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Abstract: HBV infection plays a crucial role in primary liver cancer development. Also, HBV related liver cancer has 
higher invasiveness and earlier discovered distant metastasis. HBV-encoded X protein (HBx) exerts various biologi-
cal functions on liver cancer progression, including proliferation, invasion, and venous metastasis. There is evidence 
that High-mobility group box 1 (HMGB1) promotes epithelial-mesenchymal transition (EMT) and angiogenesis of 
tumors, including liver cancer. Therefore, this study investigates whether HMGB1 mediates HBx-induced EMT and 
angiogenesis in HBV related liver cancer. We collected 76 tumor samples of primary liver cancer patients to analyze 
the relationship between HMGB1 and portal vein tumor thrombus (PVTT) in HBV related liver cancer. To test the in-
fluence of HMGB1 on EMT and angiogenesis, we constructed HBx lentivirus transfected HepG2/Huh7 cell lines and 
performed invasion assays, tube formation and in vivo metastatic experiments. We evaluated HMGB1 and STAT3/
miR-34a/NF-κB pathway in vivo and in vitro by immunoblot, quantitative real-time polymerase chain reaction (qRT-
PCR), immunofluorescence and immunohistochemistry analysis. Subsequent RNA interference (RNAi) and lucifer-
ase reporter assay were conducted to detect the functional correlation between HMGB1 and STAT3/miR-34a/NF-κB 
pathway. Our results showed enhanced expression of HMGB1 in HBV related liver cancer, especially with PVTT, 
while HMGB1 expression was associated with tumor invasion and metastasis. Further experiments indicated that 
the activation of STAT3 mediated HBx-induced HMGB1, which is involved in EMT and tumor angiogenesis. Besides, 
HMGB1 expression stimulated by HBx was dependent on the activation of the NF-κB signaling pathway, which was 
inhibited by miR-34a, while STAT3 suppressed the expression of miR-34a. Moreover, extracellular HMGB1 induced 
the IL-6/STAT3/miR-34a axis activation, which indicated a reciprocal relationship between HMGB1 and miR-34a. 
Collectively, our study provided evidence to reveal that HBx-mediated high expression of HMGB1 accounted for EMT 
and tumor angiogenesis in HBV related liver cancer, and HMGB1 may be a potential target for predicting venous 
metastasis. 
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Introduction

Primary liver cancer is one of the most common 
malignancies worldwide [1]. Since liver cancer 
is often diagnosed with intrahepatic metasta-
sis and has a high rate of postsurgical recur-
rence, the prognosis of patients with liver can-
cer is reduced, and the 5-year survival rate is 

around only 30%-40% [2]. The development of 
liver cancer is likely to be related to hepatitis B 
virus (HBV) and hepatitis C virus (HCV) infection 
because more than 50% of liver cancer results 
from chronic HBV/HCV infection [3]. Metastasis 
is the leading cause of cancer-related death in 
HBV related liver cancer, in which hepatitis B 
virus X protein (HBx) might play a critical role 
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[4-7]. Portal vein tumor thrombus (PVTT) is a 
significant risk factor of metastasis in liver can-
cer [8, 9]. It has been reported that PVTT is 
strongly linked to HBV infection status [10]. 
However, the molecular basis of HBV infection 
induced metastasis remains unclear.

HBx is a ~17 kd protein that plays a vital role in 
cell proliferation, apoptosis and invasion [5, 6, 
11]. HBx facilitates liver cancer metastasis by 
promoting the EMT process and angiogenesis 
[12, 13]. Accumulated data have suggested 
that HBx acts as an oncogene in liver cancer’s 
metastasis by modulating ERK, MAPK and 
NF-κB signaling pathways [6]. A previous study 
revealed that HBV induced TGF-β-miR-34a-
CCL22 signaling promoted venous metastasis 
of HBV related liver cancer, suggesting that HBx 
may affect the progress of PVTT [10]. 

Members of miR-34 family, including miR-34a, 
miR-34b, and miR-34c, have been demonstrat-
ed to be direct targets of p53 and MYN [14]. 
Since p53 is often mutated and inactivated in 
many tumors, miR-34a is poorly expressed and 
functions as a tumor suppressor [15]. Mounting 
evidence shows that miR-34a is involved in  
proliferation, apoptosis and senescence by reg-
ulating CDK4/6, E2F3, Bcl-2, and MYCN [14, 
16]. Additionally, it is reported that miR-34a 
inhibited liver cancer’s metastasis by targeting 
c-met and be repressed by HBx via TGF-beta 
[10, 17]. 

High mobility group box 1 (HMGB1) is a highly 
conserved nuclear protein and acts as a DNA 
chaperone, which regulates DNA replication, 
repair and transcription [18, 19]. HMGB1 plays 
a critical role in proliferation, angiogenesis and 
metastasis in many types of tumor, including 
primary liver cancer [18, 20-23]. Accumulating 
studies indicate that HMGB1 promotes the 
EMT in liver cancer and colorectal carcinoma 
(CRC) [20, 24, 25]. Interestingly, many miRNAs, 
such as miR-181, miR-22, miR-325-3p and 
miR-34a, have been reported to modulate 
HMGB1 expression [26]. Recently, Chen dem-
onstrates that HBx induces HMGB1 via calci-
um-dependent cascades [27]. However, the 
molecular mechanism of regulating HMGB1 
expression in tumors is still not well 
understood.

Here, we provided evidence that HMGB1 
induced by HBx was responsible for EMT and 
angiogenesis in HBV related liver cancer. 

Ablation of HMGB1 inhibited EMT process and 
VEGF expression of HBx transfected liver can-
cer cell lines, impaired tumor angiogenesis  
and metastasis in vivo. Moreover, we demon-
strated that the HBx-induced STAT3 promoted 
the secretion of HMGB1 in liver cancer cells, 
eventually led to the formation of PVTT by pro-
moting EMT and angiogenesis. Furthermore, 
HBx inhibited the expression of miR-34a 
through STAT3 signaling, then affected the 
expression and secretion of downstream 
HMGB1 by blocking the activation of NF-κB.  
We verified that extracellular HMGB1 up-regu-
lated IL-6/STAT3 activation, enhanced the 
inhibitory effect of STAT3 on miR-34a, there  
by forming a positive feedback loop of IL-6/
STAT3/miR-34a, ultimately promoting the se- 
cretion of HMGB1. In conclusion, our study clar-
ified a mechanism of EMT and tumor angiogen-
esis progression relies on HMGB1 in HBV relat-
ed liver cancer and provide a potential predic-
tive target for venous metastasis.

Methods

Patients and specimens

We achieved tumor samples from 76 patients 
who had undergone liver resection between 
2015 and 2017 and were pathologically con-
firmed primary liver cancer at Affiliated Drum 
Tower Hospital of Nanjing University Medical 
School. The experiments proceeded with the 
understanding and written consent of each 
subject, and the study methodologies con-
formed to the standards set by the Declaration 
of Helsinki. The Ethical Committee of Affiliated 
Drum Tower Hospital of Nanjing University 
Medical School approved this project. All 
patients signed informed consent for the pres-
ent study before the commencement of the 
experiments. Table S1 summarized the clinical 
signatures of all patients. 

Animals and chemical reagents 

Male BALB/c nu/nu mice (6-8 weeks old, 
Shanghai Institute of Material Medicine, 
Chinese Academy of Science) were housed in 
specific pathogen-free conditions. All animals 
received humane care according to the criteria 
“Guide for the Care and Use of Laboratory 
Animals”, which was prepared by the National 
Academy of Sciences and published by the 
National Institutes of Health (NIH publication 
86-23 revised 1985).
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Cell culture

The human liver cancer cell line HepG2, Huh7 
were achieved from the Cell Bank of the 
Chinese Academy of Sciences (Shanghai, 
China). Cells were all cultured in 4.5 g/L glu-
cose DMEM containing 10% FBS (Gbico), peni-
cillin (100 U/mL), and streptomycin (100 μg/
mL), incubated at 37°C in humidified air with 
5% CO2. All human cell lines have been authen-
ticated using STR (or SNP) profiling within the 
last three years.

Construction of stably transfected cell lines 
with HBx lentivirus transfection

For the further experiment of HBx function in 
tumors, we constructed stably transfected liver 
cancer cell lines with HBx lentivirus transfec-
tion. Details of the cell line construction pro-
cess are consistent with our previous research 
[28]. The verification results are shown in Figure 
S1.

Metastatic model in vivo

5×106 HepG2-con, HepG2-HBx or HepG2-HBx-
shHMGB1 cells suspended in 200 ul PBS were 
injected via tail vein in Male BALB/c nu/nu mice 
(6-8 weeks old, Shanghai Institute of Material 
Medicine, Chinese Academy of Science). Three 
groups of mice were sacrificed 14 days after 
injection, the lungs and livers were obtained for 
measuring colonies.

Immunoblot analysis

Total protein was extracted by lysing cells in 
RIPA buffer containing protease inhibitor cock-
tail. Protein samples boiled with 1× loading buf-
fer were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred onto polyvinylidene fluoride 
(PVDF) membranes. After blocking with 5% BSA 
in TBS-T, membranes were incubated with the 
primary antibody at 4°C overnight. Goat-anti-
rabbit or mouse IgG conjugated to horseradish 
peroxidase (HRP) was used as the secondary 
antibody. The results were imaged by Tanon.

Quantitative real-time polymerase chain reac-
tion (qRT-PCR)

Total RNAs of tumor tissues and cells were iso-
lated using Trizol reagent (Life Technology). 2 
μg of total RNA were reverse-transcribed 

(Takara). The specific primers used to amplify 
relevant genes are shown in Table S2. 
Quantitative PCR was carried out in triplicate 
using SYBR Green real-time PCR master mix 
(Takara) in an ABI StepOne Plus system (Ther- 
mo Fisher Scientific). All results are normalized 
to 18S rRNA expression.

RNA interference (RNAi) 

For stably knockdown of HMGB1, 2×105 cells 
were plated into 6-well plates. After 24 h, the 
mixture containing diluted shRNA-plasmid and 
lipofectin 2000 was added to the medium 
according to protocol. After 6 h of incubation, 
cells were cultured in complete DMEM with  
10 μg/ml puromycin (Sigma-Aldrich) for 24-48 
h to select stable transfectants. MiR-34a  
mimic and miR-34a inhibitor (Riobio) were 
transfected into cells using lipofectin 2000 
according to the manufacturer’s instructions. 
At the end of RNAi, all cells were collected for 
immunoblot analysis and qRT-PCR. 

Immunofluorescence 

Immunofluorescence analysis proceeded ac- 
cording to protocols. Cells were implanted in 
24-well dishes and fixed by 4% paraformalde-
hyde 24 h later. Fixed cells were incubated by 
the primary antibody of target protein (Cell 
Signaling Technology) and subsequently incu-
bated by FITC-conjugated anti-mouse IgG and 
Cy3-conjugated anti-rabbit IgG (Abcam). Re- 
presentative images were detected by fluores-
cent microscopy (Leica) and data was analyzed 
via ImagePro Plus.

Immunohistochemistry

Immunohistochemistry of primary liver cancer 
samples was conducted as previously de- 
scribed [29]. Samples were incubated with 
anti-HMGB1 (Abcam), anti-EMT related mark-
ers (Cell Signaling Technology), anti-CD31 (Cell 
Signaling Technology), p-STAT3/snail (Abcam) 
and anti-p65 (Cell Signaling Technology), fol-
lowed by incubation with secondary antibody. 
IHC results were scored according to 0, <25%; 
1, <50%; 2, <75%; 3, >75% by two experienced 
pathologists. Data are shown as means ± SEM.

Invasion assays

The liver cancer cells’ invasive ability was mea-
sured via 24-well transwell chambers separat-
ed by polycarbonate membranes with 8-µm 
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pores and precoated with Matrigel (Colin). The 
lower chamber was filled with complete DMEM 
as a chemoattractant. Cells in serum-free 
medium were seeded at 5×104 in the upper 
chamber and incubated at 37°C in humidified 
air with 5% CO2. Cells that migrated to the 
membrane’s underside were fixed and stained 
with Giemsa (Sigma), then detected and calcu-
lated with a microscope (Leica). All experiments 
were carried out in triplicate.

In vitro tube formation 

Human umbilical vein endothelial cells (HU- 
VECs) were cultured in an essential medium 
containing 2% FBS and 1% penicillin/strepto-
mycin or the conditioned media (CM) collected 
from HepG2 and Huh7 cells. HUVECs (1×104) 
were seeded into a 96-well culture plate pre-
coated with Matrigel (BD Biosciences) and  
then cultured in the indicated condition. After 8 
h of incubation, the tubes’ formation was 
observed, photographed with a phase-contrast 
microscope and quantified by counting the  
total length of vascular tubes in five randomly 
selected microscope fields per well. The experi-
ments were performed three times.

Dual-luciferase reporter assay

Following the protocol indication, pmirGLO, 
pmirGLO-IKKβ, or pmirGLO-IKKβ-mut was co- 
transfected with miR-34a mimics/miR NC into 
HepG2 cells by Lipofectamine-mediated gene 
transfer. The relative luciferase activity was 
normalized to Renilla 48 h after transfection.

Statistical analysis

Fisher’s exact tests and χ2 tests were used  
to determine clinicopathological correlations. 
Spearman’s correlation analysis evaluated the 
association between HMGB1, EMT markers 
and MVD in liver cancer tissues. The Student’s 
t-test and one-way ANOVA were used for com-
parison between variables. GraphPad Prism 6 
was used for all statistical analysis. P<0.05 
was considered statistically significant.

Result 

HMGB1 expression and HBV infection status 
are positively related to PVTT development in 
primary liver cancer

Primary liver cancer patients diagnosed with 
PVTT have been proven to have a poorer prog-

nosis and a high rate of tumor metastasis [9]. 
However, the molecular basis of venous tumor 
metastasis remains unclear. Several studies 
revealed a tight relationship between HBV 
infection status and PVTT [8, 10, 30]. As 
expected, we found that the rate of PVTT  
occurrence in HBV related liver cancer patients 
is significantly higher than HBV negative 
patients (Figure 1A). Recently, HBx, the main 
effector of HBV infection, has been demon-
strated to stimulate HMGB1 secretion and 
enhance tumor metastasis [27, 31]. HMGB1 is 
considered as an important tumor-promoting 
protein [20, 32]. To investigate the correlation 
of HMGB1 and HBV status in liver cancer, we 
performed immunohistochemistry staining of 
HMGB1 in 76 primary liver cancer patients.  
The results showed that HMGB1 expression 
was positively associated with HBV infection. 
Besides, compared to HBV positive patients 
with no PVTT, those with PVTT were character-
ized with elevated expression of HMGB1 (Figure 
1B, 1C). 

Several studies have shown that EMT, a crucial 
process involved in tumor invasion and angio-
genesis, is a fundamental molecular biology 
basis for venous metastasis [33-38]. Thus,  
we performed immunohistochemistry staining 
E-cadherin, Vimentin and CD31 to investigate 
the relationship between HBV status and  
EMT/angiogenesis in liver cancer [39, 40].  
Data revealed that the EMT process and angio-
genesis were significantly stimulated by HBV 
infection (Figures 1B, S2). Based on existing 
experiments, we further observed that HMGB1 
expression was positively related to EMT phe-
notype and microvessel density (MVD), an  
index representing the degree of neoangiogen-
esis, in HBV related liver cancer with PVTT 
(Figure 1D, 1E). These clinical data indicated 
that HMGB1 might promote the formation of 
PVTT caused by HBV infection by affecting EMT 
and angiogenesis.

HBx promotes EMT progress and angiogenesis 
of liver cancer cells by up-regulating the ex-
pression of HMGB1

It has been reported that HBx, the most impor-
tant pathogenic factor of HBV, promotes tumor-
igenesis by affecting EMT or angiogenesis [41, 
42]. Mounting data indicated that HBx and 
HMGB1 both promote liver cancer invasion and 
metastasis [27]. To investigate the relationship 
between HBx and HMGB1 in liver cancer pro-
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Figure 1. HMGB1 expression and HBV infection status are positively related to PVTT development in primary liver cancer. A. Rate of PVTT occurrence in HBV posi-
tive or negative liver cancer patients, analyzed by χ2 test. B. IHC of HMGB1 in liver cancer samples. Representative images show different intensities of staining 
of Vimentin, E-cadherin, CD31 and HMGB1. Scale bars, 100 um. Lower panels represent magnified pictures of the boxed area in the corresponding upper panels. 
C. Box plot graph shows the quantitative evaluation of HMGB1 staining intensity. The statistical differences between the three groups were analyzed by one-way 
analysis of variance. D, E. Correlation between HMGB1 and EMT markers/MVD in three groups, analyzed by unpaired student T-test. Data are means ± SEM from 
3 independent experiments. * means P<0.05. 
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gression, two liver cancer cell lines, Huh7 and 
HepG2, were stably established with lentivirus-
HBx transfection for further experiments 
(Figure S1). Consistent with observations in 
clinical data, HBx increased HMGB1 expression 
in translation and secretion level (Figure S3), 
suggesting that the presence of HBx in liver 
cancer cells directly affects HMGB1 expres- 
sion. 

To further explore the role of HMGB1 in HBx 
induced EMT and angiogenesis, shHMGB1  
was used to knockdown HMGB1 in HBx trans-
fected cells for the following experiments. As 
shown in Figure 2A, the protein level of 
N-cadherin, Vimentin and VEGF, which are 
involved in EMT or angiogenesis, were induced 
after HBx transfection in liver cancer cells. 
However, knockdown of HMGB1 mRNA could 
alleviate such promotion. We observed that  
the invasive property caused by HBx was inhib-
ited in the two cell lines with shHMGB1 trans-
fection (Figure 2B, 2C). These observations 
indicated that HMGB1 was essential for HBx-
mediated invasion. To test whether HMGB1 
directly influences tumor angiogenesis, espe-
cially with HBV infection, we performed vascu-
lar formation experiments. HUVECs were cul-
tured with various conditioned medium collect-
ed from Huh7/HepG2, HepG2-HBx/Huh7-HBx, 

or HepG2-HBx-sh/Huh7-HBx-sh for 8 hours. 
Results showed that knockdown of HMGB1 
inhibited VEGF production and reduced the 
angiogenesis capacity promoted by HBx, which 
indicated that HBx mediated angiogenesis  
was dependent on HMGB1 expression (Figure 
2D, 2E). In summary, we concluded that HBx 
promotes the EMT process and angiogenesis  
of liver cancer cells by up-regulating the expres-
sion of HMGB1. 

Knockdown of HMGB1 inhibits tumor metasta-
sis of liver cancer promoted by HBx in vivo

To examine the role of HMGB1 in vivo, we car-
ried out experiments of subcutaneously 
implanted tumors in nude mice. We found that 
compared to mice bearing HepG2-HBx cells, 
growth inhibition of implanted tumors in mice 
bearing HMGB1 ablation of HepG2 cells was 
significantly observed (Figure 3A). Besides, 
knockdown of HMGB1 reversed the increased 
MVD level of implanted tumors after HepG2-
HBx cells injection (Figure 3B). We then con-
ducted a tumor metastasis experiment to clari-
fy the role of HMGB1 in HBx promoted liver 
cancer metastasis. As shown in Figure 3C, 
injection of HepG2-HBx-sh cells reduced dis-
tant metastasis colonies in the lungs collected 
from mice. Besides, such results were observed 

Figure 2. HBx promotes EMT progress and angiogenesis of liver cancer cells by up-regulating the expression of 
HMGB1. A. Immunoblot analysis shows that HBx promotes the protein production of HMGB1, EMT markers and 
VEGF in HepG2/Huh7 cells, which can be reversed by knockdown of HMGB1. B, C. Downregulation of HMGB1 in 
HepG2-HBx and Huh7-HBx cells markedly inhibits the invasive ability, measured by transwell experiments. D, E. HU-
VEC tube formation reveals that the downregulation of HMGB1 in HepG2-HBx and Huh7-HBx cells markedly inhibits 
tumor angiogenesis. The total length of tube formation was analyzed and calculated by Image J. Data are shown as 
means ± SEM from 3 independent experiments, * means P<0.05, ** means P<0.01, by one-way ANOVA. 
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in liver surface metastasis (Figure 3D). 
Consistent with experiments in vitro, the inhibi-
tion of HMGB1 might alleviate HBx induced 
tumor metastasis and angiogenesis.

HBx up-regulates EMT/angiogenesis in liver 
cancer cells via activation of STAT3, which af-
fect the secretion of HMGB1

Previous evidence showed that STAT3, one  
kind of plasmosin, plays a vital role in facilitat-
ing tumor growth and metastasis of liver can- 
cer [43-45]. STAT3 also induces tumor angio-
genesis via the up-regulation of VEGF [46, 47]. 
Teng, J discovered that HBx regulates EMT via 
the mediation of STAT3 in liver cells [48]. We 
performed immunohistochemistry staining 
p-STAT3/snail in liver cancer tissues, showed 

the highest expression level of p-STAT3/snail in 
HBV related liver cancer with PVTT samples 
(Figure 4A, 4B). 

Based on this, we used stattic, a specific  
small-molecule inhibitor for STAT3, to demon-
strate whether STAT3 is involved in HBx induc- 
ed EMT progress and angiogenesis in liver can-
cer cells. As shown in Figure 4C and 4D, the 
protein level of E-cadherin, Vimentin and VEGF 
reduced after stattic addition in both two HBx-
transfected liver cancer cells, while the chang-
es of N-cadherin reversed. Further transwell 
assay found that STAT3 inhibition weakened 
the invasive ability of HBx-transfected liver  
cancer cells significantly (Figure 4E, 4F). Tube 
formation experiments observed that specific 
inhibition of STAT3 reduced the total length of 

Figure 3. Knockdown of HMGB1 inhibits the tumor metastasis of liver cancer promoted by HBx in vivo. (A) 5×106 
HepG2-con, HepG2-HBx and HepG2-HBx-shHMGB1 cells were subcutaneously injected into nude mice. Four weeks 
later, tumors derived from indicated cells were removed and shown. N=3. The tumor growth curves for the three 
groups described were measured. (B) The MVD level of the implanted tumor decreased with HMGB1 knockdown. 
(C, D) Metastasis experiments in vivo reveal that the downregulation of HMGB1 reduces the tumor metastasis. 
Colonies on the (C) lung and (D) liver surface (indicated by arrows). The numbers of tumor colonies were quantified. 
Data are means ± SEM from 3 independent experiments, * means P<0.05, ** means P<0.01, by one-way ANOVA.
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vascular tubes (Figure 4G, 4H). We also verified 
that HBx induced phosphorylation of STAT3 
(Figure 4I), as reported before [49]. These find-
ings suggested that STAT3 is critical for HBx 
induced EMT/angiogenesis in liver cancer. 
Besides, inhibition of STAT3 suppressed the 
expression of HMGB1 (Figure S4) and in- 
terestingly reversed the induction of secreted 
HMGB1 by HBx in HepG2 cells (Figure 4I). 
Combined with the previous results, these data 
indicated that HBx activated STAT3 might medi-
ate HMGB1 secretion.

HBx promotes IKKβ-induced NF-κB activation 
by inhibiting miR-34a, thereby increasing the 
secretion of HMGB1

Pengyuan Yang has demonstrated that TGF-β-
miR-34a-CCL22 is one of the essential mecha-

nisms of PVTT development of HBV related liver 
cancer [10]. Besides, miR-34a has been dem-
onstrated to target both VEGF and HMGB1 in 
many tumor types [17, 26, 50, 51]. Our pre- 
vious data have shown that HBx could increase 
the secretion level of HMGB1 (Figure 4I); how-
ever, the intracellular protein level of HMGB1 
did not change obviously (Figure S2). Recently, 
HMGB1 secretion is demonstrated to be en- 
hanced by HBx via regulating calcium-depen-
dent cascades [27]. Thus we expected to  
investigate the role of miR-34a in HBx induc- 
ed EMT/angiogenesis and whether miR-34a 
affects the promotion of HMGB1 secretion 
enhanced by HBx. HepG2-HBx/Huh7-HBx cells 
were transfected with miR-34a mimic or treat-
ed by inhibitor, respectively. As speculated, the 
content of miR-34a decreased with lentivirus-
HBx transfection, which confirmed the previous 

Figure 4. HBx up-regulates EMT/angiogenesis in liver cancer cells via activation of STAT3, which affect the secretion 
of HMGB1. A, B. Immunohistochemical results of p-STAT3/snail in liver cancer samples. C, D. Immunoblot analysis 
shows the change of protein level of EMT markers and VEGF in HepG2-HBx/Huh7-HBx cells with STAT3 inhibition. 
Stattic, a specific small-molecule inhibitor for STAT3. E, F. A transwell assay shows the down-regulation of the inva-
sion ability of HepG2-HBx/Huh7-HBx cells with STAT3 inhibition. G, H. HUVEC tube formation reveals that inhibition 
of STAT3 in HepG2-HBx and Huh7-HBx cells markedly suppresses tumor angiogenesis. The total length of tube 
formation was analyzed by Image J. I. Immunoblot analysis of proteins in HepG2-HBx cells and their supernatants 
revealed that STAT3 might affect the secretion of HMGB1. Data are means ± SEM from 3 independent experiments, 
* means P<0.05, ** means P<0.01, by one-way ANOVA.
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results (Figure 5A) [10]. Transfection of miR-
34a mimic significantly inhibited HBx induced 
HMGB1 content in cell supernatant (Figures 
5B, S5), which might result from reversed 
HMGB1 nucleocytoplasmic translocation (Fi- 
gure 5C). The vascular formation and transwell 
experiments result suggested that miR-34a 
regulates both invasion and angiogenesis 
induced by HBx (Figure 5D, 5E). 

It has been reported that the activation of 
NF-κB regulates HMGB1 expression/nucleocy-
toplasmic translocation [52, 53]. Liang Duan 
revealed that HBx enhanced the transcriptional 
activity of NF-κB in liver cancer cells [29]. To 
clarify how HBx stimulation regulates the  
secretion of HMGB1, we detected the expres-
sion of p65 - the most critical NF-κB iso- 
forms - in three groups of primary liver cancer 
tissues by immunohistochemistry staining and 
found a positive correlation between HBV in- 
fection and PVTT (Figure 5F). Further studies 
showed that miR-34a inhibited HBx induced 
HMGB1 secretion and NF-κB activation (Figure 
5G). Since the depolymerization of NF-κB/IκBα 
and the activation of NF-κB are dependent on 
the activation of IKK, we performed miRNA  
target prediction for IKK and detected two bind-
ing sites at the 3’UTR region of IKKβ for miR-
34a (Figure 5H). Dual-luciferase reporter gene 
assay confirmed that miR-34a could directly 
inhibit the expression of IKKβ by binding to its 
3’UTR region (Figure 5I). As shown in Figure 5J, 
5K, HBx induced the expression of IKKβ, while 
miR-34a negatively regulated such induction. 
Besides, the IKKβ protein level of HBV related 
liver cancer samples with PVTT is the highest 
among the three groups (Figure S6). In sum-
mary, these data suggested that HBx may 
affect EMT and angiogenesis of primary liver 
cancer via miR-34a/NF-κB/HMGB1 axis.

Extracellular HMGB1 facilitates the IL-6/
STAT3/miR-34a pathway to form a feedback 
loop

As a member of damage-associated molecular 
patterns (DAMPs), extracellular HMGB1 exerts 
significant tumor progression effects [20]. We 
had confirmed that miR-34a reduced the level 
of extracellular HMGB1, while whether extracel-
lular HMGB1 has a feedback effect on miR-
34a, even tumor EMT progress or angiogenesis 
was still not clear. We treated HepG2 and Huh7 

cells with various recombinant human HMGB1 
(rhHMGB1) concentrations for 24 hours for fol-
low-up experiments to clarify this speculation. 
Interestingly, we observed a gradual decrease 
of miR-34a expression with an increasing con-
centration of rhHMGB1 (Figure 6A). Besides, 
rhHMGB1 stimulated EMT phenotype in a  
dose-dependent manner, and VEGF expression 
also increased (Figure 6B). These data in- 
dicated that there is an interaction between 
HMGB1 and miR-34a. 

As described above, HBx promoted the EMT 
progress and angiogenesis of liver cancer cells 
through up-regulating HMGB1 expression or 
activation of STAT3 (Figures 2 and 4C-H). 
However, the relationship between HMGB1  
and STAT3 was not clear enough. As shown in 
Figure 6C, knockdown of HMGB1 affects the 
activation of STAT3 in HepG2 cells. It has  
been demonstrated that with IL-6 stimulation, 
STAT3 represses miR-34a expression by target-
ing its promoter region, thereby promotes EMT-
mediated cancer invasion and metastasis [54, 
55]. In this study, we found that the inhibition  
of STAT3 could alleviate the suppression of 
miR-34a expression by HBx (Figure 6D). 
Furthermore, rhHMGB1 significantly increased 
the mRNA level of IL-6 and gp130, a receptor 
subunit of IL-6 and a critical factor in activat- 
ing STAT3 [56] (Figure 6E). Thus, we speculated 
that there is a feedback effect of extracellular 
HMGB1 on the IL-6/STAT3/miR-34 axis in HBV 
related liver cancer. As shown in Figure 6F-H, 
HBx mediated IL-6/STAT3/miR-34a axis, while 
the treatment of rhHMGB1 reversed the inhibi-
tion of shHMGB1 on such signal pathway. With 
the above evidence, we concluded that extra-
cellular HMGB1 promoted EMT/angiogenesis of 
HBx-transfected liver cancer cells through a 
feedback function on the IL-6/STAT3/miR-34a 
axis.

Conclusion

In summary, our study provided evidence that 
high expression of HMGB1 accounted for EMT 
and angiogenesis in HBV related liver cancer. 
HBx mediated HMGB1 expression was depen-
dent on miR-34a reduction, activated by IL-6/
STAT3. Moreover, extracellular HMGB1 enhanc- 
ed EMT and angiogenesis in a miR-34a/NF-κB 
dependent way. These findings revealed a 
STAT3/miR-34a/NF-κB dependent HMGB1 up-
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Figure 5. HBx promotes IKKβ-induced NF-κB activation by inhibiting miR-34a, thereby increasing the secretion of HMGB1. (A) Q-PCR analysis indicates HBx inhibits 
miR-34a expression. (B) Immunoblot analysis reveals that miR-34a regulates the secretion of HMGB1 in HepG2 cells. (C) Immunofluorescence analysis shows that 
miR-34a mimic enhances HMGB1 nuclear translocation. (D, E) MiR-34a modulates angiogenesis and invasion in HepG2 cells, which is alleviated by exogenous 
HMGB1. (F) Immunohistochemical staining of p65, one of the most critical NF-κB isoforms, in liver cancer samples. (G) In HepG2 cells, HBx induces depolymeriza-
tion of NF-κB/IκBα complex and activation of p65, which in turn is inhibited by miR-34a. (H) Putative miR-34a binding sites in the 3’UTR of IKKβ, which modulates 
the activation of NF-κB. (I) Dual-luciferase reporter gene assay shows a linear combination between the 3’UTR of IKKβ and miR-34a in HepG2 cells. (J, K) Immunob-
lot and q-PCR analysis reveal the suppression of miR-34a on the expression of IKKβ in HepG2 cells. Data are means ± SEM from 3 independent experiments, ** 
means P<0.01, by (A) unpaired student T-test and (E, I, K) one-way ANOVA.
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regulation in metastasis of HBV related liver 
cancer (Figure 7).

Discussion 

Primary liver cancer is one of the most common 
malignancies worldwide and the leading cause 
of cancer-related death [1]. Chronic inflamma-
tion resulted from hepatic B or C virus infec- 
tion, alcoholic liver disease, and nonalcoholic 
steatohepatitis is the crucial feature of liver 
cancer progression [4]. Mounting evidence has 
shown that HBV infection promotes liver cancer 
initiation and development [3, 4, 7]. The previ-
ous study indicated that HBV status was tightly 
associated with PVTT occurrence in patients 
with liver cancer [10]. PVTT has been demon-

strated as a significant risk factor for tumor 
metastasis and predicted poor prognosis 
[8-10]. However, the underlying mechanisms of 
liver cancer development caused by HBV infec-
tion need further elucidation.

HBx, a crucial effector of HBV infection, is 
involved in various aspects of liver cancer 
development [3]. HBx binds directly to DNA and 
inhibits transcriptional activation via interact-
ing with tumor suppressors, such as p53 and 
Rb [3, 11]. Many signal transduction pathways, 
including ERK, MAPK and NF-κB, are demon-
strated to be affected by HBx [4]. Previous stud-
ies revealed that HBx promoted the EMT pro-
cess via decreasing E-cadherin [57, 58]. 
Moreover, VEGF production was enhanced by 

Figure 6. Extracellular HMGB1 facilitates the IL-6/STAT3/miR-34a pathway to form a feedback loop. (A) Q-PCR analy-
sis shows a dose-related inhibition of miR-34a in HepG2/Huh7 cells by rhHMGB1. (B) With the increase of dose, 
the up-regulation of EMT-related factors and VEGF protein by rhHMGB1 is significant in HepG2 cells. (C) Immunoblot 
analysis reveals that knockdown of HMGB1 may inhibit the activation of STAT3 in HepG2-HBx cells. (D) Q-PCR analy-
sis indicates that the inhibition of STAT3 could alleviate the suppression of miR-34a expression by HBx in HepG2/
Huh7 cells. (E) RhHMGB1 up-regulates the expression of IL-6 and gp130 mRNA, which function as the upstream fac-
tor of STAT3 activation. (F-H) Immunoblot and q-PCR analysis reveal the promotion of rhHMGB1 on the IL-6/STAT3/
miR-34a axis in HepG2-HBx/Huh7-HBx cells, while knockdown of HMGB1 reverses such promotion. The concentra-
tion of rhHMGB1 used in (E-H) is 1000 ng/ml. Data are means ± SEM from 3 independent experiments, * means 
P<0.05, ** means P<0.01, by one-way ANOVA.
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HBx, which contributed to tumor angiogenesis 
[59]. 

HMGB1 is considered a conserved chromatin-
binding protein and is involved in tumor pro-
gression [60]. Accumulating data indicated  
that extracellular HMGB1 also promoted tumor 
proliferation, metastasis and angiogenesis 
[32]. HMGB1 could be released passively or 
actively [60]. Recent studies showed that 
hypoxia and HBx lead to HMGB1 secretion from 
tumor cells [27]. After binding to its receptors, 
such as Rage and TLR2/4/9, HMGB1 promoted 
tumor development through activating relev- 
ant signaling pathways [32, 60]. In our study, 
we found there was a strong relationship 
between HMGB1 and PVTT, especially in HBV 
related liver cancer. Moreover, the HMGB1 
expression was higher in HBV related liver can-
cer tissues, and HBx up-regulated HMGB1 
expression in liver cancer cells. Additionally, 
targeting HMGB1 in HBx transfected cells abol-
ished HBx induced EMT and angiogenesis, 
which have been proven to be mediated by 
STAT3 signaling [46, 56]. In vivo experiments 
confirmed the importance of HMGB1 for tumor 
angiogenesis and metastasis [8].

Previous studies showed that HBx reduced 
miR-34a expression [10]. Mounting evidence 

sion, thus forming positive feedback HMGB1 
secretion-NF-κB activation [52, 62]. Our obser-
vations showed that HBx induced NF-κB activa-
tion and suggested up-regulation of HMGB1 
secretion, indicated crosstalk between HMGB1 
and NF-κB. The prediction of miR-34a-IKKβ 
binding sites and dual-luciferase assay con-
firmed that miR-34a directly inhibited IKKβ 
expression and blocked the activation of the 
NF-κB signaling pathway, thus clarified the 
interaction of miR-34a and NF-κB. 

It was reported that IL-6R/STAT3/miR-34a 
feedback loop promotes EMT mediated inva-
sion and metastasis in colorectal cancer [54]. 
Moreover, HBx promoted HMGB1 secretion via 
calcium-dependent cascades, which resulting 
in tumor metastasis. Our study showed that 
HMGB1 treatment induced the EMT process 
and VEGF expression of liver cancer cells in a 
dose-dependent way. Interestingly, similar to 
HBx, exogenous HMGB1 facilitated IL-6/STAT3/
miR-34a activation, suggesting positive feed-
back between HMGB1 and STAT3/miR-34a. 
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Table S1. The clinicopathologic characteris-
tics of 76 cases of HCC
Variables No. of patients (%)
Gender
    Male 59 (67)
    Female 17 (33)
Age, y
    ≤50 57 (57)
    >50 19 (43)
HBsAg
    Negative 26 (12)
    Positive 50 (88)
AFP, ng/ml 
    ≤20 46 (55)
    >20 30 (45)
Cirrhosis
    No 44 (35)
    Yes 32 (65)
Tumor size, cm
    ≤5 42 (39)
    >5 34 (61)
Tumor number 
    Single 34 (79)
    Multiple 42 (21)
PVTT
    No 57 (89)
    Yes 20 (11)
TNM stage
    I-II 45 (73)
    III-IV 31 (27)
Abbreviations: AFP, alpha-fetoprotein; HBsAg, hepatitis B 
surface antigen; PVTT, portal vein tumor thrombosis. 

Figure S1. The construction of HBx transfected HCC cells. A. GFP-labeled cells with HBx transfection under a fluores-
cence microscope. B. Immunoblot analysis of HBx protein in cells transfected with HBx.
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Table S2. QRT-PCR primer sequences
Gene Forward Reverse
18s CGGCGACGACCCATTCGAAC GAATCGAACCCTGATTCCCCGTC
HMGB1 TATGGCAAAAGCGGACAAGG CTTCGCAACATCACCAATGGA
HBX CCCGTCTGTGCCTTCTCATC GTATGCCTCAAGGTCGGTCG
miR-34a TGGCAGTGTCTTAGCTGGTTGT GCGAGCACAGAATTAATACGAC

Figure S2. IHC score of EMT/angiogenesis markers related to Figure 1B. Box plot graph shows the quantitative eval-
uation of Vimentin, E-cadherin, and CD31 staining intensity. The statistical differences between the three groups 
were analyzed by one-way ANOVA. * means P<0.05.

Figure S3. HBx induced expression of HMGB1 in translation and secretion level. A. Q-PCR analysis reveals HBx 
transfection induces HMGB1 mRNA expression significantly. B. Immunoblot analysis shows that HBx transfection 
induces HMGB1 protein level in cell supernatant, more remarkable than intracellular HMGB1. Data are means ± 
SEM from 3 independent experiments, *** means P<0.001, * means P<0.05, by unpaired student T-test.
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Figure S4. Inhibition of STAT3 suppresses the expression of HMGB1. Immunoblot analysis of HMGB1, EMT markers, 
and VEGF protein level in HepG2/Huh7 cells with STAT3 inhibition. Stattic, a specific small-molecule inhibitor for 
STAT3. 

Figure S5. Quantification analysis of immunoblot results related to Figure 5B. Quantification and statistical analy-
sis of four gels in Figure 5B confirm an alleviative influence of miR-34 on HBx induced HMGB1 protein level in the 
supernatant, normalized by GAPDH. The statistical differences between the four gels were analyzed by one-way 
ANOVA. ** means P<0.05.
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Figure S6. The IKKβ protein level of liver cancer tissues. A. Immunoblot analysis of IKKβ in three groups of liver 
cancer tissues. B. Normalized by GAPDH. * means P<0.05, by Spearman’s correlation analysis.


