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Abstract: Purpose: Hepatitis B virus (HBV) infection is one main cause of hepatocellular carcinoma (HCC), but the 
mechanisms of pathogenesis still remain unclear. Methods: We screened the 1351 differentially expressed genes 
related to HBV-induced HCC by bioinformatics analysis from databases and found that Plasminogen (PLG) may be a 
key gene in HBV-induced HCC progression. Then, we used a series of experiments in vivo and in vitro to explore the 
roles of PLG in HBV-HCC progression, such as qRT-PCR, western blot, ELISA, flow cytometry and TUNEL assay, subcu-
taneous xenografts and histopathological analysis to reveal the underlying mechanisms. Results: PLG was over-ex-
pressed in HBV positive hepatocellular carcinoma tissues and cells. PLG silencing promoted HBV-HCC cell apoptosis 
in vitro and suppressed the growth of HBV-induced HCC xenografts in vivo both through inhibiting HBV replication. 
Then, GO and KEGG analysis of these differentially expressed genes revealed that the Hippo pathway was the key 
pathway involved in HBV-induced HCC, and SRC, a downstream target gene of PLG, was highly expressed in HBV-
induced HCC and related to the Hippo pathway. Thus, we speculated that PLG promoted HBV-induced HCC progres-
sion through up-regulating and activating the expression of SRC and promoting Hippo signaling pathway function 
on HBV-HCC cell survival. Conclusion: Our study suggests PLG may be an activator of HBV-infected hepatocellular 
carcinoma development, as a novel prognostic biomarker and therapeutic target for HBV-HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the third 
fatal cancer type in the world [1] and Hepatitis 
B virus (HBV) is a major and independent risk 
factor for HCC [2, 3]. It has been reported that 
the incidence of HCC in patients with chronic 
HBV infection is 5-100 times higher than that in 
healthy individuals [4]. Despite decades of 
research have been performing, the underlying 
mechanism for HBV-induced HCC is still not 
fully understood [5].

Plasminogen (PLG), also known as plasma-
trypsinogen, is an important cell surface-bound 
zymogen in fibrinolysis, should be activated by 
fibrinolytic enzymes, such as urokinase plasmi-
nogen activator, tissue plasminogen activator 
and factor VII. Research have reported that 

plasminogen and fibrinogen were found to be 
key determinants of tumor growth [6, 7]. Soluble 
urokinase plasminogen is reported as an early 
screening tool for HCC, especially those with 
chronic liver disorders [8]. As signal receptors 
on hepatocellular membrane, urokinase-type 
plasminogen activator receptor and integrin are 
identified to exert synergistical effect on malig-
nant transformation of hepatic cells [9]. In sub-
cellular level, hepatocyte endoplasmic reticu-
lum stress induced by plasminogen activator 
expression is also verified to be related with 
non-alcoholic steatohepatitis and HCC [10]. 
However, the role the PLG in HBV-induced HCC 
still remains unexplored.

SRC proto-oncogene (SRC) family is a non-
receptor protein type of intracytoplasmic tyro-
sine kinases [11]. They are related to cell mem-
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branes and could be activated by numerous 
cell surface receptors, thus involving in cellular 
signal cascades and regulate cellular biological 
reactions [12, 13]. SRC family kinase proteins 
are frequently activated in cancer, and are 
involved in coordinating the growth, survival, 
invasion and angiogenesis of tumor cells [12, 
13]. Bouchard et al reported that HBV X protein 
(HBx) promoted cyclin gene expression and cell 
proliferation through activating the SRC kinase 
signaling pathway [14]. Other studies have also 
shown that HBV-induced HCC cells expressed 
large numbers of hepatitis B virus Large S pro-
tein (LHBs) which could activate the SRC signal-
ing pathways. Besides, the accumulation of 
LHBs was found to be associated with G1-S cell 
cycle progression and apoptosis resistance 
mediated by SRC activation [15]. A few studies 
have reported the relationship between SRC 
kinase and HBV-induced HCC, while SRC kinase 
is previously reported to have certain associa-
tion with PLG in other disease by interactome 
analysis [16]. In this study, bioinformatic analy-
sis demonstrated SRC may be a downstream 
regulatory gene of PLG in HBV-induced HCC.

Hippo signaling pathway is an inhibitory signal-
ing pathway on regulating the homeostasis of 
various cells and organs, including the intestine 
[17], cardiovascular system [18], and immune 
system [19]. Recent studies have shown that 
Hippo signaling pathway plays an important 
role in the physiological and pathological pro-
cesses of mammalian liver cell fate, cell death, 
liver development, progress of liver cancer, and 
liver regeneration & remodeling [12, 13]. YAP, 
as one of the transcriptional co-activators in 
the Hippo signaling pathway, was reported to 
be linked with cellular proliferation [20]. 
Deletion of upstream proteins or excessive 
activation of downstream YAP in Hippo signal-
ing pathway could bring about liver dysplasia, 
and also lead to the occurrence of liver cancer 
[21]. Analysis of human hepatocellular carcino-
ma clinical samples revealed that the disorder 
of Hippo signaling pathway was closely related 
to the development of human HCC. YAP overex-
pression and nuclear localization were ob- 
served in about 50% of HCC samples [22]. 
Moreover, HBx mediated YAP1 transcriptional 
activation through CREB to promote growth of 
hepatoma cells [22], indicating that Hippo sig-
naling pathway may also play an important role 
in HBV-induced HCC development.

In this study, we detected that PLG was obvi-
ously up-regulated in HBV-induced HCC, and 
relevant cell biological behaviors after PLG 
interference were further confirmed subse-
quently. Related genes were further identified 
by gene microarray analysis. The relationship 
between Hippo signal pathway and PLG was 
also investigated in vitro and in vivo. In the end, 
we come to the conclusion that PLG promoted 
the occurrence and development of liver can-
cer induced by HBV through activating SRC and 
inhibiting Hippo signaling pathway.

Materials and methods

Bioinformatics analysis

Through the GEO database, GSE54238 
(https://www.ncbi.nlm.nih.gov/geo/) which in- 
cluded data from 10 normal liver samples, 10 
chronic inflammatory liver samples, 10 cirrho- 
tic liver samples, 13 early HCC samples, and 
13 advanced HCC samples were obtained and 
standardized by RMA. Protein coding genes 
were mainly analyzed. All the liver cancers sam-
ples in the data were associated with HBV 
infection. Spearman’s rank correlation was 
used to analyze liver cancer progression relat-
ed genes. Gene interactions were performed by 
https://string-db.org/cgi/input.pl and mapped 
using Cytoscape software (http://www.cyto-
scape.org/), GO and KEGG analyses were 
adopted through online websites (http://
geneontology.org/, https://www.kegg.jp/clugg/
pathway.html), and TerProfiler package in R lan-
guage was used for enrichment analysis of GO 
and pathways.

Tissues and cell lines

40 HBV-positive liver samples and 40 HBV-
negative liver samples were collected from HCC 
patients underwent surgical resection at the 
Eastern Hepatobiliary Surgery Hospital (Shang- 
hai, China). Written informed consents were 
acquired from the patients, and all experiments 
were approved by the Research Ethics Com- 
mittee of the First Affiliated Hospital of Guangxi 
Medical University. 

Human hepatoma cell lines HepAD38 [23] 
(HuZhen biology, Shanghai, China), and the 
HepG2-NTPC cells (GuangZhou Jennio Biotech 
Co., Ltd, Guangzhou, China) were cultured in 
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high glucose Dulbecco’s Modified Eagle Me- 
dium (DMEM) (Biological Industries, Beit Hae- 
mek, ISRAEL) with 5% fetal bovine serum (FBS) 
(Biological Industries, Beit Haemek, ISRAEL) at 
37°C incubator with 5% CO2.

Plasmid construction and transfection

PLG-sh1 (target sequence: 5’-GAAGAGGAAT- 
GTATGCATTGC-3’), PLG-sh2 (target sequen- 
ce: 5’-GCCATACAACCAACAGCCAAG-3’), SRC-
sh1 (target sequence: 5’-GGCTCCAGATTGTCAA- 
CAACA-3’), SRC-sh2 (target sequence: 5’-GCCT- 
CAACGTGAAGCACTACA-3’), and pCDNA3.1-SRC 
plasmid (SRC-oe) were purchased from AU- 
RAgene company (Changsha, China). The con-
trol plasmids containing a scramble sequence 
(shCtrl) or blank gene (Ctrl-oe) were used for 
negative control. Cells were cultured until the 
logarithmic growth stage and then seeded into 
6-well plates at 1.5×105 cells per well. When 
cells grew to 80% confluence, the plasmids 
were transiently transfected into cells as indi-
cated with Lipo2000 and then cells were con-
tinue cultured for 48 h. 100 HBV virus genome 
equivalents (vge) was transfected with HepA- 
D38 for 7 days and HepG2-NTPC for 5 days for 
preparation of HBV infected HCC cells.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zoliumbromide (MTT) assay

Cells were cultured into 96-well plates (5000 
cells/well) for 24 h. 48 and 72 h incubation 
after starvation, 10 μl MTT solution (Sangon 
Biotech, China) was added into each well and 
cultured at 37°C for 4 h, then the medium was 
removed. 150 μl dimethylsulfoxide (DMSO) 
solution (MP Biomedicals, USA) was added for 
10 min. The absorbance at 490 nm was mea-
sured using a microplate reader Multiskan MK 
(Thermo Scientific, USA).

Flow cytometry and TUNEL staining for cell 
apoptosis analysis

Cells at the exponential growth phase were 
treated with trypsinization and resuspended in 
Annexin V-FITC binding buffer. Annexin V and 
propidium iodide were added into cell suspen-
sion for 15 min. The stained cells were ana-
lyzed by flow cytometer (FACScan, BD Bio- 
sciences). For TUNEL assay, the cells were fixed 
by paraformaldehyde for 15 min and treated 
with immunostaining permeabilization buffer 

with Triton X-100 (Beyotime, Beijing, China), 
and then incubated with fluorescent-labeled 
reagent (45 μl) and terminal deoxynucleotidyl 
transferase (5 μl) (Beyotime, Beijing, China) at 
37°C for 1 h. Nuclear fractions were stained  
by 4’,6-diamidino-2-phenylindole (DAPI). Cells 
were observed and photographed using a fluo-
rescence microscope (Leica, Germany).

qRT-PCR

Total RNA was extracted from tissues or cells 
by the TRIZOL reagent (Invitrogen, Shanghai, 
China). cDNA was synthesized by the random 
primers and a Reverse Transcription Kit 
(Takara, China). qRT-PCR and data collection 
were performed using an ABI 7300 instrument. 
Primers (PLG Forward: 5’-CAGGGGGCTTCA- 
CTGTTCAG-3’, Reversed: 5’-GCCATTATCACACA- 
TTGTTGCTC-3’; HBV Forward: 5’-ACCGACCT- 
TGAGGCATACTT-3’, Reversed: 5’-GCCTACAGCC- 
TCCTAGTACA-3’; HBx Forward, 5’-GGTCGTTG- 
ACATTGCAGAGA-3’, Reversed: 5’-GGTCGTTG- 
ACA-TTGCAGAGA-3’; β-actin Forward, 5’-AGG- 
GGCCGGACTCGTCATACT-3’, Reversed: 5’-GGC- 
GGCACCACCATGTACCCT-3’) were synthesized 
by Invitrogen (Shanghai, China) The levels of 
target genes were normalized with internal ref-
erence gene β-actin.

Western blot

Cells were lysed using RIPA lysis buffer (Aura- 
gene Bioscience, China). The protein was load-
ed on a 10-12% SDS-polyacrylamide separat-
ing gel and transferred to a PVDF Immobilon-P 
membrane (Millipore, USA), which was blocked 
with 3% BSA-TBST for 90 min. The membranes 
were incubated with primary antibodies at 4°C 
overnight and incubated with HRP-conjugated 
secondary antibodies (1:5000, ab62751, Ab- 
cam) for another 1 h. β-actin antibody (1:1000, 
#4967, CST) was used as internal reference. 
Primary antibodies for PLG (1:1000; PA5-
34677, Invitrogen), SRC (1:2000; ab109381, 
Abcam), p-SRC (1:2000; ab185617, Abcam), 
YAP (1:1000; #4912, CST), p-YAP (1:1000; 
#13008, CST), Ki67 (1:1000; ab16667, Ab- 
cam), LATS1 (1:1000; #3477, CST), and 
p-LATS1 (1:1000; #8654, CST) were used. At 
the end, after washed with TBST for more than 
three times for 5-10 min, the membranes were 
then exposed to ECL (Millipore) substrate and 
visualized by a chemiluminescence detection 
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system (Bio-Rad). Image J software was used to 
quantify the intensity of bands.

ELISA

The levels of HbsAg and HbeAg in the culture 
supernatant of the liver cells HepAD38 and 
HepG2-NTPC after treatment with HBV infec-
tion or combined with plasmid transfection as 
indicated were detected by commercial ELISA 
kits (HbsAg, HbsAg, Guangrui biology, Shanghai, 
China; HbeAg, Tong rui biology, Shanghai, 
China), referring to the standard curve provided 
by the kits. Procedures of ELISA detection was 
in strict accordance with protocols provided in 
the kits. Briefly, the culture supernatant sam-
ples with appropriate dilution were added into 
the wells of the plate, after 30 min incubation 
at 37°C and then 4 times washing, enzyme-
labelled antibodies were added into the wells, 
and then the reaction plate was incubated for 
another 30 min at 37°C. Following by 4 times 
washing, two kind of Color-substrate solutions 
were added in turn and then incubated in dark 
for 15 min. At last, after adding with Stop solu-
tion, put the plate into a Microplate Reader 
(SpectraMax Paradigm, Molecular Devices) for 
OD value analysis at 450 nm.

Xenograft in nude mice

Male BALB/c Mlac-nu mice (aging 4 weeks) 
from the National Laboratory Animal Center 
(Mahidol University, Thailand) were acclima-
tized for 2 weeks under 12 h light-dark cycle in 
50% humidity and with free access to food and 
water. Mice were anesthetized with pentobarbi-
tal (100 mg/kg) and received preoperative sub-
cutaneous buprenorphine (0.1 mg/kg). Four 
mice were used in each group. The animals 
were positioned in prone to provide better oxy-
genation. All animal procedures were approved 
with the instructions of the Institutional Animal 
Care and Use Committee of the First Affiliated 
Hospital of Guangxi Medical University. The sh-
PLG or/and SRC-oe transfected HepAD38 and 
HepG2-NTPC cells were trypsinized into cell 
suspension (1×107 cells/mL). 1 mL cell suspen-
sion was centrifuged and resuspended in 100 
μl Matrigel (Corning, NY, United States). All pro-
cedures with Matrigel were performed on ice. 
Cell suspension was subcutaneously injected 
into the back-right flanks of nude mice (n = 4). 
The tumor volume was measured and calculat-
ed for twice every week. The activity and mor-

tality of animals were monitored simultaneous-
ly. For weeks later, all the animals were sacri-
ficed after anesthesia, and the tumors were 
isolated for weighted and subsequent patho-
logic analysis and molecule detection.

Model establishment

AAV8-HBV1.2 vector was diluted by phosphate-
buffered saline (PBS). Mice were anesthetized 
with pentobarbital (100 mg/kg) and received 
preoperative subcutaneous buprenorphine (0.1 
mg/kg). Four mice were used in each group. 
The animals were positioned in prone to pro-
vide better oxygenation. Next, the mice were 
injected with 200 μl rAAV8-HBV 1.2 vector 
[2×1011 vector genome equivalents (vg)] via  
the tail vein. The controls were injected with 
PBS. Serum and liver tissues were collected at 
1, 3 and 6-months after injection, and were fro-
zen in liquid nitrogen.

Immunohistochemistry

The tissues were fixed in 10% formalin solution, 
embedded in paraffin, sliced (4 μm), then depa-
raffinized and rehydrated in xylenes and alco-
hols followed by retrieval of antigenic epitopes. 
Antigen retrieval was performed in citrate buf-
fer (pH 6, 100°C for 20 min). The sections were 
treated with 3% H2O2 for 15 min and blocked 
with normal serum for 30 min, and then incu-
bated with primary antibody at 4°C overnight. 
The primary antibodies anti-PLG (1:500; PA5-
34677, Invitrogen), anti-SRC (Santa Cruz 
Biotechnologies; at a dilution of 1:500) and 
anti-Ki-67 (Ventana Medical Systems, Inc.; AZ, 
United States; at a dilution of 1:500). Zyto- 
Chem Plus (HRP) Polymer anti-Rabbit (Zytomed 
Systems, Berlin, Germany; at a dilution of 1: 
500) and rabbit anti-goat immunoglobulin-HRP 
(Dako; CA, United States; at a dilution of 1:800) 
were used. The immunoreaction was visualized 
with ultraView Universal DAB Detection Kit 
(Ventana Medical Systems, Inc.). The nuclei 
were counterstained with haematoxylin. Im- 
munoreactions were measured in five micro-
scopic fields (200×) (Nikon Eclipse50i, Japan).

Statistical analysis

Data were demonstrated as the mean ± stan-
dard deviation (SD) with repeated independent-
ly experiments at least three times. All data 
were processed using GraphPad Prism 7.0 
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(GraphPad software, Inc., La Jolla, CA, USA). 
Student t test with Welch’s correction for com-
parisons between two groups and One-way 
analysis of variance (One-way ANOVA) with 
Tukey test for multiple comparisons more than 
two groups were used at statistical analysis. P 
value less than 0.05 was considered as statisti-
cally significant.

Results

PLG is overexpressed in HBV positive hepato-
cellular carcinoma tissues and cells

Significant differences in gene expression 
between normal tissues and advanced liver 
cancer tissues were observed (1402 genes 
FDR < 0.01). There were 3831 genes associat-
ed with liver disease progression (rank correla-
tion, FDR < 0.01), among them, 1351 were dif-
ferentially expressed in advanced HCC. KEGG 
enrichment analysis of the above genes 
revealed that Hippo signaling pathway and fatty 
acid degradation signaling pathway were the 
two of the most concentrated ones (Figure S1). 
Through the STRING database, we analyzed the 
interaction relationship of these 1351 liver can-
cer related genes in the network (Figure S2). It 
was found that PLG was highly expressed in 
HCC induced by HBV, and its high expression 
was associated with prognosis and disease-
free survival (Figure S3).

To verify the results of bioinformatics analysis, 
PLG expression was detected in some clinical 

liver samples from 40 HBV-positive HCC (HBV+-
HCC) and 40 HBV-negative HCC (HBV--HCC) 
patients. The results showed that the relative 
expression levels of PLG in HBV+-HCC liver sam-
ples were higher significantly than those in 
HBV--HCC liver samples (Figure 1A and 1B). In 
order to investigate the effects of PLG in HBV 
positive Hepatoma cells in vitro, we used HBV 
to infect HepG2-NTPC cells for 7 days and 
HepAD38 cells for 5 days, detecting the secret-
ed form of HBsAg and HBeAg and the detect-
able levels of HBV RNA (pgRNA), HBx RNA were 
upregulated as biomarkers of HBV infection of 
liver cell models (Figure S4), and western blot 
analysis results also showed PLG was highly 
expressed in HBV infected HepG2-NTPC and 
HepAD38 cells, compared to the control groups 
with no HBV-infection (Figure 1C).

Silencing of PLG promoted HBV-HCC cell apop-
tosis through inhibiting HBV replication in vitro

To investigate the roles of PLG in the progres-
sion of HBV-HCC, PLG interference plasmids 
were constructed and confirmed the interfer-
ence efficiency in HepAD38 and HepG2-NTPC 
cells using western blot, and results showed 
that the relative protein level of PLG in the inter-
ference groups (shPLG-1 and shPLG-2) was 
obviously lower than that in the control groups 
(Con and shCtrl) (Figure 2A), suggesting that 
both the two interference targets were effec-
tive. MTT assay was used to detect the cell pro-
liferation, and flow cytometry and TUNEL assay 
were used to measure the rate of cell apoptosis 

Figure 1. PLG is overexpressed in HBV positive hepatocellular carcinoma tissues and cells. (A) QPCR analysis for the 
mRNA level and (B) western blot analysis for protein level of PLG expression in clinical liver samples from 40 HBV-
positive HCC (HBV+-HCC) and 40 HBV-negative HCC (HBV--HCC) patients. (C) Western blot analysis for the change of 
PLG protein expression in two HBV-induced HCC cell models using HBV to infect HepG2-NTPC cells for 7 days and 
HepAD38 cells for 5 days. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 2. Silencing of PLG promoted HBV-HCC cell apoptosis through inhibiting HBV replication in vitro. To investigate the roles of PLG in the progression of HBV-
HCC, PLG interference plasmids (shPLG-1, shPLG-2) and a negative control plasmids (shCtrl) were respectively transfected into the HBV-infected HepAD38 and 
HepG2-NTPC cells. (A) Western blot analysis for the changes of PLG protein level to confirmed the interference efficiencies of these interference plasmids. (B) MTT 
assays for the detection of cell proliferative potential after PLG silencing in HBV-infected HepG2-NTPC and HepAD38 cells. (C) Flow cytometry with Annexin V-FITC/PI 
staining and (D) TUNEL assays for the cell apoptosis analysis after PLG silencing in HBV-infected HepG2-NTPC and HepAD38 cells. (E) ELISA analysis for the levels 
of HbsAg and HbeAg in HCC cell supernatants after HBV infection and PLG silencing. (F) QPCR analysis for the mRNA levels of HBV (pgRNA) and HBx in HepG2-NTPC 
and HepAD38 cells after HBV infection and PLG silencing. */#P < 0.05; **/##P < 0.01; ***/###P < 0.001.
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after silencing of PLG in HBV-infected HepG2-
NTPC and HepAD38 cells. Results showed  
that the HCC cells proliferation was obviously 
inhibited after PLG interference in HBV-infect- 
ed HepAD38 and HepG2-NTPC cells (Figure 
2B); the rate of apoptotic cells in HBV-infect- 
ed HepAD38 and HepG2-NTPC cells were in- 
creased markedly after PLG interference 
(Figure 2C and 2D). All these findings suggest-
ed that PLG may be an important factor in HBV-
induced HCC progression. 

To investigate whether PLG could regulate HBV 
replication, After silencing treatment by PLG 
interfering plasmid transfection in HBV-infected 
HepG2-NTPC and HepAD38 cells, the levels of 
HbsAg and HbeAg in cell supernatant were 
detected by ELISA, and the results showed that 
expression of HbsAg and HbeAg decreased 

observably in the interferent groups (Figure 
2E); moreover, the mRNA levels of HBV (pgRNA) 
and HBx in the interference groups were 
reduced markedly (Figure 2F), indicating that 
silencing of PLG could inhibit the process of 
HBV replication, and this may be one of the 
main reasons the silenced PLG promoted the 
HBV-HCC cell apoptosis.

Silencing of PLG suppressed the growth of 
HBV-induced HCC xenografts in vivo

To further verify the functions of PLG on HBV-
induced HCC progression, experiments of 
tumorigenesis in nude mice were performed 
using HBV-induced HCC cells, and the effects 
of PLG silencing on the growth of xenografts 
were analyzed (Figure 3A). Results showed that 
the tumors in the PLG interference group were 

Figure 3. Silencing of PLG suppressed the growth of HBV-induced HCC xenografts in vivo. To further verify the func-
tions of PLG on HBV-induced HCC progression, experiments of tumorigenesis in nude mice were performed using 
HBV-induced HCC cells. (A) Showcase of subcutaneous xenograft tumors in nude mice and (B) xenograft tumor 
tissues isolated from the nude mice after about a month growth. (C) The growth curves of xenograft tumor volume 
in nude mice with PLG silencing or not. (D) Western blot analysis and (E) immunohistochemistry analysis for the 
protein levels of proliferation marker Ki67 in xenograft tumor tissues with PLG silencing or not. (F) ELISA analysis 
for the serum levels of HbsAg and HbeAg in xenografts nude mice with PLG silencing or not. (G) QPCR analysis for 
the mRNA levels of HBV (pgRNA) and HBx in xenograft tumor tissues with PLG silencing or not. *P < 0.05; **P < 
0.01; ***P < 0.001.
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smaller than those in the control group (Figure 
3B and 3C), indicating that PLG interference 
could suppress the growth of HBV-induced HCC 
tumorigenesis. Western blot and immunohisto-
chemistry analysis for these tumor tissues 
showed that the protein expression level of pro-
liferation marker Ki67 in PLG interference 
group was lower than that in control group 
(Figure 3D and 3E), suggesting that PLG inter-
ference could inhibit HBV-induced HCC pro-
gression. To confirm the effects of PLG interfer-
ence on HBV replication in vivo, ELISA analysis 
of HbsAg and HbeAg levels in serum samples 
from mice of the two group were measured, 
and the mRNA levels of HBV (pgRNA) and HBx 
in tumor tissues were detected by qPCR. 
Results showed that not only the levels of 
serum HbsAg and HbeAg, but also the mRNA 
levels of tumor HBV (pgRNA) and HBx were 
downregulated significantly in PLG interference 
group compared to the control group (Figure 3F 
and 3G). In vivo experiments have confirmed 
that silencing of PLG suppressed the growth of 
HBV-induced HCC xenografts.

PLG promoted HBV-induced HCC progression 
through upregulating and activating the ex-
pression of SRC

In order to further explore the mechanisms, bio-
informatic analysis for the downstream target 
genes of PLG using online databases. We 
screened 1351 HCC differential expression 
genes and then found there were 84 genes be 
associated with the progression of HCC and 
interacted with the Hippo signaling pathway. 
Some of these 84 genes can interact with mul-
tiple genes of the Hippo pathway, including SRC 
(interacting with 10 Hippo genes), EGFR (7), 
YWHAH (6), EGR1 (6), ALB (5). These 84 genes 
are highly expressed in HCC tumor samples 
compared to liver cirrhosis samples (Table S1), 
indicating that PLG may play roles in the pro-
gression of liver cirrhosis to HCC. Using the 
online software of String for protein interaction 
analysis, SRC was found to be identified as one 
of the downstream-target genes of PLG (Figure 
4A; Table S2). To verify this point, confirmatory 
experiments were performed in vivo and in 
vitro. Firstly, western blot analysis for SRC pro-
tein expression in HepAD38 and HepG2-NTPC 
cells treated with HBV or not (Figure 4B), and 
immunohistochemistry staining analysis for 
PLG and SRC protein levels in different liver 

samples from normal wild-type mice and HBV-
induced mice models of hepatic fibrosis, liver 
cirrhosis and HCC, respectively (Figure 4C), 
were demonstrated that the protein level of 
SRC was upregulated in HBV-induced HCC cells 
and in the progression from hepatic fibrosis, 
liver cirrhosis to HCC, as well as PLG. Moreover, 
silencing of PLG in the tumor tissues of HBV-
induced xenografts (Figure 4D) and HBV-
induced HepAD38 cells (Figure 4E) also down-
regulated the levels of phosphorylated SRC 
protein, resulting in reduced total protein level 
of SRC, indicating that PLG promoted the SRC 
protein expression and stabilization by phos-
phorylation activation. The cell apoptosis analy-
sis by flow cytometry (Figure 4F) and TUNEL 
staining (Figure 4G) also verified that the PLG 
silencing-mediated promotion of apoptosis 
could be reversed by SRC overexpression, fur-
ther suggesting that PLG regulated HCC cells 
survival by activating SRC.

PLG silencing reversed the effects of SRC over-
expression on xenograft growth promotion

For further elucidation for the interaction bet- 
ween PLG and SRC in vivo, experiments of 
tumorigenesis in nude mice were performed 
using HBV-induced HCC cells, and the effects 
of SRC overexpression combined with or with-
out PLG silencing on the growth of xenografts 
were analyzed (Figure 5A). Results showed that 
the tumors in the SRC overexpression group 
were obviously bigger than those in the control 
group (Figure 5B and 5C), indicating that SRC 
overexpression could promote the growth of 
HBV-induced HCC tumorigenesis. However, the 
promotion effects induced by SRC overexpres-
sion were reversed by PLG silencing (Figure 5B 
and 5C). Furthermore, western blot and immu-
nohistochemistry analysis for the expression 
changes of proteins Ki67, PLG and both phos-
phorylated SRC level and total SRC level (Figure 
5D and 5E), not only showed that SRC overex-
pression promoted the HCC development 
induced by HBV, but also confirmed that the 
activation of SRC could be regulated by PLG. 
Expected results of ELISA analysis for HbsAg 
and HbeAg levels (Figure 5F) and qPCR detec-
tion for HBV and HBx mRNA levels (Figure 5G) 
were also obtained, which were significantly 
downregulated in combined with PLG silencing 
group compared to the increase levels by SRC 
overexpression alone. All these results have 
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Figure 4. PLG promoted HBV-induced HCC progression through upregulating and activating the expression of SRC. To further explore the mechanisms, bioinformatic 
analysis for the downstream target genes of PLG were performed with online databases and softwares. (A) The PLG target genes predicted by the String software 
for protein interaction analysis (https://string db.org/). (B) Western blot analysis for SRC protein expression in HepAD38 and HepG2-NTPC cells treated with HBV 
or not. (C) Immunohistochemistry staining analysis for PLG and SRC protein levels in different liver samples from normal wild-type mice and HBV-induced different 
progresses mice models of hepatic fibrosis, liver cirrhosis and HCC. (D) Western blot analysis for the protein levels of PLG, phosphorylated SRC (p-SRC) and total SRC 
(SRC) in HBV-induced xenografts tumor tissues with PLG silencing or not. (E) Western blot analysis for the protein levels of p-SRC and SRC in HBV-induced HepAD38 
cells with PLG silencing or/and SRC overexpression. (F) Flow cytometry analysis and (G) TUNEL staining assays for the cell apoptosis rates in HBV-induced HepAD38 
and HepG2-NTPC cells after PLG silencing combined with SRC overexpression or not. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 5. PLG silencing reversed the effects of SRC overexpression on xenograft growth promotion. To further verify the relationship between PLG and SRC, experi-
ments of tumorigenesis in nude mice were performed using HBV-induced HCC cells. (A) Showcase of subcutaneous xenograft tumors in nude mice and (B) xenograft 
tumor tissues isolated from the nude mice after about a month growth. (C) The growth curves of xenograft tumor volume in nude mice with SRC overexpresion or 
not or SRC overexpresion combined with PLG silencing. (D) Western blot analysis and (E) immunohistochemistry analysis for the protein levels of Ki67, PLG and 
SRC in xenograft tumor tissues with SRC overexpresion or not or SRC overexpresion combined with PLG silencing. (F) ELISA analysis for the serum levels of HbsAg 
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and HbeAg in xenografts nude mice with SRC overexpresion or not or SRC overexpresion combined with PLG silencing. (G) QPCR analysis for the mRNA levels of 
HBV (pgRNA) and HBx in xenograft tumor tissues with SRC overexpresion or not or SRC overexpresion combined with PLG silencing. *P < 0.05; **P < 0.01; ***P 
< 0.001.
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Figure 6. PLG promoted HBV-induced HCC cell survival via inhibiting the Hippo signaling pathway. To verify the relationship of PLG/SRC and Hippo signaling pathway, 
the expression or activation levels of several key proteins of Hippo signaling pathway were analyzed in vivo and in vitro. (A) Western blot analysis for the total and 
phosphorylated levels of LATS1 and YAP in HBV-induced xenografts tumor tissues with PLG silencing or not. (B) Western blot analysis for the total and phosphorylated 
levels of LATS1 and YAP in HBV-positive HepAD38 cells after PLG silencing or (C) SRC silencing. (D) Western blot analysis for the total and phosphorylated levels of 
LATS1 and YAP in xenograft tumor tissues with SRC overexpresion or not or SRC overexpresion combined with PLG silencing. (E) Western blot analysis for the total 
and phosphorylated levels of LATS1 and YAP in HBV-positive HepAD38 cells with PLG silencing or/and SRC overexpression. (F) Flow cytometry analysis for changes 
of cell apoptosis rates in HBV-positive HepAD38 and HepG2-NTPC cells treated with PLG interference plasmids or combined with XMU-MP-1. *P < 0.05; **P < 0.01; 
***P < 0.001.
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verified that SRC was the downstream effector 
of PLG, and PLG silencing reversed the promo-
tion effects of SRC overexpression on xenograft 
growth via reducing the phosphorylation level 
of SRC.

PLG promoted HBV-induced HCC cell survival 
via inhibiting the Hippo signaling pathway

As described previously, the 1351 HCC differ-
ential expression genes, including PLG and 
SRC, were found to be mainly concentrated in 
the Hippo signaling pathway (Figure S1), and 
closely related to HBV-induced hepatocellular 
carcinoma. To confirm this point, the expres-
sion changes of key proteins of Hippo signaling 
pathway LATS1, YAP and their phosphorylation 
levels after PLG silencing or SRC knockdown 
were analyzed in HBV-induced xenografts 
(Figure 6A) and HBV-positive HepAD38 cells 
(Figure 6B and 6C). Results showed that the 
phosphorylation levels of LATS1 and YAP1 
increased obviously after PLG silencing in vivo 
(Figure 6A) and in vitro (Figure 6B). Similar 
results were measured after SRC knockdown or 
overexpression in HBV-positive HepAD38 cells 
(Figure 6C-E). For further verification, XMU-
MP-1, an inhibitor of Hippo signaling pathway, 
was used to pre-treat the HBV-positive HCC 
cells before transfected with the PLG interfer-
ence plasmid. Flow cytometry analysis showed 
that the elevated cell apoptosis rate induced by 
HBV and PLG silencing was suppressed dra-
matically by XMU-MP-1 treatment (Figure 6F), 
suggesting the inhibition of Hippo signaling 
pathway promoted HBV-induced HCC cell sur-
vival and tumor progression.

Discussion

Chronic HBV infection is one of the major risk 
factors for HCC, while the mechanism remains 
unclear [24]. Our study revealed that PLG and 
SRC were two of the upregulated note genes 
and Hippo signaling pathway might be a key sig-
naling pathway in HBV-induced HCC by bioinfor-
matic analysis. Previous studies reported that 
interactions may be between PLG and SRC 
[16], as well as SRC and Hippo signaling path-
way [12, 13]. Therefore, our study designed rel-
evant experiments to prove the role of PLG in 
HBV-induced HCC and its relationship with SRC 
and Hippo signaling pathway. The experimental 
results will help to understand the mechanism 
of HBV-induced HCC, and provide theoretical 

basis to reduce the incidence of HCC in patients 
with HBV. 

HBV infection can cause hepatitis, hepatic 
fibrosis, cirrhosis, and eventually lead to the 
occurrence of HCC. The persistence of HBV 
activity also affects the prognosis of patients 
with HCC even post-hepatectomy. The proteins 
encoded by HBV genomic DNA may promote 
the occurrence and development of HCC by 
promoting cell proliferation and migration, and 
up-regulating the activities of Ras/Raf/MAPK, 
PI3K/Akt and other key signaling pathways. In 
this research, it is found that PLG was highly 
expressed in HBV-positive HCC tissues and 
cells, and promoted the progress of HBV-
induced HCC. In addition, interfered PLG 
decreased the expression of SRC and its phos-
phorylation level, thereby inhibiting the prolif-
eration of HBV-positive HCC cells. Our findings 
may be contrary to the other studies on the PLG 
function as a tumor suppressor. 

The Hippo signaling pathway regulates cell divi-
sion, proliferation, differentiation and apopto-
sis. Upstream of the Hippo signaling pathway 
includes transmembrane protein FAT and some 
other membrane-related proteins that sense 
extracellular signals, and then recruits a core 
kinase cascade composed of MST1/2 (mam-
malian Sterile 20-like kinases 1/2) and SAV 
(protein Salvador homolog) to the cell mem-
brane to activate MOB1 (Mps homolog), further 
phosphorylating the downstream transcription-
al co-activators YAP, TAZ and YKi [12, 13, 25]. 
Specific knockout of MST1/2 in the liver can 
cause severe HCC [26]. Similarly, mixed HCC 
and cholangiocarcinoma may occur in mice 
that MOB1A/B was specifically knocked out in 
the liver [27]. And continuous overexpression 
of YAP gene in the liver of mice also resulted in 
lethal HCC [28]. These findings suggested that 
Hippo signaling pathway was closely related to 
the occurrence of HCC. In this study, we first 
found a link between PLG and the Hippo signal-
ing pathway in HCC by bioinformatics analysis. 
Then we demonstrated that PLG interference 
can reverse the proliferation of cells induced by 
Hippo inhibitor, further indicating that PLG 
interference can activate the Hippo signaling 
pathway and inhibit the progression of HBV-
positive HCC.

The study also demonstrated PLG played a role 
in HBV-induced HCC by targeting SRC via the 
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Hippo signaling pathway. SRC is a non-receptor 
protein with tyrosine protein kinase activity. It 
can be activated by a variety of cell surface 
receptors and participates in many signaling 
pathways, including activating MAPK signaling 
pathway [29], STAT pathway [30], and PI3K/AKT 
pathway [31]. The activation of SRC family 
kinase protein is closely related to the occur-
rence, development and metastasis of multiple 
malignancies. SRC also plays a role in HBV 
induced HCC [15]. Butterfield et al [16]. con-
firmed that PLG interacted with SRC kinase in 
Alzheimer’s disease. This study demonstrated 
that SRC overexpression decreased the apop-
tosis rate, PLG interference can reverse the 
proliferation of HBV-positive HCC cells induced 
by SRC, indicating that PLG interference can 
inhibit the expression of SRC, and then inhibit 
the proliferation of HBV-positive HCC cells. 

Conclusions

This study identified that PLG may be involved 
in HBV-induced HCC progression through Hippo 
signaling pathway; however, the specific regula-
tory mechanism remains to be further explored. 
Through this study, we discovered a new possi-
ble regulatory mechanism in HBV-induced he- 
patocarcinogenesis and development which 
might provide theoretical basis for the preven-
tion and treatment.
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Figure S1. KEGG analysis of the signaling pathways associated with HCC progression. Spearman’s methodsanalysis 
of the differential gene expression from normal liver to HBV induced HCC. There were 1351genes associated with 
HBV induced HCC progression used for KEGG analysis.
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Figure S2. String analysis of the interaction of genes associated with HCC progression. String analysis was used to 
determine theinteraction of 1351 genes associated with HBV induced HCC progression.
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Figure S3. Bioinformatic analysis for the relationship between PLG and HCC prognosis or HCC disease-free survival. 
PLG expression predicted by GEPIA was correlated with HCC prognosis and disease-free survival (n = 91) (http://
gepia.cancer pku.cn/). 

Figure S4. The biomarkers ofHBV infection of liver cells include the secreted. ELISA analysis for the secretedform of 
(A) HBsAg and (B) HBeAg in HepG2-NTPC and HepAD38 cells infected with HBV or not. QPCR analysis for the detect-
able HBVRNA (pgRNA) and HBx RNA (C) in HepG2-NTPC cells before and after HBV infection for 7 days, and (D) in 
HepAD38 cells infected with HBV for 5 days or not. ***P < 0.001.
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Table S1. The 84 genes and the Hippo pathway-related genes
Hippo_genes Candidate_genes Hippo_genes Candidate_genes Hippo_genes Candidate_genes
AMH ACVRL1 YAP1 IGF1 SCRIB VANGL2
PPP1CA ACVRL1 ACTB ITGB5 ACTB VASP
SMAD2 ACVRL1 ACTB KAT2B CDH1 VASP
TGFBR1 ACVRL1 SMAD2 KAT2B CTNNA1 VASP
ACTB ALB CDH1 KDR CDH1 VPS33B
AMH ALB CTNNA1 KDR ACTB WWP2
CDH1 ALB SMAD2 KDR SMAD2 WWP2
SMAD2 ALB TGFBR1 KDR TP53BP2 WWP2
YAP1 ALB CDH1 LOXL2 CTNNA1 YWHAH
ACTB ALDOA PPP1CA MCM7 PARD6A YWHAH
YAP1 APOB CDH1 MSH2 PPP1CA YWHAH
ACTB AR PRKCI NGFR PRKCI YWHAH
AMH AR ACTB NSMAF TP53BP2 YWHAH
CDH1 AR CTNNA1 PARP1 YAP1 YWHAH
PPP1CA ASNS SMAD2 PARP1 YAP1 HSD17B6
ACTB CCNB1 CDH1 PIK3R1 ACTB HSP90AB1
PARD6A CDH1 CTNNA1 PIK3R1 CDH1 IGF1
PPP1CA CPSF4 TGFBR1 PIK3R1 CTNNA1 IGF1
PPP1CA CTDNEP1 ACTB PLG ACTB TFRC
TGFBR1 CTDNEP1 CDH1 PLG CDH1 TFRC
CDH1 CTH PPP1CA PLIN1 TP53BP2 TP53I3
CDH1 CXCL12 PPP1CA PPP1R3B AFP TTR
SMAD2 CXCL12 TGFBR1 PRKAG2 SMAD2 HRAS
SMAD2 DCN CDH1 PROC YAP1 HSD11B1
PRKCI DUSP1 PARD6A PSMB2 ACTB HSD17B4
AMH EGFR PARD6A PSMB4 AMH HSD17B6
CDH1 EGFR PARD6A PSMC3 YAP1 SULT1A1
CTNNA1 EGFR PARD6A PSMC4 AMH SULT2A1
ID1 EGFR PARD6A PSMC5 AFP TAT
SMAD2 EGFR PARD6A PSMD1 AFP TDO2
TGFBR1 EGFR PARD6A PSMD2 ID1 HES1
YAP1 EGFR PARD6A PSMD8 ACTB HK2
ACTB EGR1 PARD6A PSMD10 AFP HNF4A
ID1 EGR1 PARD6A PSMD11 CDH1 HNF4A
PRKCI EGR1 PARD6A PSMD13 SMAD2 HNF4A
SMAD2 EGR1 PARD6A PSMD14 AFP HPD
TGFBR1 EGR1 APC PYGO2 ACTB HRAS
YAP1 EGR1 APC RDH5 CDH1 HRAS
ACTB EIF4A3 ACTB RHOB PRKCI HRAS
ACTB ENO1 CTNNA1 RHOB PARD6A SRC
SMAD2 ETV4 PARD6A RHOB PPP1CA SRC
CDH1 EZH2 CTNNA1 ROBO1 PRKCI SRC
CDH1 FOS CDH1 RPTOR SMAD2 SRC
SMAD2 FOS PPP1CA SERPING1 TP53BP2 SRC
PPP1CA FXYD1 SMAD2 SPHK1 YAP1 SRC
TGFBR1 GDF2 ACTB SRC SMAD2 STAT1
AFP GPC3 CDH1 SRC YAP1 STAT1
SCRIB GPC3 CTNNA1 SRC YAP1 STK25
PPP1CA GYS2 ID1 SRC
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Table S2. Kcores. Values and degrees for the 
84 genes in the interaction networks
Genes Kcores. value Degree Hippo_or_not
SRC 16 61 No
ALB 16 53 No
EGFR 16 51 No
HRAS 16 45 No
FOS 16 40 No
EGR1 16 36 No
AR 16 35 No
IGF1 16 33 No
HNF4A 16 30 No
KDR 16 29 No
HSP90AB1 13 26 No
STAT1 16 26 No
PLG 13 24 No
CCNB1 13 22 No
KAT2B 15 22 No
DCN 13 20 No
YWHAH 12 20 No
PSMC5 16 20 No
PSMD1 16 19 No
RHOB 12 18 No
PSMC3 16 18 No
PSMD2 16 18 No
PSMC4 16 17 No
PSMD8 16 17 No
PSMD10 16 17 No
PSMB4 16 17 No
PSMB2 16 17 No
CXCL12 16 17 No
PSMD11 16 16 No
PIK3R1 13 16 No
PSMD14 16 16 No
PSMD13 16 16 No
PROC 12 15 No
EZH2 12 14 No
ACVRL1 11 14 No
NGFR 12 12 No
RPTOR 11 12 No
APOB 8 11 No
DUSP1 11 11 No
VASP 7 11 No
ALDOA 7 11 No
MSH2 10 10 No
HSD17B6 7 10 No
ENO1 7 9 No
ETV4 9 9 No
STK25 9 9 No
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TAT 6 9 No
PARP1 8 9 No
MCM7 8 8 No
WWP2 8 8 No
TTR 6 7 No
GYS2 5 7 No
SERPING1 7 7 No
TFRC 7 7 No
VANGL2 6 7 No
GPC3 6 7 No
SULT2A1 5 6 No
HES1 6 6 No
HK2 5 6 No
PYGO2 6 6 No
PRKAG2 5 5 No
ITGB5 5 5 No
CTDNEP1 5 5 No
HSD11B1 3 4 No
PPP1R3B 4 4 No
SPHK1 4 4 No
TDO2 3 4 No
EIF4A3 3 3 No
CTH 2 3 No
ROBO1 3 3 No
HSD17B4 3 3 No
ASNS 2 2 No
TP53I3 2 2 No
GDF2 2 2 No
HPD 2 2 No
CPSF4 2 2 No
PLIN1 2 2 No
VPS33B 2 2 No
FXYD1 2 2 No
NSMAF 2 2 No
LOXL2 2 2 No
RDH5 1 1 No
SULT1A1 1 1 No


