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Abstract: Hepatocellular carcinoma (HCC) is the leading cause of cancer-related deaths. Previous studies have 
suggested that mu-opioid receptor (MOR), a member of the opioid receptor family, is involved in the pathogenesis 
of HCC. However, the mechanism by which MOR regulates the biological behavior of HCC is still poorly understood. 
To address this problem, in this study, we investigated the role of MOR in the proliferation of HCC cell lines and the 
underlying mechanism. First, RT-PCR, western-blot and immunohistochemistry revealed higher expression of MOR 
in HCC cells and tissue than in non-tumor cells or adjacent tissue, and elevated expression of MOR was associated 
with jeopardized survival of HCC patients, as demonstrated by bioinformatic databases. Knockdown of MOR by 
specific siRNA attenuated the proliferation and migration of HCC cells and this effect could be reversed by rescue 
experiments, confirming the essential role of MOR in the proliferation of HCC. Moreover, results of colony forma-
tion assay, CCK8 test, flow cytometry and western blot suggested that a monoclonal antibody (mAb) specifically 
against MOR could inhibit proliferation of HepG2 and Huh7 cells via the MOR-CD147-p53-MAPK pathway, and the 
interaction between MOR and CD147 was verified by immunofluorescence colocalization and co-IP analysis. The 
mAb against MOR also enhanced the cisplatin-induced apoptosis of HCC cells by downregulating p-ERK, Bcl-2 and 
upregulating Bax. Taken together, these results suggest that MOR could regulate the proliferation of HCC cells in a 
CD147-p53-MAPK dependent manner. MOR possesses the potential to be a therapeutic target to treat HCC. 
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Introduction

Hepatocellular carcinoma (HCC) is among the 
leading causes of cancer-associated mortality 
globally [1], and it accounts for over 80% of  
primary liver cancers. With rapid progression, 
easy metastasis, and frequent recurrence 
being its major characteristics [2], HCC causes 
substantial patient morbidity and mortality. In 
2018, there were approximately 841,080 new 
cases of liver cancer, and the number of deaths 
worldwide was 781,631, which was among the 
top four causes of death from cancer, only after 
lung, colorectal and gastric cancer. Treatment 
strategies for HCC include surgical resection, 
liver transplantation, percutaneous local abla-

tion and transarterial embolization and radio-
therapy [3]. However, few effective treatment 
options are available for advanced and meta-
static HCC, and the median survival duration is 
not satisfactory, for example, 33 months in 
North America [2]. Therefore, it is urgent to 
explore new therapeutic strategies and targets 
to improve the prognosis of HCC.

The opioid system is mainly comprised of three 
homologous G protein-coupled receptors, that 
is, the mu-opioid receptor (MOR), the delta-opi-
oid receptor (DOR) and the kappa opioid recep-
tor (KOR) [4, 5]. The opioid system, especially 
the MOR, is responsible for the nociceptive 
effects of morphine, a well-known abused anal-
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gesic and addictive drug [6, 7]. In addition to its 
roles in analgesics and addiction, MOR is also 
widely involved in the pathogenesis of a variety 
of tumors, such as breast cancer, lung cancer, 
and neuroblastoma [8-10]. The latest studies 
demonstrated that MOR is also involved in the 
pathogenesis of HCC. MOR was reported to 
promote the proliferation, adhesion, migration 
and tumorigenesis of HCC and was responsible 
for the regulation of the self-renewal of HCC 
stem cells [11]. However, the mechanism by 
which MOR regulates the progression of HCC is 
still poorly understood.

Two major characteristics of malignant tumors 
are invasion and metastasis. Numerous mech-
anisms and factors have been demonstrated to 
be involved in the invasion, metastasis and 
colonization of cancer cells to target tissue, 
such as changes in cell-cell junctions and key 
signaling pathways, including E-cadherin, EG- 
FR, VEGF, uPA, PI3K/AKT, FAK, ZEB-1 and TGF-
β, together with AP-1 and suppression of MMP 
activity as well as other cancer hallmarks [12-
22]. In our previous work, we found that 
HAb18G/CD147 functions in the progression  
of hepatocellular carcinoma. High levels of 
CD147 effectively promoted the invasion and 
metastasis of HCC by degrading the basement 
membrane by MMPs (matrix metalloproteinas-
es) [23]. In addition, HAb18 mAb, the HAb18G/
CD147-specific antibody, could bind to CD147 
on HCC cells with high affinity, and LICARTIN, a 
HAb18 mAb-based commercial drug, has been 
approved for clinical use in primary HCC 
patients since 2007 [24]. These findings indi-
cate that CD147 has a crucial role in the pro-
gression of HCC and is an important therapeu-
tic target for HCC. Therefore, identifying novel 
factors regulating CD147 is vital to understand 
the underlying biological processes and identi-
fy possible new therapeutic strategies for the 
management of HCC progression.

In this study, we explored the role of MOR in the 
proliferation of HCC cells and found that its 
expression is closely correlated with poor out-
comes in HCC patients. Our preliminary results 
revealed that overexpressed MOR in HCC cells 
promoted the proliferation, migration and inva-
sion of HCC cells. Blocking MOR with 3A5C7, a 
monoclonal antibody against human MOR, in- 
hibited the proliferation of HCC cells by regulat-
ing the MOR-CD147-MAPK signaling axis in a 

p53-dependent manner. Moreover, MOR mAb 
enhanced cisplatin-induced apoptosis of HCC 
cells. Therefore, overexpressed MOR in HCC 
might be a therapeutic target for the proli- 
feration of hepatocellular cells, and the corre-
sponding monoclonal antibody has the poten-
tial to be a new effective treatment for HCC.

Materials and methods 

Cell lines and human tissue specimens

The L02, Hep3B, SNU368, HepG2, and Huh7 
cell lines were purchased from the American 
Type Culture Collection (ATCC, USA). All cells 
were cultured in RPMI 1640 media supple-
mented with 10% fetal bovine serum (FBS), 
100 units/ml of penicillin, and 100 ug/ml of 
streptomycin at 37°C with 5% CO2. HCC human 
tissue specimens were collected from the 
Department of Pathology, Xijing Hospital, from 
2008 to 2012 and were histologically con-
firmed by hematoxylin and eosin staining. This 
study was approved by the ethics committee  
of Xijing Hospital (Approval Number: KY2019- 
4064). Written informed consent was provided 
by all patients.

Real-time PCR

Real-time PCR was conducted as previously 
described [11]. Total RNA of the cell lines was 
extracted with an RNA isolation kit (OMEGA, 
USA) and were reverse transcribed into cDNA 
with a PrimeScript RT reagent kit (TAKARA Bio, 
Japan). An ABI 7200 analyzer (Applied Biosys- 
tems, USA) was used for the real-time PCR 
analysis of cDNA. SYBR Green I (TAKARA Bio, 
Japan) was used as the fluorescent probe  
while GAPDH as internal control. All primers 
were synthesized by BGI (Beijing, China) as fol-
lows: MOR, forward primer 5’-CATGCCATTCCG- 
ACCTTC-3’; reverse primer 5’-AGGCACTTTCCT- 
AGAGAATTA-3’. GAPDH, forward primer 5’-AG- 
AAGGCTGGGGCTCATTTG-3’; reverse primer 5’- 
AGGGGCCATCCACAGTCTTC-3’. p53, forward 
primer 5’-CATCTACAAGCAGTCACAGCACA-3’; re- 
verse primer 5’-GGTCTCTCCCAGGACAGGC-3’. 
Amplification conditions were as follows: one 
cycle of 94°C for 4 min, 94°C 20 s, 58°C 20 s, 
and 72°C 20 s for additional 40 cycles on  
miniOpticon system (Bio-Rad, USA). The rela-
tive mRNA expression of target gene was nor-
malized to GAPDH. Each experiment was re- 
peated at least three times independently.
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RNA interference 

si-MOR (5’-GCUAUGGACUGAUGAUCUUTTtt-3’, 
3’-dTd-TTCGAUACCUGACUACUAGAA-5’), si-p53 
(5’-GGGUUAGUUUACAAUCAGCtt-3’, 3’-dTd-CCC- 
AAUCAAAUGUUAGUCG-5’), and negative con-
trol siRNA, si-NC (5’-UUCUCCGAACGUGUCA- 
CGUTTtt-3’, 3’-dTd-TTAAGAGGCUUGCACUGAG-
CA-5’) were synthesized by Sangon Biotech, 
Shanghai. SiRNA transfection was performed 
as previously described [23]. HCC cells were 
transfected with siRNA using Lipofectamine 
2000TM reagent according to the manufactur-
er’s instructions (Invitrogen, USA). Total RNA 
and whole cell proteins were extracted 48 hrs 
after transfection to determine the efficiency of 
interference by real-time PCR and western blot, 
respectively. 

Plasmid construction for MOR, ERK and 
CD147

The expression vectors pCI-neo-MOR, pcDNA- 
3.1-ERK and pcDNA3.1-CD147 used for the 
overexpression of MOR, ERK and CD147 were 
synthesized by GenScript (Nanjing, China). The 
cDNA of MOR (NM_000914.4), ERK (NM_ 
002745.5) and CD147 (NM_001728.4) was 
also optimized by OptimumGene TM Codon 
Analysis of GenScript to insert into EcoR I/Not I 
of the backbone vector pCI-neo and pcDNA3.1 
accordingly. The expression of MOR, ERK and 
CD147 was analyzed by western blot after plas-
mids were transfected into cells for 48 hrs. 

Transfection

HCC cells were seeded in 6-well plates and 
grown about 85% confluence before transfec-
tion. All plasmids or siRNAs were transfected 
with a Lipofectamine 2000TM transfection kit 
(Invitrogen, USA) according to the manufac-
ture’s instructions.

Western blot and antibodies

Western blot analysis was performed according 
to previous report [10]. Total cell proteins were 
extracted with RIPA buffer (Sigma-Aldrich, USA) 
supplemented with protease inhibitor and 
phosphorylation inhibitor cocktail. Each sam- 
ple of 30 μg protein was run on 10% sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE). Total proteins were trans-
ferred to polyvinylidene fluoride membrane 

(PVDF, Hybond, UK) and membranes were in- 
cubated with primary antibodies after being 
blocked with 5% non-fat milk in TBS with 0.1% 
Tween 20 for 1 hr at room temperature. Pri- 
mary antibodies include anti-MOR (Abcam, 
ab17934), anti-p53 (Proteintech, 60283-2-Ig), 
anti-p21 (Proteintech, 10355-1-AP), anti-Cy- 
clin D1 (Proteintech, 60186-1-Ig), anti-H-Ras 
(Proteintech, 18295-1-Ig), anti-ERK (HUABio, 
ET1061-29), anti-pERK (CST, 4370s), anti-Bax 
(Poteintech, 60267-1), anti-Bcl-2 (HUABio, 
ER0602), anti-CD147 (prepared by National 
Translational Science Center for Molecular 
Medicine, Xi’an, China), anti-GAPDH (Protein- 
tech, 60004-1-Ig), and anti-α-tubulin (made by 
our laboratory according to manufacturer’s 
instructions). Horseradish peroxidase-conju-
gated (HRP) secondary antibodies (Invitrogen, 
A28177SMPLE, USA) and enhanced chemilu- 
minescence reagents (Pierce Biotechnology, 
USA) were applied to visualize interested pro-
teins. GAPDH or α-tubulin was used as an  
internal control.

Cell proliferation assay

Cell Counting Kit-8 (CCK-8) assays were used  
to determine the proliferation capacity of HCC 
cells. After incubation with antibody or IgG con-
trol for 24 hrs, HCC cells were re-seeded into 
96-well plates with 4×103 cells/well and cul-
tured for 24, 48 and 72 hrs, respectively. Cell 
viability was determined using a CCK-8 kit 
(ImmunoWay Biotechnology Co., TX, USA) with 
optical OD450 nm. We also used colony for- 
mation assays to assess the tumorigenicity of 
HCC cells. The treated cells were seeded into 
6-well plates with 2×103 cells/well and incub- 
ated at 37°C with 5% CO2 for two weeks. When 
turning into visible, the colonies were fixed in 
methanol and calculated after staining with 
0.2% crystal violet. Each experiment was re- 
peated three times independently.

Transwell assay 

To investigate the invasion and migration 
capacities of HCC cells, transwell assays were 
performed using transwell chambers (Costar, 
USA) as previously described [23]. Chambers 
were pre-coated with Matrigel to assess inva-
sion ability, while chambers without Matrigel 
were used to examine migration ability. 4×105 
of HCC cells suspended in serum-free media 
were added to the upper transwell chambers (8 
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μm, Corning Inc., USA). RPMI 1640 with 20% 
FBS was applied to the bottom chambers. After 
incubation for 48 hrs at 37°C with 5% CO2, the 
HCC cells that invaded or migrated into the 
lower membrane surface were fixed in metha-
nol for about half an hour. The cells were count-
ed after staining with 0.2% crystal violet stain-
ing solution in three randomly selected fields.

Wound healing assay

Wound healing assays were performed as pre-
viously described [25]. Briefly, 8×105 cells/well 
were seeded into a 6-well plate and were incu-
bated up to 90% confluence. The monolayer 
cells were scratched with a tip and cultured in 
serum-free media, then wound area images 
were taken at 0 hr and 48 hrs after scratching. 
The migration area was calculated as (A0 - An)/
A0 ×100%. A0 represents the initial wound area, 
An represents the remaining area at the time  
of photographing. 

Cell cycle analysis 

Propidium iodide (PI) staining was adopted to 
analyze cell cycle as previously described [25]. 
1×106 cells were collected from 6-well plate 
and washed twice with 0.01 M, pH 7.2 PBS  
after being fixed with 70% (w/w) ethanol for 12 
hrs. Then the cells were incubated with 50 μM 
PI containing 5 μg/ml RNase A at 4°C for 30 
min. The stained cells were immediately ana-
lyzed by flow cytometry (FACs) (Calibur, Beck- 
man Coulter, USA) and Modfit Software (Flow J 
7.6).

Cell apoptosis analysis

Cell apoptosis was detected using the fluores-
cein isothiocyanate annexin V-FITC and propidi-
um iodide (PI) Apoptosis Detection Kit I 
(Biolegend, USA) according to previous report 
[25]. Briefly, 1×106 of 3A5C7-treated, mouse 
IgG-treated and non-treated cells were collect-
ed and washed in ice-cold 0.01 M, pH 7.2 PBS 
for two times, and resuspended in 100 μL of 
binding buffer. After incubation with 5 μL of 
annexin V-FITC and 3 μL of PI for 30 min at 
room temperature in a dark room, the cells 
were analyzed by Flow cytometric (Calibur, 
Beckman Coulter, USA).

Immunohistochemical staining (IHC)

HCC tissue specimens were subjected to im- 
munohistochemical staining for MOR as previ-

ously described [25]. Briefly, sections were 
dewaxed and achieved antigen retrieval with 
10 μM boiling citrate buffer at pH 6.0 for five 
minutes. Sections were incubated with anti-
MOR antibody (ab17934, Abcam, Cambridge, 
UK) for 60 min at room temperature. The per-
centages of staining-positive cells were cate- 
gorized into four classifications: 3 (67%-100%), 
2 (34%-66%), 1 (1%-33%), and 0 (0%). The 
staining intensities were evaluated into four 
grades: 3 (strong), 2 (moderate), 1 (weak), and 
0 (none). The staining score was defined as the 
product of the percentage classifications and 
intensity grades.

Immunofluorescence

Immunofluorescence test was performed as 
previously described [24]. 1×105 of Huh7 or 
HepG2 cells were seeded into dishes and cul-
tured overnight. Cells were fixed with 4% para-
formaldehyde (PFA) for 10 min at room temper-
ature and washed with PBS for three times. 
After being blocked with 5% goat serum for 30 
min at room temperature, cells were incubated 
with anti-MOR (Invitrogen, 44-308G) and 
HAb18 mAb (prepared by our laboratory) over-
night at 4°C. FITC-conjugated goat anti-mouse 
IgG (Invitrogen, A21202) and Alexa 555-conju-
gated goat anti-rabbit IgG (Invitrogen, A31572) 
were used as secondary antibodies. 4’,6-diami- 
dino-2-phenylindole (DAPI) was used to coun-
terstain nucleus. Each experiment was per-
formed three times independently. Images 
were obtained with an FV1000 laser scanning 
confocal microscope (Nikon, Japan). 

Coimmunoprecipitation (Co-IP)

Coimmunoprecipitation was performed as pre-
viously described [25]. Protein extracts were 
incubated for 2 hrs at 4°C with IgG and protein 
A+G-agarose to eliminate nonspecific binding. 
Primary antibodies against MOR were added to 
cell extract tubes for incubation at 4°C over-
night. The protein A/G-agarose was collected 
by centrifugation. Immunoprecipitated proteins 
were analyzed by 10% SDS-PAGE at 100 V for 
1.5 hrs. Membranes were blocked with 5%  
nonfat milk. Primary antibodies of anti-MOR 
(Invitrogen, PA5-26138) and HAb18 mAb (pre-
pared by our laboratory) diluted at 1:200 were 
incubated at 4°C overnight, and secondary 
antibodies were incubated for 1 hr at room tem-
perature before detection with enhanced che-
miluminescence (PerkinElmer Life Sciences, 
USA). 
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Statistical analysis

Statistical analyses were performed using 
GraphPad Prism version 8.0 (San Diego, Cali- 
fornia, USA). The expression levels of MOR in 
tumor tissues and adjacent nontumor tissues 

following experiments were conducted in 
HepG2 and Huh7 cells.

To further investigate the clinical significance  
of MOR in HCC, Kaplan-Meier plotter analysis 
was performed on the data from TCGA dataset 

Figure 1. MOR is highly expressed in HCC cell lines and human tumor tis-
sue. (A) Total RNA was isolated and subjected to real-time PCR analysis for 
MOR expression among the liver cell line LO2 and various HCC cancer cell 
lines (**P < 0.01, ****P < 0.0001). (B) MOR mRNA levels in 50 paired 
HCC and adjacent nontumor tissues were determined in data from TCGA da-
tasets by t-test (****P < 0.0001). (C) Western blot analysis of MOR protein 
expression among different human hepatocellular carcinoma cell lines and 
L02 cells. See Supplementary File Raw Blot Images (Figure 1C) for original 
blot images. (D) Scanning densitometry analysis of western blot data in (C) 
(****P < 0.0001). (E) Representative immunohistochemistry images of 
MOR expression in 9 paired HCC tissues and adjacent nontumor tissues. 
The length of the scale bars was 50 μm. (F) IHC scores of each case in (E) 
(***P < 0.001). Data were presented as the mean ± SEM. Student’s t-test 
and one-way ANOVA were used for statistical analysis.

were compared using unpair- 
ed t-test. Differences between 
gene expression were assess- 
ed with one-way ANOVA. Data 
are presented as mean ± SEM. 
The results were considered 
statistically significant with P < 
0.05.

Results

MOR expression is upregu-
lated in HCC and is correlated 
with poor outcomes

To explore the expression of 
MOR in human HCC tissue and 
cell lines, real-time PCR and 
western blot were performed 
accordingly. Real-time PCR sh- 
owed that MOR mRNA exists in 
different HCC cell lines and is 
significantly higher in HepG2, 
Huh7, Bel7404, and Hep3B 
cells but not SNU368 cells or 
in L02 cells, a human fetal 
hepatocyte cell line (Figure 
1A). Consistently, TCGA datas-
ets also revealed higher mRNA 
expression in HCC tissue than 
in adjacent HCC tissue (Figure 
1B). Western blot analysis 
showed that MOR was highly 
expressed in HepG2, Huh7 and 
Hep3B cells but expressed at 
low levels in the SNU368, 
Bel7404 and L02 cell lines 
(Figure 1C and 1D). In tissue 
specimens from HCC pati- 
ents, immunochemistry (IHC) 
showed that MOR expression 
was higher in HCC tissue than 
in adjacent peritumor tissue 
(Figure 1E and 1F). These re- 
sults suggest that compared 
with the nontumor control, 
MOR is upregulated in human 
HCC tissue and HCC cell lines 
of HepG2 and Huh7. Thus, the 
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mining. Log-rank tests of overall survival (OS) 
and disease-free survival (DFS) curves reveal- 
ed that overexpression of MOR was significant-
ly associated with shorter OS and DFS in HCC 
patients (OS, P = 0.025. DFS, P = 0.0031, 
Figure 2A and 2B). Moreover, the progression-
free survival (PFS) curve also showed that  
MOR overexpression was significantly correlat-
ed with faster progression in HCC patients (P = 
0.0054, Figure 2C). These results suggested 
that MOR had prognostic value for the overall 
survival of HCC patients. Hence, we determin- 
ed that the upregulated MOR in HCC might  
contribute to the pathogenesis of HCC.

Silencing MOR attenuates the proliferation 
and migration of HCC cells

To unveil the biological role of MOR in HCC,  
RNA interference was adopted to knock down 
the expression of MOR in HepG2 and Huh7 
cells. After treatment with MOR-specific small 
interfering RNA (si-MOR), real-time quantitative 
PCR showed that si-MOR could effectively 
decrease the mRNA expression of MOR com-
pared with that of silencer negative control 
siRNA (si-NC) (Figure 3A). Consistently, western 
blot analysis showed that the expression of 
MOR decreased significantly in si-MOR-treated 
cells compared with that in si-NC-treated cells 
(Figure 3B).

To examine the effects of MOR on HCC cells,  
we first performed colony formation assays to 
determine the proliferation of HCC cells. The 
results showed that the proliferation of MOR-
silenced HepG2 and Huh7 cells was signifi- 
cantly decreased compared with that of si-NC-

cells (P < 0.001) (Figure 3D). CCK8 assays 
yielded consistent results with those of colony 
formation assays (Figure 3E). Next, rescue 
experiments were conducted by transfecting 
two cell lines with the pCI-neo-MOR plasmid  
to overexpress MOR (Figure 3C). As expected, 
the decrease in cell growth induced by MOR 
silencing was rescued in response to MOR 
overexpression (Figure 3D and 3E). In vitro 
wound healing assays showed that the healing 
ability of scratch in si-MOR-transfected HepG2 
and Huh7 cells was significantly decreased 
compared with that of si-NC-treated cells. Si- 
milarly, the decrease in scratch healing ability 
induced by MOR silencing was also rescued in 
response to MOR overexpression (Figure 3F). 
Transwell assay also demonstrated the decre- 
ased migration ability of si-MOR-transfected 
HepG2 and Huh7 cells compared with si-NC-
treated cell, and it was rescued by MOR over- 
expression (Figure 3G). Taken together, these 
data suggest that MOR expression is closely 
involved in the proliferation and migration of 
HCC cells.

mAb against MOR inhibits the growth of HCC 
cells

To further validate the effect of MOR on the pro-
gression of HCC, a specific mouse monoclonal 
antibody against human MOR, named 3A5C7, 
was generated through the traditional hybrid-
oma technique in our lab. After treating HepG2 
and Huh7 cells with the mAb 3A5C7, colony for-
mation assays showed that compared with the 
negative control, 3A5C7 mAb treatment signifi-
cantly inhibited cell growth in a concentration-
dependent manner, while the IgG control did 

Figure 2. High MOR expression is related to poor survival and faster progression of HCC. (A-C) The correlation be-
tween MOR expression, overall survival (A), disease-free survival (B), and progression-free survival (C) analysis was 
determined in data from TCGA datasets by Kaplan-Meier survival analysis.
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not influence cell growth (Figure 4A). Consis- 
tently, CCK-8 assays showed that compared 
with the negative control, the 3A5C7 mAb  
treatment significantly inhibited cell growth in  

a concentration-dependent manner at 24, 48 
and 72 hrs after the administration of mAb, 
while the IgG control did not influence cell 
growth (Figure 4B). The inhibitory effect of the 

Figure 3. Knockdown of MOR attenuates the proliferation and migration of HCC cells. (A and B) HepG2 and Huh7 
cells were transfected with control or MOR siRNA, and forty-eight hours later, total RNA and whole cell lysates were 
extracted and subjected to real-time PCR and western blot analysis for MOR expression, respectively. MOR was ef-
fectively silenced, as shown by the mRNA and protein levels of the two cell lines (***P < 0.001). (C) Recovered MOR 
expression in HepG2 and Huh7 cells after transfection with the pCI-neo-MOR plasmid was analyzed by western blot. 
(D) The colony formation ability of MOR-silenced HepG2 and Huh7 cells was inhibited, while overexpressing MOR 
using the pCI-neo-MOR plasmid reversed the inhibition effects (***P < 0.001; ****P < 0.0001). (E) The prolifera-
tion of MOR-silenced HepG2 and Huh7 cells was suppressed, and regaining MOR rescued proliferation (**P < 0.01; 
***P < 0.001; ****P < 0.0001). (F) Wound healing assays showed that the migration ability of HepG2 and Huh7 
cells was attenuated by MOR knockdown, and transfection with pCI-neo-MOR rescued migration (scale bars, 100 
μm; *P < 0.05, **P < 0.01; ***P < 0.001). (G) Transwell assays showed that the migration ability of HepG2 and 
Huh7 cells was attenuated by MOR knockdown, and transfection with pCI-neo-MOR also rescued migration (scale 
bars, 100 μm; *P <0.05, **P < 0.01; ***P < 0.001). All experiments were repeated three times independently. See 
Supplementary File Raw Blot Images (Figure 3B and 3C) for original blot images. Data were presented as the mean 
± SEM. One-way ANOVA methods were used for statistical analysis.
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3A5C7 mAb on cell growth was further con-
firmed by cell cycle analysis. Flow cytometry 
analysis indicated that HepG2 and Huh7 cells 
were arrested at G1/S phase in response to 
3A5C7 mAb treatment (Figure 4C). Moreover, 
wound healing and transwell assays showed 
that mAb 3A5C7 could also inhibit the migra-
tion and invasion of HCC cells (Supplementary 
Figure 1A and 1B). These results verify that 
anti-MOR mAb could inhibit the proliferation, 
migration and invasion of HCC cells.

MOR mAb activates the p53 signaling pathway 
in HCC 

The tumor suppressor gene p53 is a crucial 
regulator of DNA repair and cell cycle transi- 
tion. Hence, we speculated that p53 may be 
involved in the function of MOR mAb in HCC. 
Western blot analysis showed that the MOR 
mAb 3A5C7 activated the p53-p21-Cyclin D1 
pathway, indicating that the cell cycle was 
arrested in HepG2 and Huh7 cells (Figure 5A). 
Consistently, in p53-knockdown HepG2 and 
Huh7 cells, the cell cycle was not altered with 
3A5C7 treatment (Figure 5C). These data sug-
gested that the 3A5C7 mAb functioned as an 
HCC suppressor in a p53-dependent manner.

Next, to validate whether 3A5C7 exerted anti-
HCC effects via p53, rescue experiments were 
also performed. The p53 gene was knocked 
down in HepG2 and Huh7 cells by using siRNA, 
and the efficiency of knockdown was confirm- 
ed by real-time quantitative PCR and western 
blot (Figure 5B). Colony formation and CCK-8 
assays showed that p53 knockdown rescued 
the inhibitory effect of the 3A5C7 mAb on the 
proliferation of HepG2 and Huh7 cells (Figure 
5D and 5E).

MOR mAb represses the MAPK pathway in the 
presence of p53 in HCC

To further unveil the mechanisms of the inhibi-
tory effect of the 3A5C7 mAb on HCC, the 
mRNA levels of several classical pathway mol-
ecules correlated with proliferation were com-
pared between HCC cells treated with control 

IgG and the 3A5C7 mAb. The results from real-
time PCR demonstrated that the expression of 
NFAT5 and its downstream target gene MAPK 
was distinctly suppressed in the 3A5C7-treated 
group compared with the IgG-treated group 
(Figure 6A). Western blot analysis drew an 
anastomotic conclusion that the MAPK path-
way was significantly suppressed after the two 
cell lines were subjected to the 3A5C7 mAb, 
indicating that the MAPK pathway is essential 
in the function of 3A5C7 (Figure 5A). Next, res-
cue experiments were conducted by overex-
pressing ERK using the pcDNA3.1-ERK plas-
mid. As expected, inhibition of cell growth 
induced by MOR mAb was rescued in response 
to ERK overexpression (Figure 6B, 6C and 
Supplementary Figure 2). Furthermore, regula-
tion of p-ERK by MOR required the presence of 
p53 (Figure 6D). These observations show that 
the MAPK signaling pathway played a critical 
role in the function of MOR in HCC.

MOR mAb 3A5C7 inhibits the proliferation of 
HCC by downregulating the CD147-p53-ERK 
pathway

CD147 is a tumor-associated antigen that plays 
a key regulatory role in HCC progression. We 
previously reported that CD147 inhibited p53 
expression at the posttranscriptional level in 
HCC [24]. Hence, we speculated that CD147 
might be involved in the inhibitory function of 
MOR mAb in HCC.

To investigate the role of CD147 in 3A5C7-re- 
lated functions in HCC, we first observed the 
distribution of MOR and CD147 in HCC cells. In 
HepG2 and Huh7 cells, immunofluorescence 
staining showed that MOR was mainly localized 
on the plasma membrane, and some of them 
were located in the cytoplasm, but CD147 was 
uniformly localized on the plasma membrane. 
Colocalization of MOR and CD147 was detect-
ed on the plasma membrane (Figure 7A). Next, 
co-IP assays were performed to validate the 
correlation between these two proteins. As 
expected, the protein-protein interaction bet- 
ween MOR and CD147 was verified in HepG2 
and Huh7 cells by co-IP assays (Figure 7B).

Figure 4. Antibody against MOR (3A5C7) inhibit the proliferation of hepatocellular carcinoma cells. (A) Colony forma-
tion assay of HCC cells subjected to normal saline, mouse IgG and different concentrations of 3A5C7 mAb (**P < 
0.01; ***P < 0.001; ****P < 0.0001). (B) Proliferation ability test of HepG2 (left panel) and Huh7 (right panel) cells 
exposed to various concentrations of the 3A5C7 mAb (*P < 0.05; **P < 0.01; ***P < 0.001). (C) Flow cytometric 
assays determined the percentage of cells in different phases of the cell cycle (*P < 0.05; **P < 0.01). All experi-
ments were done in triplicate. Data were presented as the mean ± SEM. One-way ANOVA methods were used for 
statistical analysis.
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Figure 5. The MOR mAb 3A5C7 regulates the proliferation of HCC by 
affecting p53. (A) Western blot analysis showed expression changes 
in MOR-, CD147- and p53/MAPK pathway-related molecules in two 
HepG2 and Huh7 cell lines exposed to 3A5C7. (B) Western blotting 
and real-time PCR were conducted to verify the knockdown of p53 
(****P < 0.0001). (C) Flow cytometry analysis of the cell cycle in cells 
that were silenced in p53. (D) Tumor formation capability was rescued 
by downregulating p53 in HepG2 and Huh7 cells (*P < 0.05, **P < 
0.01). (E) HepG2 and Huh7 cells transfected with si-NC or p53 siR-
NA were assessed for proliferation ability at 24, 48 and 72 hrs after 
3A5C7 was applied by CCK8 analysis (*P < 0.05, ****P < 0.0001). 
Supplementary File Raw Blot Images (Figure 5A and 5B) for original 
blot images. Data were presented as the mean ± SEM. Student’s t-
test and one-way ANOVA were used for statistical analysis.
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To identify whether CD147 plays a role in the 
effects of the 3A5C7 mAb on HCC, the expres-
sion of CD147 was examined after HCC cells 
were exposed to 3A5C7. Western blot analy- 
sis showed that the expression of CD147 was 
significantly decreased in 3A5C7-treated cells 
(Figure 5A). Moreover, to further determine 
whether the decrease in CD147 induced by 
3A5C7 mAb was specifically dependent on 
MOR, rescue experiments were performed by 
overexpressing MOR using a pCI-neo-MOR 
plasmid. Restoring the expression of MOR al- 
most reversed the reduction in CD147 (Figure 
7C), indicating that the 3A5C7 mAb regulates 
the expression of CD147 by MOR. 

Moreover, to further explore whether CD147 is 
a mediator of the regulatory effects of 3A5C7 
on p53 and ERK in HCC cells, we overexpress- 
ed CD147 in HCC cells by using the pcDNA3.1-
CD147 plasmid. Regaining of CD147 nearly re- 
versed the upregulation of p53 and downregu-
lation of p-ERK induced by 3A5C7 (Figure 7D). 
Taken together, these results suggest that the 
inhibitory effects of the 3A5C7 mAb on HCC 
were mediated by the MOR-CD147-p53-ERK 
pathway.

MOR mAb enhances cisplatin-induced apopto-
sis of HCC cells

Cisplatin, a widely used chemotherapeutic 
agent against HCC, faces severe problems 
related to drug resistance. Our data indicate 
that the 3A5C7 mAb can inhibit the prolifera-
tion of HCC cells, opening the possibility that 
the 3A5C7 mAb could be a potential therapeu-
tic strategy to treat HCC and to enhance the 
efficacy of cisplatin. To test this possibility, we 
tested the effects of the mAb 3A5C7 combined 
with cisplatin on the apoptosis of HCC cells. 
Annexin V-FITC/PI staining showed that the 
apoptotic cell proportion (early apoptosis) for 
cisplatin plus 3A5C7 mAb was 13.6%, which 
was higher than that of cisplatin plus mouse 
IgG (5.93%) or cisplatin alone (3.11%) in HepG2 
cells. Similarly, the apoptotic cell proportion 
(late apoptosis) for cisplatin plus 3A5C7 mAb 
was 25%, which was higher than that of cispla-

tin plus mouse IgG (14%) or cisplatin alone 
(12.7%) in Huh7 cells (Figure 8A). This enhan- 
cement effect was confirmed by western blot 
analysis, which showed greater intensity of pro-
apoptotic protein (Bax) and a lower concentra-
tion of anti-apoptotic protein bands (Bcl-2) in 
the cisplatin plus 3A5C7 mAb group in a con-
centration-dependent manner (Figure 8B). 
Moreover, to further verify the existence of 
such an enhancement effect, the expression 
levels of drug resistance genes in HepG2 and 
Huh7 cells were examined by real-time PCR. 
The results showed that the expression of the 
ABCC1, ABCC2, ABCB1, and ABCG2 genes was 
lower in HCC cells subjected to cisplatin plus 
3A5C7 mAb than in HCC cells treated with cis-
platin plus control IgG (Figure 8C).

Next, to ensure that mAb 3A5C7 specifically 
binds to MOR to cause this enhancement 
effect, the MORs of HepG2 and Huh7 cells  
were knocked down by siRNA. Flow cytometry 
showed that knocking down MOR by siRNA 
alone had no significant effects on the apop-
totic rate of either HepG2 or Huh7 cells 
(Supplementary Figure 3). Then both MOR-
silenced HCC cells and control cells were treat-
ed with cisplatin plus 3A5C7 for 24 hrs. As a 
consequence, MOR-silenced cells showed no 
enhancement of the apoptotic effect of cispla-
tin compared to the control cells, indicating 
that the enhancement of cisplatin induced by 
the 3A5C7 mAb was achieved specifically 
through MOR (Figure 8D). Conforming to this 
phenomenon, western blot demonstrated that 
there were no obvious differences in Bax or 
Bcl-2 levels between two groups after MOR was 
silenced (Figure 8E), that is to say, MOR is 
essential for the 3A5C7 mAb to exert its 
enhancement effect on cisplatin. 

To investigate whether the enhancement 
effects of the 3A5C7 mAb on cisplatin were 
caused by inhibition of p-ERK (Figure 8B and 
8E), HepG2 and Huh7 cells were transfected 
with pcDNA3.1-ERK or control plasmid for 48 
hrs to overexpress ERK and cultured with 1 μg/
ml cisplatin plus 3A5C7 mAb at 20 μg/ml for 
another 24 hrs. Flow cytometry assays showed 

Figure 6. MOR mAb inhibits the proliferation of HCC cells by downregulating the MAPK pathway in the presence 
of p53. (A) Pathway array analysis of gene expression from HCC cells subjected to 3A5C7 antibody or mouse IgG 
control (*P < 0.05; **P < 0.01, ***P < 0.001). (B) Colony formation capability was rescued by overexpressing ERK 
in HCC cells (**P < 0.01, ***P < 0.001, ****P < 0.0001). (C) HCC cells transfected with pcDNA3.1-ERK or the 
control vector plasmid were subjected to CCK-8 assays (**P < 0.01, ***P < 0.001, ****P < 0.0001). (D) Western 
blot analysis indicated that the 3A5C7 antibody regulated the expression of p-ERK in the presence of p53. See 
Supplementary File Raw Blot Images (Figure 6D) for original blot images. Data were presented as the mean ± SEM. 
Student’s t-test and one-way ANOVA were used for statistical analysis.
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Figure 7. MOR mAb suppresses the proliferation of HCC cells by downregulating CD147. (A) Immunofluorescence staining indicated the colocalization of MOR (red) 
and CD147 (green) together with DAPI (blue) in HepG2 and Huh7 cells. The length of scale bars was 10 μm. (B) Co-IP assays were performed to determine the in-
teraction between MOR and CD147. (C) Western blot assay to reveal the relationship between MOR and CD147 in the presence of 3A5C7. (D) CD147 regulates the 
expression of p53 and p-ERK in HepG2 and Huh7 cells subjected to the 3A5C7 mAb. See Supplementary File Raw Blot Images (Figure 7B-D) for original blot images.
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that the number of apoptotic cells was signifi-
cantly decreased in the ERK-overexpression 
group compared with the control plasmid-trans-
fected group, and western blot assays also 
showed the upregulation of Bcl-2 protein and 
the downregulation of Bax protein in the 
pcDNA3.1-ERK-transfected group (Figure 8F 
and 8G). These results suggest that the mAb 
3A5C7 enhanced the antitumor effect of cispla-
tin on HCC by regulating the expression levels 
of p-ERK, Bax and Bcl-2.

Discussion

In this study, we confirmed that MOR contribut-
ed to the proliferation of HCC cells and that 
elevated expression of MOR was associated 
with decreased survival of patients with HCC.  
In addition, by using a monoclonal antibody 
against MOR, we elucidated that MOR mediat-
ed the proliferation of HCC cells in a CD147-
p53-MAPK-dependent manner (Figure 9). MOR 
could be a potential therapeutic target for HCC, 

Figure 8. MOR mAb (3A5C7) enhances cisplatin-induced apoptosis of hepatocellular carcinoma cells. (A) Cell apop-
tosis was evaluated by Annexin V-FITC/PI staining in HCC cells treated with 3A5C7 plus cisplatin or cisplatin alone 
at 48 hrs (***P < 0.001; ****P < 0.0001). (B) The levels of p-ERK, Bax, and Bcl-2 were determined by western 
blot in HCC cells exposed to 3A5C7 mAb plus cisplatin, control IgG plus cisplatin and cisplatin alone at 48 hrs. (C) 
Q-PCR was performed to evaluate changes in drug resistance genes in HepG2 and Huh7 cells exposed to cisplatin 
plus 3A5C7 mAb (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). (D and E) Flow cytometry assay and 
western blot to assess the apoptosis of HepG2 and Huh7 cells with or without MOR silencing (****P < 0.0001). (F 
and G) Flow cytometry assay and Western blot assay to detect the apoptosis of two cell lines with or without ERK 
overexpression (***P < 0.001; ****P < 0.0001). See Supplementary File Raw Blot Images (Figure 8B, 8E and 8G) 
for original blot images. Data were presented as the mean ± SEM. Student’s t-test and one-way ANOVA were used 
for statistical analysis.

Figure 9. A model chart describes the mechanism by which MOR mAb inhibits the progression of HCC cells.
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in that mAb combined with cisplatin, the con-
ventional antitumor agent, could enhance the 
capability of cisplatin to induce apoptosis in 
HCC cells. These results suggest that MOR 
plays important regulatory roles in HCC prolif-
eration and could be a new target for HCC 
treatment.

MOR is a member of the opioid receptors that 
belong to the G protein-coupled receptor super-
family [5]. MOR is located not only in the central 
nervous system but also in peripheral tissues, 
such as the colon, breast, prostate, lung and 
liver [4]. The importance of MOR in the patho-
genesis and progression of HCC has drawn 
increasing attention in recent years. Jin et al. 
found that RNA interference or a specific inhibi-
tor of MOR resulted in inhibited proliferation 
and an increased apoptotic rate of HepG2  
and L02 cells, and the downregulation of MOR 
could increase the phosphorylation of MKK7 
and lead to JNK activation [26]. Similarly, D.T. 
Chen et al. found that depletion of MOR could 
suppress the migration, invasion, and prolifera-
tion of human MHCC-97H and Huh7 cells, while 
overexpression of MOR promoted their growth 
and metastasis [27]. Consistently, in our study, 
we also found that siRNA-induced knockdown 
of MOR could inhibit the proliferation and 
migration of HCC cell lines, confirming the 
essential regulatory role of MOR in the patho-
genesis of HCC.

Despite the established contribution of MOR to 
the proliferation of HCC, the mechanism by whi- 
ch MOR exerts its regulatory effects remains 
unclear. In our study, by using a mAb targeting 
MOR, we found that targeting MOR with a mAb 
could suppress the expression of CD147 and 
thus activate p53, which in turn inhibited the 
MAPK pathway and exerted an antiproliferative 
effect in HCC cells. This result provides us with 
the potential mechanism by which MOR regu-
lates the proliferation of HCC, the CD147-p53-
MAPK pathway. CD147, also known as basin or 
EMMPRIN, belongs to the immunoglobulin 
superfamily and is a transmembrane glycopro-
tein [28]. CD147 is overexpressed in a variety 
of cancers and is associated with the progres-
sion, invasiveness, and chemoresistance of 
cancer, and this overexpression also indicates 
adverse tumor outcomes [29-31]. Notably, 
CD147 is a key regulator of the pathogenesis  
of HCC, promoting its invasion, metastasis, and 
resistance [23, 25, 32-36]. In this study, we 

found that mAb targeting MOR could effectively 
downregulate the expression of CD147. We also 
verified the interaction between MOR and 
CD147 by co-IP and confocal colocalization. 
This could be the mechanism by which MOR is 
involved in the regulation of HCC. However, we 
still do not know how MOR interacts with 
CD147. The activation of MOR could recruit two 
different pathways, i.e., the G-protein-mediated 
pathway and the β-arrestin pathway, depending 
on the bound ligands [37, 38]. Thus, we sur-
mised that the downstream molecules of MOR 
might be involved in the transcription of BSG, 
the gene that encodes CD147 [28], or the 
translation, trafficking and endocytosis of 
CD147. Further studies are needed to fully illus-
trate the exact mechanism of the interaction 
between MOR and CD147.

The treatment strategy for HCC is a multi- 
disciplinary approach, including orthotopic liver 
transplantation, liver resection, interventional 
treatment, and systemic treatment [39]. Des- 
pite these developed strategies, the survival of 
HCC after treatment is still not satisfactory, 
ranging from 31 months to 60 months, depend-
ing on the region [40]. Moreover, the mortality 
of HCC is still astonishingly high, with 782,000 
cases diagnosed and 746,000 deaths in 2012 
[1]. In our study, we found that the expression 
level of MOR was negatively correlated with the 
survival of HCC patients in terms of the overall 
survival rate, disease-free survival rate, and 
progression-free survival rate. These results 
suggest that MOR could be a prognostic mark-
er for HCC patients. In other words, we might be 
able to predict the outcome of HCC patients by 
evaluating the expression level of MOR. In addi-
tion, we found that in HCC cell lines where MOR 
is highly expressed, mAb combined with cispla-
tin, a widely studied and used chemotherapy 
agent [41-43], could significantly enhance the 
efficacy of cisplatin to induce apoptosis in 
HepG2 and Huh-7 cell lines. This result again 
opens the possibility that MOR could be a ther-
apeutic target for HCC and emphasizes the 
importance of treatment strategies with multi-
ple targets.

Several limitations in our study should be 
noted. First, the roles of MOR in HCC and the 
effects of mAb 3A5C7 were only examined in 
vitro. Future studies harnessing a nude mouse 
model are urgently needed to illustrate the in 
vivo effects of mAb 3A5C7. Second, the mecha-
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nism of how mAb regulates the expression of 
MOR and how MOR interacts with CD147 is still 
unexplained in our study. It is of great impor-
tance to determine these mechanisms in fur-
ther studies.

In conclusion, our study confirmed that MOR is 
overexpressed in both HCC tissue and cells, 
and the increased MOR was associated with 
the adverse prognosis of HCC patients. MOR is 
involved in the proliferation, metastasis and 
invasion of HCC. We further demonstrated that 
the MOR mAb 3A5C7 could suppress the prolif-
eration of HCC via the MOR-CD147-p53-MAPK 
pathway. Targeting MOR with the mAb 3A5C7 
could significantly enhance the ability of cispla-
tin to induce apoptosis of HCC cells. Our study 
reemphasized the involvement of MOR in the 
pathogenesis of HCC, and we hypothesized 
that MOR could be a new therapeutic target for 
HCC.
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Supplementary File. Raw Blot Images.



Mu-opioid receptor in hepatocellular carcinoma

5	

Supplementary Figure 1. A. Wound healing assays were performed to detect the migration ability of HepG2 and Huh7 cells with the function of 3A5C7 mAb or 
control IgG (scale bars, 100 μm) (***P < 0.001; ****P < 0.0001). B. The invasion ability of HCC cells was determined by transwell assay in HCC cells exposed 
to different concentrations of 3A5C7 mAb (scale bars, 100 μm) (*P < 0.05; **P < 0.01). Data were presented as the mean ± SEM. One-way ANOVA was used for 
statistical analysis.



Mu-opioid receptor in hepatocellular carcinoma

6	

Supplementary Figure 2. The expression level of ERK was assayed by western blot in HepG2 and Huh7 cells trans-
fected with the pcDNA3.1-ERK plasmid. See Supplementary File Raw Blot Images Supplementary Figure 2 for origi-
nal blot images.

Supplementary Figure 3. Flow cytometry showed that MOR-siRNA had no significant effects on the apoptosis of 
HCC cells.


