures involving the ani-
mals were performed in accordance with the National Institutes of 
Health Guide for the Care and Use of Animals, and were approved by the 
Institutional Animal Care and Use Committee of Fujian Medical 
University. 

2.12. Relative quantitation of cytokines and growth factors using an 
antibody array 

Relative quantitation of cytokines and growth factors in the cell 
culture supernatants was also performed using a human antibody array 
(L-series Human antibody array L-507, Cat# AAH-BLG-1-4, RayBiotech, 
Norcross, GA, USA) according to the manufacturer’s instructions. 
Briefly, the collected culture supernatant normalized by protein amount 
was dialyzed in PBS at 4 ◦C overnight prior to biotinylation with biotin- 
labeling reagents. The biotinylated samples were then added to the glass 
chip and incubated overnight at 4 ◦C. After 2 times washing, the array 
was incubated with Cy3-conjugated streptavidin at RT for 2 h with 
gentle rocking. The signal was visualized by a laser scanner (GeneScan 
4000) and the data analyzed using GenePix Pro (version 6.0) as per the 
manufacturer’s instructions. 

2.13. Immunohistochemistry 

After sections were stained using anti-SHBs (83H12, generated from 
the immunogen containing epitopes of aa 121–127 of HBsAg on the 
“first loop N-terminus” of S domain, a kind gift from Dr. Xia at Xiamen 
University) [17], anti-E-cadherin, anti-N-cadherin, anti-p-STAT3 
(Tyr705), anti-FGF19 antibodies (Cell Signaling Technology) and anti--
p-JAK2(Tyr1007/1008) antibody (Abcam, Cambridge, UK), images 
were captured using Olympus BX53 Microscope (Olympus). A 4-tiered 
scale was used to obtain the degree of staining as previously described 
[18] based on the intensity of staining in 200 × vision filed (0, no 
staining; 1, weak staining, light yellow; 2, moderate staining, 
yellow-brown; and 3, strong staining, brown) (Fig. S1). 

2.14. 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 in the Mx3000P Real-Time PCR System (Agilent Technolo-
gies, Santa Clara, CA, USA) with the SYBR Premix Ex TaqTM kit 
(TaKaRa) following the manufacturer’s instructions. The 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as 
a reference gene and relative mRNA levels were calculated using the 
2− ΔΔCt method. The paired forward and reverse primers were: 5′- 
AGACCCCAAGTCTTGTCAATAAC-3′ and 5′-AATA TCATGTTG-
GAAAACCAAGTG-3′ for FGF19, 5′-TGCACCACCAACTGCTTAGC-3′ and 
5′-AGCTCAGGGATGACCTTGCC-3′ for GAPDH. 

2.15. Statistical analysis 

Statistical analysis was performed using SPSS software (SPSS22.0; 
SPSS Inc., Chicago, IL, USA). Student’s t-test or chi-square test was used 
to determine the difference between groups. Experiments were carried 
out at least 3 independent times with at least 3 technical replicates. 
Overall survival curves were plotted by the Kaplan–Meier method with 
the log-rank test applied to determine a significance. Independent 
prognostic indicator was identified using the univariate and multivar-
iate Cox hazard analyses. Clinical correlation between HBsAg positivity/ 
negativity and the expression levels of E-cadherin, N-cadherin, p-STAT3 
(Tyr705) and p-JAK2(Tyr1007/1008) or FGF19 was analyzed by a chi- 
square test. Data were represented as mean ± SD. P < 0.05 was 
considered statistically significant. 

3. Results 

3.1. SHBs promotes HCC cell invasion and metastasis 

To characterize the roles of SHBs in HCC cell invasion and metastasis, 
we generated the stable clones of Huh7 and HepG2 cells expressing 
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either SHBs-Flag fusion protein (designated here as Huh7-SHBs and 
HepG2-SHBs) or Flag tag only (designated here as Huh7-Flag and 
HepG2-Flag) and compared their migratory and invasive capabilities in 
vitro as well as their metastasis potential in vivo. Overexpression of SHBs 
in Huh7 and HepG2 cells (Fig. 1A) significantly increased their migra-
tory and invasive ability as reflected by the wound healing assay 
(Fig. 1B) and trans-well assay (Fig. 1C and D). To examine the effect of 
SHBs on HCC in vivo metastasis, the SHBs expressing or non-expressing 

Huh7 and HepG2 cells were molecularly engineered to express lucif-
erase and then orthotopically inoculated into the left hepatic lobe of 
BALB/c nude mice for serially monitoring the appearance of metastasis 
in living mice. Bioluminescence imaging and histological examination 
were employed to assess the presence of metastatic tumors in the mice 
when they appeared premorbid. As shown in Fig. 1E and F, expression of 
SHBs not only promoted the tumor growth but also increased the 
intrahepatic and lung metastasis. Consistently, mice orthotopically 

Fig. 1. SHBs promotes in invasiveness and metastasis of hepatoma cells in vitro and in vivo. (A) Expression of SHBs in Huh7-SHBs and HepG2-SHBs cells confirmed by 
western blot analysis. (B) Relative motility determined by the ability of the cells to close a wound made by creating a scratch through a lawn of confluent cells at the 
indicated time points. (C, D) Relative migration and invasion of the cells through the pores of Boyden chamber filter uncoated (C) or coated (D) with a layer of 
Matrigel at 24 h (Huh7-SHBs) or 48 h (HepG2-SHBs) after plating followed by staining with crystal violet. (E) Intrahepatic metastasis in mice orthotopically 
transplanted with SHBs-expressing tumors. The left hepatic lobe of nude mice was orthotopically inoculated with Huh7-SHBs and HepG2-SHBs cells and monitored 
periodically with bioluminescence imaging system. (F) Hematoxylin-eosin staining on serial sections of the livers and lungs in the transplanted mice for detection of 
the intrahepatic and lung metastasis. Magnification, 100×. (G) Kaplan-Meier survival analysis indicating that expression of SHBs was significantly correlated with the 
reduced overall survival of mice with orthotopically transplanted tumors, p = 0.0018. Data are mean ± SD from three independent experiments; *P < 0.05. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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transplanted with SHBs-expressing cells had a significantly shorter sur-
vival time than those transplanted with control cells (Fig. 1G). These 
results clearly suggest that forced expression of SHBs enhances the 
metastatic potential of HCC cells. 

3.2. SHBs induces EMT in HCC cells by activation of STAT3 signaling 

We next examined whether the observed changes in HCC cell inva-
sion and metastasis that accompanied overexpression of SHBs were 
attributable to an induction of EMT. The results showed that ectopic 
expression of SHBs upregulated the expression of mesenchymal marker 
N-cadherin but reduced the expression level of epithelial marker E- 
cadherin in the Huh7 and HepG2 cells either cultured in vitro as detected 
by immunofluorescent staining (Fig. 2A) or xenografted in vivo (Fig. 2B) 
as confirmed by immunohistochemistry. In addition, SHBs also 
increased expression of EMT-associated transcription factors including 
Zeb1, Snail, Slug and Twist (Fig. S2) and enhanced the promoter activity 
of these important EMT-related transcription factors (Fig. S3). Thus, 
expression of SHBs appear to play an important role in initiating and 
maintaining EMT in HCC cells. 

In an attempt to identify a specific molecular signature that may be 
responsible for SHBs-induced EMT and invasion in HCC cells, we 
screened a panel of small-molecule inhibitors against AKT (Wortman-
nin), p38MAPK (SB203580), SAPK/JNK (SP600125), ERK 
(SCH772984), WNT/β-catenin (Salinomycin), Notch (LY3039478), SHH 
(Ciliobrevin A), STAT3 (S3I-201) and HIF1α (BAY87-2234) for their 
effects on the migratory ability of Huh7-SHBs cells. To our surprise, only 
the STAT3 inhibitor S3I-201 showed a significant inhibition on cell 
migration (Fig. S4), which may indicate that SHBs-promoted EMT and 
cell motility are likely to act through STAT3 signaling pathway. 

We next asked whether the effect of SHBs was specific to the STAT3 
activation. We knocked down STAT3 in the cells by two STAT3 specific 
siRNAs and then alterations in the expression of EMT markers and the 
cell migration and invasion were examined. As shown in Fig. 2C, siRNA- 
mediated knockdown of STAT3 significantly attenuated SHBs-induced 
expression of the mesenchymal markers N-cadherin as well as the 
transcription factors Zeb1, Snail, Slug and Twist but increased expres-
sion of the epithelial marker E-cadherin, which was concomitant with a 
reduction of cell migration and invasion initially promoted by SHBs 
(Fig. 2D). Similar results were obtained with the pharmacological in-
hibition of STAT3 by STAT3 specific inhibitor S3I-201 (Fig. S5). 
Notably, mice orthotopically transplanted with STAT3-silenced Huh7- 
SHBs cells exhibited similar EMT pattern (Fig. 2E) in the tumors, and 
had less intrahepatic and lung metastasis and tumor burden (Fig. 2F and 
G) with the overall survival increased (Fig. 2H). These results suggest 
that the effect of SHBs on induction of EMT and invasion in the HCC cells 
was specific to the activation of STAT3. 

3.3. SHBs phosphorylates STAT3 at Tyr705 

To obtain direct evidence that SHBs activates STAT3 signaling, we 
examined the phosphorylation state of STAT3 in the whole lysates of 
SHBs expressing cells by western blot analysis and found a significantly 
high level of STAT3 phosphorylation at Tyr705 in both Huh7-SHBs and 
HepG2-SHBs cells, whereas phosphorylation level of STAT3 at Ser727 
did not differ between SHBs-expressing Huh7 or HepG2 cells and their 
respective control cells (Fig. 3A). Moreover, SHBs-induced increase of 
STAT3 phosphorylation at Tyr705 was at cytoplasmic and nuclear levels 
(Fig. 3B) which was also confirmed by immunofluorescent confocal 
microscopy (Fig. 3C). Consistent with the results obtained on the 
cultured cells, the p-STAT3 (Tyr705) levels were significantly increased 
in the orthotopically xenografted tumors derived from SHBs-expressing 
cells as assessed by immunohistochemistry (Fig. 3D). 

3.4. SHBs-enhanced STAT3 signaling correlates with JAK2 
phosphorylation 

To investigate whether the phosphorylation of STAT3 caused by the 
interaction of SHBs and STAT3, Co-IP study was applied and the results 
showed that in Huh7-SHBs cells SHBs had no direct physical contact 
with STAT3 (Fig. 4A). STAT3(Tyr705) is known to be tyrosine- 
phosphorylated by two tyrosine kinases JAK2 and Src, and then acti-
vated for transcriptional regulation of a variety of genes critical for cell 
differentiation, proliferation, apoptosis and metastasis [19]. Therefore, 
we next examined whether JAK2 or Src was responsible for the induc-
tion of STAT3 phosphorylation and activation in the presence of SHBs. 
As shown in Fig. 4B, SHBs induced phosphorylation of both JAK2 
(Tyr1007/1008) and Src (Tyr527) but not Src (Tyr416). Since phos-
phorylation of Tyr527 and Tyr416, respectively, inactivates and acti-
vates Src family kinases [20], SHBs-induced phosphorylation and 
activation of STAT3 was dependent on JAK2 activation rather than Src 
activity although SHBs showed no direct interaction with JAK2 (Fig. 4C) 
as well. 

We then went further to examine the biological function of JAK2 in 
SHBs-expressing HCC cells when exposed to the JAK2 specific inhibitor 
AG490. Treatment of Huh7-SHBs cells with AG490 remarkably attenu-
ated STAT3 phosphorylation on Tyr705 and the expression levels of 
EMT markers initially increased by SHBs expression (Fig. 4D), suggest-
ing that SHBs might promote JAK2-dependent activation of STAT3 and 
EMT process. Notably, inhibition of JAK2 by AG490 that effectively 
reduced STAT3 phosphorylation and EMT markers expression translated 
into less aggressive phenotypes as reflected by decreased cell migration 
and invasion (Fig. 4E). Together, these data indicate that activation of 
JAK2/STAT3 signaling contributes to SHBs-induced EMT and invasion 
process in HCC cells, although SHBs cannot interact directly with either 
JAK2 or STAT3. 

3.5. FGF19 is required for SHBs-induced activation of JAK2/STAT3 
pathway 

JAK/STAT pathway was initially identified during the study of 
cytokine-induced intracellular signaling in interferon treated cells [21] 
and now it is apparent that many other cytokines and growth factors also 
use JAK/STAT axis for their intracellular signal transduction. To identify 
the cytokines/growth factors that could possibly contribute to the acti-
vation of JAK2/STAT3 pathway in the context of SHBs expression, cy-
tokines and growth factors produced by the HCC cells were assessed 
using a commercially available AAH-BLG-1-4 protein array capable of 
detecting 507 human proteins including various cytokines and growth 
factors. To our surprise, among all the cytokines and growth factors 
known to activate JAK/STAT pathway [22] only fibroblast growth fac-
tor 19 (FGF19) showed a prominent increase in the Huh7-SHBs cells as 
compared to the control Huh7-Flag cells (Fig. 5A and Table S2) and 
therefore was chosen for the subsequent studies. ELISA of culture su-
pernatants, immunoblot analysis of intracellular proteins and RT-PCR 
also confirmed that SHBs enhanced FGF19 expression at both protein 
(Fig. 5B and C) and mRNA (Fig. 5D) levels. It is noteworthy that SHBs 
did not affect the expression of FGFR4 (Fig. 5E), the putative receptor for 
FGF19 [23]. To further explore the role of FGF19/FGFR4 axis in 
SHBs-induced migration and invasion of HCC cells, we knocked down 
endogenous FGF19 or FGFR4 in Huh7-SHBs and Huh7-Flag cells by 
specific siRNAs, and found that siRNA-mediated knockdown of FGF19 or 
FGFR4 completely abrogated SHBs-induced phosphorylation of JAK2 
(Tyr1007/1008) and STAT3(Tyr705) (Fig. 5F, H) resulting in a corre-
sponding impairment of cell migration and invasion (Fig. 5G, I). These 
results indicate that FGF19 is upregulated by SHBs expression and thus 
knockdown of FGF19 or its cognate receptor would consequently 
diminish SHBs-associated activation of JAK2/STAT3 signaling. 
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Fig. 2. SHBs induces EMT via activation of STAT3. (A) Immunofluorescence staining of E-cadherin and N-cadherin expression in SHBs-expressing Huh7-SHBs and 
HepG2-SHBs cells. (B) Immunohistochemical analysis of the expression of E-cadherin and N-cadherin in the orthotopically xenografted tumors derived from SHBs- 
expressing Huh7 and HepG2 cells. (C–D) Effect of siRNA-mediated knockdown of STAT3 on the expression of EMT markers in Huh7-SHBs cells by western blot 
analysis (C), and on the cell migration and invasion (D). (E) Expression of STAT3, E-cadherin and N-cadherin in orthotopic xenografts detected by immunohisto-
chemistry staining (magnification, 200 × ). (F) Bioluminescence imaging of nude mice orthotopically inoculated in the left hepatic lobe with Huh7-SHBs-NC cells and 
its STAT3 knockdown counterpart Huh7-SHBs-shSTAT3 cells. (G) Hematoxylin-eosin staining on serial sections of the livers and lungs to detect the intrahepatic and 
lung metastasis. (H) Kaplan-Meier survival analysis indicating that knockdown of STAT3 was significantly correlated with the increased overall survival of mice with 
orthotopically transplanted tumors, p = 0.00154. Data are mean ± SD from three independent experiments; *P < 0.05. 
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3.6. SHBs induce FGF19 through endoplasmic reticulum (ER) stress- 
mediated activation of ATF4 

A previous study showed that ER stress in HCC cells promoted the ER 
stress-inducible transcription factor ATF4-mediated activation of FGF19 
[24]. Given that SHBs could induce ER stress [14,25], we speculated that 
SHBs-induced expression of FGF19 may be associated with ER stress. To 
address this, expression of BIP (a putative ER stress sensor), ATF4 and 
FGF19 was assessed in the Huh7-SHBs and Huh7-Flag cells treated or 
untreated with the ER stress inhibitor 4-PBA or TUDCA. As shown in 
Fig. 6A, in the absence of the ER stress inhibitors, SHBs significantly 
increased the expression of BIP, ATF4 and FGF19 whereas addition of 
4-PBA or TUDCA dramatically reduced their expression. The assumption 
that induction of ER stress by SHBs signals to ATF4/FGF-19 axis was also 
supported by the observation that introduction of a SHBs mutant S204R, 
known to aggravate ER retention [14], further increased the expression 
of BIP, ATF4 and FGF19 (Fig. 6B) as compared to the wild-type SHBs. 
Notably, siRNA-mediated knockdown of ATF4 could significantly 
attenuate SHBs-induced expression of FGF19 (Fig. 6C), indicating that 
ATF4 is the direct upstream regulator for FGF19 expression in the 
context of SHBs-imposed ER stress. Taken together, these data are most 
consistent with the concept, as modeled in Fig. 6D, that SHBs-induced 
ER stress in HCC cells signals to the transcription factor ATF4 to upre-
gulate FGF19 expression and the autocrine released FGF19 binds and 
activates FGF receptor 4 (FGFR4) on HCC cells that in turn activates 
JAK2/STAT3 signaling for induction of EMT process in HCC. 

3.7. SHBs expression is associated with more aggressive behaviors of HCC 
and poorer clinical outcome 

To assess the clinical significance of SHBs expression in HCC, IHC 

was performed on 30 HBsAg negative or positive HCC tissues for the 
expression of SHBs, E-cadherin, N-cadherin, p-STAT3(Tyr705), p-JAK2 
(Tyr1007/1008) and FGF19. Of note, the anti-SHBs antibody (83H12) 
used in the study was generated from the immunogen containing epi-
topes (aa 121–127) on the “first loop N-terminus” of S domain assuming 
that it detects SHBs proteins and has been validated to have much higher 
affinity to SHBs than to LHBs and MHBs [26]. As shown in Fig. 7A and B, 
We found that SHBs was positively correlated with the expression of the 
mesenchymal marker N-cadherin, the phosphorylation status of JAK2 
(Tyr1007/1008) and STAT3(Tyr705) as well as FGF9 levels, but nega-
tively correlated with the expression of the epithelial marker E-cadherin 
(Fig. 7A and B). Notably, HBsAg positive in the serum of HCC patients as 
detected by commercial HBsAg immunoassays was also positively 
correlated with tumor number, loss of tumor encapsulation and a higher 
TNM stage (Table S3). The Kaplan–Meier analysis also indicated that 
serum HBsAg expression was significantly correlated with a shorter 
overall survival (P = 0.009, Fig. 7C). Consistently, HBsAg was identified 
as an independent prognostic indicator for HCC patients by the uni-
variate and multivariate Cox hazard analyses (Table 1). It should be 
realized that there is no commercially available SHBs immunoassays 
specifically for detection of serum SHBs while it is well established that 
SHBs is the most abundant HBV envelope protein. In any case, these 
results suggest that SHBs may contribute to hepatocarcinogenesis and 
malignant progression with worse clinical outcome. 

4. Discussion 

HBV infection is still one of the grave global health problems with 
approximately 2 billion people infected, more than 350 million of whom 
present with chronic hepatitis B infection (CHB) [27]. CHB has been 
associated with approximately 100-fold increase in risk for development 

Fig. 3. SHBs increases the phosphorylation of STAT3. 
(A) Western blot analysis of the expression of total 
and phosphorylated STAT3 at Tyr705 and Ser727 in 
Huh7-SHBs and HepG2-SHBs cells. (B) The expression 
levels of cytoplasmic and nuclear STAT3 and p-STAT3 
(Tyr705) in the HCC cells detected by western blots 
analysis. GAPDH and Lamin B1 served as the internal 
control for cytoplasmic and nuclear proteins, respec-
tively. (C) Immunofluorescence staining of STAT3 
and p-STAT3(Tyr705) in the SHBs-expressing or 
Control HCC cells. (D) Expression of total STAT3 and 
p-STAT3 (Tyr705) in the orthotopically xenografted 
tumors derived from SHBs-expressing Huh7 and 
HepG2 cells as detected by immunohistochemistry 
staining.   
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of HCC [28]. During integration into hepatocellular chromosomes, the 
HBV genome is often mutated, deleted, inverse duplicated and rear-
ranged with only versions of HBV genes such as HBx and the PreS2 
activators (including truncated and mutated LHBs and MHBs) retained 
and expressed [29]. The HBsAg (mutant) proteins, primarily preS mu-
tants, have been regarded as “precursor lesions of HCC” and a risk factor 
for the post-operative recurrence of HCC due to induction of ER stress 
and hepatocyte injury [30,31]. However, the pathogenic role of SHBs in 
liver cancer progression remains elusive although it has been well 
established that SHBs are the most abundant HBV viral protein in the 
serum of HBV patients and a higher HBsAg level (≥1000 IU/ml) is 
associated with a higher risk of HCC [32]. This was the initial idea 
behind this work that aimed to explore the role of SHBs in HCC 

malignant progression. 
We found that overexpression of SHBs in HCC cells promoted cell 

migration and invasion in vitro as well as metastatic potential in vivo 
(Fig. 1). EMT is associated with aggressiveness and dissemination of 
cancer cells, which facilitates tumor progression. A previous observation 
showed that HBsAg could promote the in vitro invasion of HBV- 
harboring HepG2.2.15 cell line [33]. In the present work, we further 
demonstrated that HBsAg-induced more aggressive phenotypes of HCC 
cells was attributed to an induction of EMT as SHBs significantly reduced 
the expression of epithelial marker E-cadherin but increased the 
expression of the mesenchymal marker N-cadherin in SHBs-expressing 
Huh7 and HepG2 cells cultured in vitro or grown as orthotopically 
xenografted tumors (Fig. 2). E-cadherin signaling plays an important 

Fig. 4. SHBs induces activation of STAT3 is mediated through JAK2 activation. (A) A Co-IP study in the Huh7-SHBs cells in which the immunoprecipitated com-
plexes with anti-Flag antibody were subjected to immunoblotting with STAT3 antibody. (B) Expression of STAT3 positive regulator in the Huh7-SHBs cells by western 
blot analysis using anti-JAK2, p-JAK2(Tyr1007/1008), Src, p-Src(Tyr527) and p-Src(Tyr416) antibodies. (C) A Co-IP study in the Huh7-SHBs cells in which the 
immunoprecipitated complexes with anti-Flag antibody were subjected to immunoblotting with the JAK2 antibodies. (D) Effect of JAK2 specific inhibitor AG490 on 
the expression of EMT markers and JAK2/STAT3 signaling molecules in the Huh7-SHBs cells detected by western blot. (E) Effect of JAK2 specific inhibitor AG490 on 
the migratory ability of the Huh7-SHBs cells by the migration assay. Huh7-SHBs cells were treated with 10 μM AG490 for 24 h and then subjected to the assays. Data 
are mean ± SD from three independent experiments; *P < 0.05. 
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role in HCC initiation and progression and loss of E-cadherin is widely 
accepted as the hallmark of EMT with the involvement of transcription 
factors such as Snail, Slug, Twist and Zeb1 [34]. In line with this, we 
found that SHBs substantially increased both mRNA and protein levels 
of ZEB1, Snail, Slug and Twist, the crucial EMT-related transcriptional 
factors (Figs. S2 and S3) known to repress E-cadherin expression by 
binding to the E-box regulatory element within the E-cadherin gene 
[35]. Taken together, we assume that SHBs enhanced HCC cell migra-
tion and invasion in vitro and metastatic potential in vivo likely through 
induction of an EMT process. 

During the past decade, a large body of evidence has suggested the 
relevance of EMT for HCC progression [6]. The molecular basis 
responsible for EMT activation in HCC is centered on Wnt/β-catenin 
signaling pathway while other signal transduction pathways such as 
TGF-β/SMAD, Notch-1/NF-κB, c-Met/HGF/Snail and fibroblast growth 
factor-related signaling also play important roles in the EMT of HCC cells 

[36]. From our screening of various small-molecule inhibitors targeting 
on known EMT-related signaling pathways we found that only the 
STAT3 inhibitor stood out showing a significant inhibition on 
Huh7-SHBs cell motility. This encouraging result prompted us to 
investigate the relevance of STAT3 signaling in SHBs-promoted malig-
nant progression of HCC cells. In fact, persistent activation of STAT3 has 
been frequently observed in a majority of malignancies and over-
expression of STAT3 has been found closely associated with pathogen-
esis and survival outcome of HCC [37]. In the present study, we found 
that pharmacological inhibition of STAT3 or siRNA knockdown of 
STAT3 reversed the EMT and invasion and metastasis of 
SHBs-expressing HCC cells (Fig. 2 and Fig. S5), suggesting that SHBs 
induced EMT and aggressiveness was acted through STAT3 activation. 

STAT3 is primarily activated by tyrosine phosphorylation at Tyr705, 
which can be mediated by various tyrosine kinases including non- 
receptor tyrosine kinases of the JAK family [19]. We found a 

Fig. 5. FGF19 is required for SHBs-induced 
activation of JAK2/STAT3 pathway. (A) 
Relative quantitation of various cytokines 
and growth factors in the culture superna-
tants of Huh7-SHBs cells relative to the 
control Huh7-Flag cells using AAH-BLG-1-4 
protein array. (B) The concentration of 
FGF19 in the culture supernatants (CM) of 
the Huh7-Flag and Huh7-SHBs cells by 
ELISA. (C, D) The expression levels of FGF19 
within the Huh7-Flag and Huh7-SHBs cells 
by western blot (C) and qRT-PCR (D) anal-
ysis. (E) Western blot analysis of FGFR4 
expression in the Huh7-Flag and Huh7-SHBs 
cells. (F, G) Effect of FGF19 knockdown in 
the Huh7-SHBs cells on the expression of 
total and phosphorylated JAK2 and STAT3 
(F) and cell migration/invasion (G). (H, I) 
Effect of FGFR4 knockdown in the Huh7- 
SHBs cells on the expression of total and 
phosphorylated JAK2 and STAT3 (H) and 
cell migration/invasion (I). Cells were 
transfected with FGF19 siRNA or FGFR4 
siRNA for 48 h and subjected to the assays. 
Data are mean ± SD from three independent 
experiments; *P < 0.05.   
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significantly increased phosphorylation of STAT3 at Tyr705 in SHBs 
expressing Huh7 and HepG2 cells (Fig. 3), suggesting that the activation 
of STAT3 was specific to SHBs expression. Moreover, the observations 
that increased STAT3 phosphorylation by SHBs was accompanied with a 
simultaneous elevation of JAK2 phosphorylation and that treatment 
with the JAK2 inhibitor AG490 abrogated STAT3 phosphorylation 
support the idea that JAK2 is the kinase primarily responsible for STAT3 
phosphorylation and activation in the context of SHBs expression 
(Fig. 4). Besides the positive regulator, STAT3 activation is also tightly 
governed by negative regulators, namely suppressor of cytokine 
signaling (SOCS) proteins, protein inhibitor of activated STAT (PIAS) 
proteins and protein tyrosine phosphatases (PTP) such as 
Src-homology-2 protein phosphatase-1 and 2 (SHP1/2) [37]. Unex-
pectedly, we found that the protein levels of SOCS2 and SOCS3, and the 
phosphorylation of SHP1/2 were increased rather than decreased in 
SHBs-expressing HCC cells while PIAS levels remained unchanged 
(Fig. S6). Although the contribution of these STAT3 negative regulators 
to SHBs-induced STAT3 activation and function is currently unclear and 
merits further investigation, the results of this study indicate that STAT3 
is predominantly activated by JAK2-dependent phosphorylation of Tyr 
705 in HCC cells overexpressing SHBs. 

STAT3 is primarily activated by ligand binding to cytokine receptors, 
growth factor receptors, Toll-like receptors (TLRs) or G-protein coupled 
receptors (GPCRs) [37]. It has been reported that chronic HBV patients 
have higher serum levels of IL-2, IL-10 and TNF-α, which is correlated 
with the activity of liver disease [38]. In addition, it was shown that 
patient-derived HBsAg could induce the secretion of TNF-α and IL-10 in 

monocytes [39]. Using a protein array covering all the cytokines and 
growth factors known to activate JAK/STAT pathway [22], we found 
that only FGF19 was significantly increased in the culture supernatant of 
SHBs-expressing HCC cells compared with the control cells (Fig. 5). As a 
member of the hormone-like FGF family, FGF19 binds to FGF receptor 4 
(FGFR4) with highest affinity [23]. FGF19 has been identified as a driver 
oncogene in HCC [40] and aberrant expression of FGF19/FGFR4 con-
tributes to several hallmarks of cancer including invasion and metastasis 
[41] and is reported to enhance the progression of HCC [42]. Our data 
suggest that FGF19 is required for SHBs-induced activation of JAK2/-
STAT3 pathway to promote HCC cell invasiveness although it is not clear 
whether other FGF family members also participate in activation of 
JAK2/STAT3 signaling within the context of SHBs expression. 

Many studies have repeatedly demonstrated that preS mutants (LHBs 
and MHBs) have positive relationship with liver disease progression 
particularly HCC, and ER stress due to excessive accumulation of the 
mutant surface proteins in ER of infected hepatocytes is considered to be 
a key underlying mechanism [43,44]. However, while we and others 
have previously shown that SHBs and its mutants could induce ER stress 
[14,25], very little is known about the molecular mechanisms under-
lying cellular adaption to SHBs-induced ER stress during the progression 
of HCC. In the present study, we demonstrated that SHBs expression in 
HCC cells induced the expression of ER stress-inducible transcription 
factor AFT4 (Fig. 6) and then transcriptionally upregulated FGF19 
expression, thereby activating JAK2/STAT3 signaling. It is noteworthy 
that exposure of the cultured HCC cells to recombinant SHBs protein did 
not elicit any phosphorylation of JAK2 and STAT3 (Fig. S7), indicating 

Fig. 6. SHBs upregulates FGF19 expression and 
secretion via activation of ER stress-inducible tran-
scription factor ATF4. (A) Effect of ER stress in-
hibitors 4-PBA and TUDCA on the expression of BIP, 
ATF4 and FGF19 in Huh7-SHBs cells. Cells were 
treated with 5 mM 4-PBA or 2 mM TUDCA for 24 h 
and analyzed by immunoblotting. (B) Comparison of 
SHBs and its S204R mutant on the expression of BIP, 
ATF4 and FGF19 in Huh7-SHBs cells. Cells were 
transfected with pSHBs or pSHBs-S204R for 48 h and 
assessed by western blot analysis. (C) Effect of ATF4 
knockdown in the Huh7-SHBs cells on the expression 
of FGF19. (D) Schematic models for the mechanism 
by which SHBs induces ER stress that upregulates the 
expression of AFT4 and FGF19 for consequent acti-
vation of JAK2/STAT3 signaling.   
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that it is the intracellular SHBs that promote ER stress induction, which 
upregulates the expression of FGF19 and an autocrine release or secre-
tion of FGF19 binds FGFR4 on the surface of HCC cells that in turns 
activates JAK2/STAT3 signaling. 

From these results, we decided to further address the clinical 
importance of SHBs expression in HCC patients. We found that staining 
of SHBs in HCC tissues was positively correlated with the intensity of N- 
cadherin, p-JAK2(Tyr1007/1008) and p-STAT3(Tyr705) and FGF19 
staining, but negatively with E-cadherin staining (Fig. 7A and B). 
Furthermore, HBsAg expression was associated with more advanced 
clinical stage (Table S3). Moreover, patients with HBsAg expression in 
their tumors experienced significantly shorter periods of postoperative 
survival (Fig. 7C). These data together suggest that HBsAg expression 

might be functionally important in HCC progression and high tumor 
HBsAg expression predicts poor prognosis for HCC patients. 

In summary, our results have revealed a novel role of SHBs in the 
progression and metastasis of HCC, wherein it induces ER stress to 
activate FGF19-FGFR4-JAK2-STAT3 signaling cascades for induction of 
EMT process in HCC. These findings are expected to contribute to our 
understanding of the function and mechanisms of SHBs in HCC pro-
gression while they may also define intracellular HBsAg and its triggered 
signaling cascades as potential therapeutic targets for the treatment of 
HBV-related HCC. 

Fig. 7. SHBs expression is positively correlated with 
the expression of EMT markers and activation of 
JAK2/STAT3 signaling in HCC tissues and inversely 
correlated with prognosis of HCC patients. (A) IHC 
staining of HBsAg, E-cadherin, N-cadherin, p- STAT3 
(Tyr705), p-JAK2 (Tyr1007/1008) and FGF19 in 
HBsAg-negative (n = 30) and HBsAg-positive (n =
30) HCC tissues. (B) Chi-square test and analysis of 
the relevance between SHBs and E-cadherin, N-cad-
herin, p-STAT3(Tyr705), p-JAK2 (Tyr1007/1008) or 
FGF19 expression. (C) HBsAg expression in the serum 
of HCC patients was significantly associated shorter 
overall survival of the HCC patients.   

Table 1 
Univariate and multivariate analysis of factors associated with overall survival in HCC patients (n¼112).   

Univariate analysis Multivariate analysis 

Clinical Variables HR 95%CI P value HR 95%CI P value 

Sex (female versus male) 0.911 0.466–1.781 0.785    
Age (50 versus <50 years) 0.496 0.312–0.788 0.003    
Cirrhosis (yes versus no) 1.408 0.830–2.388 0.205    
ALT (75 versus<75 U/L) 1.305 0.770–2.213 0.322    
AFP (20 versus<20 ng/mL) 1.874 1.173–2.993 0.009 1.341 0.797–2.257 0.269 
Tumor number (multiple vs single) 2.568 1.475–4.472 0.001 1.341 0.734–2.451 0.34 
Tumor capsule (complete vs none) 1.194 0.717–1.987 0.496    
Tumor thrombus (yes vs no) 1.953 1.219–3.131 0.005 1.45 0.820–2.565 0.202 
Tumor differentiation (III/IV vs I-II) 2.732 1.355–5.506 0.005 1.763 0.756–4.111 0.19 
TNM stage (III/IV versus I/II) 4.418 2.353–7.312 <0.001 2.566 1.066–6.176 0.035 
HBsAg 6.851 3.777–12.426 <0.001 3.804 1.761–8.215 0.001  
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