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Abstract: microRNA-203 (miR203) plays an important role in the formation and development of multiple types of 
cancers. However, its role in hepatic carcinogenesis has not been well studied. Mitogen-activated protein kinase 
signaling is known to be activated in hepatocellular carcinoma (HCC), but there is a lack of effective drugs targeting 
this pathway for HCC treatment. In this study, we investigated the role of miR203 in HCC and the underlying mecha-
nism. We found that miR203 was significantly downregulated in HCC cell lines and patient tissues compared with 
a hepatocyte cell line (L02) or normal liver tissues. Restoration of miR203 inhibited HCC cell growth and induced 
cell cycle arrest and apoptosis. In primary and xenograft HCC mouse models, miR203 also significantly blocked 
HCC growth. Bioinformatic analysis indicated that miR203 directly binds to the 3’UTR of NRas mRNA, resulting in 
decreased expression of NRas and inactivation of mitogen-activated protein kinase (MAPK) signaling. Activation of 
MAPK signaling by ectopic NRas expression rescued the cell proliferation blocked by miR203. Together, our findings 
illustrate the fundamental role of miR203 as a natural inhibitor of RAS/MAPK signaling in hepatic carcinogenesis 
in vitro and in vivo. In light of the critical and universal activation of the MAPK pathway in HCC, miR203 has the 
potential to serve as a nucleotide drug for the treatment of HCC with activated MAPK signaling.
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Introduction

HCC is the most common form of liver cancer 
and the third leading cause of cancer-related 
death, with more than 700,000 new patients 
diagnosed per year worldwide [1]. Risk factors 
for HCC include chronic hepatitis B and C viral 
infection, chronic alcohol consumption, aflatox-
in-B1-contaminated food, and various cirrho-
sis-inducing conditions [2, 3]. Although hepati-
tis B (HBV) and C (HCV) infection are the major 
risk factors for HCC, nonalcoholic fatty liver dis-
ease (NFALD) and NASH contribute to HCC 
development and are becoming an increasingly 
common cause of HCC worldwide [4]. A projec-
tion study indicates that in the 30 selected 
countries, by 2030, there will be a 35% increa- 
se in the future number of new cases of prima-
ry liver cancer annually, from 339,000 in 2005 

to over 459,000 in 2030 [5]. Despite the 
increasing incidence of HCC worldwide, treat-
ment options for unresectable HCC are limited. 
To date, only sorafenib and lenvatinib have 
been approved as first-line drugs for patients 
with unresectable HCC, and regorafenib, cabo-
zantinib and ramucirumab have been approved 
for second-line treatment [6]. However, these 
agents showed limited benefits and are associ-
ated with considerable toxicities and poor qual-
ity-of-life outcomes. Recently, the phase III 
IMbrave150 trial results showed that combin-
ing an anti-PDL1 antibody with an anti-VEGFA 
antibody leads to promising efficacy for ad- 
vanced HCC patients [7]. Currently, this combi-
nation of immunotherapy has become the first-
line treatment strategy against HCC [8]. 
Nevertheless, most patients eventually prog-
ress with combination immunotherapy. There- 
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fore, studies to elucidate the molecular mecha-
nisms underlying HCC pathogenesis and to 
seek more effective drugs for precision medi-
cine are still needed.

The Ras/MAPK pathway plays a fundamental 
role in the malignant transformation and pro-
gression of HCC [9]. MEK and ERK proteins are 
increased and phosphorylated in HCC [10]. One 
histological study indicated that overexpres-
sion and phosphorylation of MAPK were de- 
tected in 91% (42 of 46) and 69% (32 of 46)  
of HCCs examined, respectively [11]. Accumu- 
lating data further demonstrate that most 
human HCCs harbor overexpression and/or 
activation of MEK 1/2 and ERK 1/2 compared 
to surrounding nonneoplastic liver tissue [12, 
13]. Treatment of HCC cells with a specific MEK 
inhibitor leads to growth inhibition and apopto-
sis, pointing to a key role of the MAPK pathway 
in HCC cell survival and tumor growth. In addi-
tion to MEK and ERK inhibitors, Ras inhibitors 
have been pursued for several decades and 
were not obtained until recent years due to the 
“undruggable” structure of Ras [14, 15]. App- 
roval of the first Ras (G12C) inhibitor sotora- 
sib (AMG510) for non-small cell lung cancer 
(NSCLC) treatment proved that targeting mutat-
ed Ras is possible and paved a new way for  
targeting MAPK signaling [16, 17]. In HCC, how-
ever, Ras is seldom mutated, but the MAPK 
pathway remains activated. Therefore, block-
ade of unmutated Ras or activation of MAPK 
signaling should be aims of HCC treatment.

MicroRNAs (miRNAs) are small noncoding RNAs 
that function as master regulators of gene 
expression, and dysregulated miRNAs play criti-
cal roles in tumor initiation and progression in 
many types of cancers. Of them, downregula-
tion of miR203 has been reported in various 
tumors, including cervical cancer, prostate  
cancer, gastric cancer and bladder cancer [18-
22]. Other studies have also indicated that 
miR203 is upregulated in metastatic breast 
cancers and chemotherapy-resistant colon 
cancers [23, 24]. Previously, we screened 
miRNA expression in HCC mouse models and 
found that miR203 was downregulated in addi-
tion to miR101 and miR375 [25]. Since roles  
of miR101 and miR375 have been reported,  
we then focused on miR203 and found that 
miR203 is significantly downregulated in HCC 
cell lines as well. However, its role in hepatic 

carcinogenesis remains unclear. Therefore, we 
explored the role of miR203 in HCC formation 
and development and uncovered its working 
mechanism in this study.

Materials and methods

Establishment of AKT/Ras, AKT/h-Met and 
c-Myc HCC mouse models

Five-week-old female C57BL/6 mice were pur-
chased from Charles River Technology Corpor- 
ation (Beijing, China), and all mice were fed 
standard rodent chow in the experimental ani-
mal center of Tongji Medical College, Hua- 
zhong University of Science and Technology. 
Plasmids used for hydrodynamic injections to 
establish HCC mouse models were provided  
by Dr. Xin Chen (University of California, San 
Francisco), including pT3-EF1α-AKT, pCaggs-
NasV12, pT3-EF1α-h-Met, pT3-EF1α-c-Myc, 
and pCMV-SB. Hydrodynamic transfection was 
performed as described [26]. For AKT/Ras-
induced HCC, mice (n = 5) were hydrodynami-
cally injected with 5 μg of pT3-EF1α-AKT and  
5 μg of pCaggs-NasV12 together with 1 μg of 
pCMV-SB. For AKT/h-Met-induced HCC, mice (n 
= 5) were hydrodynamically injected with 5 μg 
of pT3-EF1α-AKT and 5 μg of pT3-EF1α-h-Met 
together with 1 μg of pCMV-SB. For c-Myc-
induced HCC, mice (n = 5) were hydrodynami-
cally injected with 5 μg of pT3-EF1α-c-Myc 
together with 1 μg of pCMV-SB. Saline-inject- 
ed mice (n = 5) were used as controls. Different 
groups of plasmids were mixed and diluted in 2 
mL of saline and filtered through a sterile 0.22-
μm filter. Then, the solution was injected into 
the lateral tail vein of mice in 5-7 seconds. All 
mice were weighed, and their vitality was moni-
tored every 4 days. Tumor development was 
observed by abdominal palpation and indicat-
ed indirectly by mouse weight. Mice were sacri-
ficed by cervical dislocation after CO2 euthana-
sia at the terminal time point of tumor burden. 
All mice were monitored in accordance with 
protocols approved by the committee for  
animal research at Tongji Medical College, 
Huazhong University of Science and Technology.

Cell culture and lentiviral infection

Human HCC cell lines, including HepG2, Huh7, 
and Hep3B, were purchased from the China 
Center for Type Culture Collection at Wuhan 
University (Wuhan, China) and stored in our 
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laboratories. The human normal liver cell line 
L02 and the human embryonic kidney line  
293T (HEK-293T) were purchased from Procell 
Company (Wuhan, China). All cell lines were 
authenticated by single tandem repeat profiling 
and tested clear of mycoplasma. HepG2, Huh7, 
L02, and HEK-293T cell lines were cultured in 
high-glucose Dulbecco’s modified Eagle’s medi-
um (DMEM). Hep3B cells were cultured in high-
glucose minimum essential medium (MEM). 
Both media were supplemented with 10% fetal 
bovine serum (FBS, Gibco, Grand Island, NY, 
USA), 100 μg/mL streptomycin, and 100 U/mL 
penicillin. Cells were cultured in a humidified 
incubator at 37°C in the presence of 5% CO2.

Plenti-LV3-CMV-puromycin-miR203 (LV3-miR- 
203) or control plasmids plenti-LV3-CMV-puro-
mycin-scrambled miR203 (LV3-SC) together 
with packaging plasmids were mixed in propor-
tion and cotransfected using liposome 3000 
(Thermo, USA) into HEK-293T cells cultured 
with Reduced Serum Medium modification of 
MEM (OPTI-MEM). After transfection for 6 h,  
the cells were cultured with normal medium, 
and 48 h later, the supernatants were harvest-
ed and centrifuged at 4°C and 12000×g for  
5 min. Then, the supernatants were filtered 
through a 0.45-μm sterile filter and concentrat-
ed by differential centrifugation. The miR203 
sequence was as follows: 5’-GCGCCCGCC- 
GGGTCTAGTGGTCCTAAACATTTCACAATTGCGC- 
TACAGAACTGTTGAACTGTTAAGAACCACTGGAC- 
CCAGCGCGC-3’. For lentiviral infection, HCC 
cells were diluted and seeded in 12-well plates 
and maintained as a monolayer culture. After 
24 h, each lentivirus stock was transfected into 
cells with 10 μg/mL polybrene, and cells were 
selected with 2 μg/mL puromycin for 48 h and 
then harvested for subsequent studies.

RNA extraction and quantitative reverse-tran-
scription (qRT) PCR

Micro RNA and total RNA were isolated from 
resected mouse liver tissues or from cell lines 
using an RNeasy/miRNeasy Mini Kit (Qiagen, 
Hilden, Germany) or TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA) according to the manufac-
turer’s instructions. For complementary DNA 
(cDNA) synthesis of miRNA, the miDETECT A 
TrackTM miRNA qPCR Kit (Ribobio, Guangzhou, 
China) was used. For complementary DNA 
(cDNA) synthesis of generic RNA, a Thermo 

Scientific RevertAid RT Kit (Thermo, Waltham, 
MA, USA) was used. After reverse transcription, 
miRNA or mRNA levels were detected by real-
time quantitative PCR using SYBR Green 
Master Mix (Thermo Fisher Scientific) on a 
7500 Fast Real-Time PCR System (Applied 
Biosystems), and U6 or glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used as a 
reference. All primers used are listed in Table 
S1.

Analysis of miR203 expression using a public 
database

HCC miRNA-sequencing data were download- 
ed from the Gene Expression Omnibus (GEO) 
database (accession no: GSE67139), which 
includes 57 normal liver tissues and 57 HCC 
samples. The survival analysis data were 
obtained from The Cancer Genome Atlas (TC- 
GA) research network (http://cancergenome.
nih.gov), which includes 104 high-risk (high 
miR203 level) patients and 268 low-risk (low 
miR203 level) patients. The overall survival 
curve was generated in the Kaplan-Meier 
Plotter platform. Signal intensity was normal-
ized using robust multiarray average analysis  
in the R environment before conducting the 
expression analysis. The P value was calculat-
ed using Student’s two-sample t test.

Cell viability, proliferation, colony formation 
assay, and cell cycle analysis

Human HCC cell lines transfected with LV3-
miR203 or LV3-SC lentivirus were harvested, 
and the cell density was calculated. For cell 
viability analysis, cells were plated in 96-well 
plates at a density of 5000 cells per well in trip-
licate. Then, cell viability was examined every  
2 days using a Cell Counting Kit-8 (CCK-8) 
Detection Kit (Dojindo, Japan) according to the 
manufacturer’s instructions. For cell prolifera-
tion, 10000 cells were seeded in 12-well plat- 
es in triplicate and recounted with a blood 
counting chamber every 2 days until the end of 
the time point. For the colony formation assay, 
5000 cells were plated in 10-cm plates in tripli-
cate and cultured for 2 weeks. When visible cell 
colonies were observed, cells were fixed and 
stained with 0.1% crystal violet dissolved in 
20% methanol (Sigma-Aldrich) at room temper-
ature for 20 min to be visualized and counted. 
For cell cycle analysis, cells were fixed with 75% 
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ethanol overnight and stained using a Cell  
cycle staining Kit (MultiSciences, 70-CCS012), 
including propidium iodide (staining solution: 
0.04 mg/mL propidium iodide (Sigma-Aldrich) 
and 0.1 mg/mL ribonuclease A from bovine 
pancreas (RnaseA, Sigma-Aldrich)). The cell 
cycle was analyzed using flow cytometry 
(CytomicsTM FC 500; Beckman Coulter, Brea, 
CA, USA), and the results were analyzed using 
FlowJo7.6 (FlowJo, Ashland, OR, USA).

Protein extraction and Western blotting

Proteins were extracted from cells or mouse 
liver tissues by M-PER Mammalian Protein 
Extraction Buffer (Thermo Fisher Scientific) 
containing Proteinase Inhibitor Cocktail (Roche, 
Indianapolis, IN, USA) and Halt Phosphatase 
Inhibitor Cocktail (Thermo Fisher Scientific). 
Then, the supernatants were harvested after 
centrifugation at 4°C and 12000 × g for 10 
min. Protein concentration was quantified us- 
ing the Pierce BCA Protein Assay Kit (Thermo 
Fisher Scientific) and denatured by boiling with 
5 × SDS loading buffer (125 mmol/l Tris-HCl, 
4% SDS, 20% glycerol, 100 mmol/l DTT, and 
0.2% bromophenol blue) at a ratio of 1:4. 
Proteins were then loaded on 10-15% SDS-
polyacrylamide gels. The separated proteins 
were then transferred onto polyvinylidene  
difluoride membranes. The membranes were 
blocked in 5% defatted milk at room tempera-
ture for 1 h and incubated with primary antibod-
ies at 4°C overnight. Membranes were then 
washed and incubated with horseradish perox-
idase-conjugated secondary antibody at room 
temperature for 1 h. Protein antigens were 
stained with Pierce™ ECL Western blotting 
Substrate (Thermo, USA) and visualized by 
enhanced electrochemiluminescence Western 
blot substrate detection (Pierce). All experi-
ments were repeated at least three times. All 
antibodies used are listed in Table S2.

Xenograft HCC mouse model

For the xenograft HCC tumor model, Hep3B 
cells were first stably transfected with LV3-
Plenti-CMV-puromycin-miR203 (LV3-miR203) 
or scramble vector (LV3-SC). Twenty-four hours 
after transfection, cells were harvested and 
counted for density. Six-week-old BALB/c athy-
mic nude female mice (Charles River, Beijing, 
China) were subcutaneously injected in the 
right flank with 8 × 106 Hep3B-LV3-miR203 

cells or Hep3B-LV3-SC cells resuspended in 
0.1 mL of phosphate-buffered saline (n = 7 in 
each group). All mice were fed under specific 
pathogen-free conditions. Body weight and 
tumor volume were measured every 4 days. 
Tumor volume was measured with Vernier cali-
pers and calculated as V = length × width2 × 
0.52. Mice were sacrificed by cervical disloca-
tion after CO2 euthanasia when the maximal 
tumor volume reached 2000 mm3, and tu- 
mors were isolated and weighed. All mice were 
monitored in accordance with protocols app- 
roved by the committee for animal research at 
Tongji Medical College, Huazhong University of 
Science and Technology.

Construction of the miR203 expression vector

We generated a versatile expression vector of 
miR203 according to Golden Gate cloning 
instructions [25]. A 400-base-pair fragment 
containing the human miR203 precursor was 
amplified from human genomic DNA and then 
inserted into a pT3-EF1α (elongation factor 1 
alpha) vector, referred to as pT3-EF1α-miR- 
203. To determine the inhibitory effect of 
miR203 on AKT/Ras-induced HCC, mice (n = 
15) were hydrodynamically injected with 5 μg  
of pT3-EF1α-AKT, 5 μg of pCaggs-NasV12 and 
20 μg of pT3-EF1α-miR203 together with 1.2 
μg of pCMV/SB. Control mice (n = 15) were 
injected with 5 μg of pT3-EF1α-AKT, 5 μg of 
pCaggs-NasV12 and 1 μg of pCMV/SB. To  
evaluate the effect of miR203 on AKT/h-Met- 
induced HCC, mice (n = 15) were hydrodynami-
cally injected with 5 μg of pT3-EF1α-AKT, 5 μg 
of pT3-EF1α-h-Met and 20 μg of pT3-EF1α-
miR203 together with 1.2 μg of pCMV/SB. 
Control mice (n = 15) received 5 μg of pT3-
EF1α-AKT, 5 μg of pT3-EF1α-h-Met and 0.4  
μg of pCMV/SB. Mice were monitored every 4 
days and sacrificed at 6 or 7 weeks post injec-
tion for histological examination and further 
evaluation.

Histology and immunohistochemistry

Mice were euthanized, and liver tissues were 
dissected out and rinsed with saline. Aliquots 
of samples were fixed with 4% paraformalde-
hyde at 4°C overnight. The samples were paraf-
fin-embedded and cut into 5-μm sections for 
hematoxylin and eosin (H&E) or immunohisto-
chemical (IHC) staining. Paraffin sections were 
reacted with antibodies (appropriate dilution) 
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and then stained with rabbit serum instead of 
the target antibody as a negative control. Cells 
exhibiting positive staining on cell membranes 
and in the cytoplasm and nucleus were count-
ed in at least 10 representative fields (× 200 
magnification). All antibodies used for IHC are 
listed in Table S2.

Prediction of miR203 targets

Prediction of miR203 target genes was con-
ducted as reported previously [27]. The target 
gene databases of miR203 were downloaded 
from the TargetScan database. The hits from 
TargetScan were confirmed by high-throughput 
sequencing of RNAs isolated by cross-link- 
ing immunoprecipitation (HITS-CLIP) from the 
Argonaute protein complex (Ago HITS-CLIP). We 
then carried out Gene Ontology analysis using 
PathwayStudio software (Elsevier, Amsterdam, 
Netherlands).

Luciferase reporter assay

The NRas 3’-UTR containing the wild-type or 
mutated miR203-3p binding sequences was 
synthesized by GeneCreate (Wuhan, China) and 
cloned into the pmirGLO luciferase reporter 
vector (Promega, Madison, WI, USA). Briefly, 
Hep3B cells were cultured at a density of 2 × 
104 cells/well in 96-well plates and transfect- 
ed with 0.2 μg of dual luciferase reporter con-
struct p1 or cotransfected with 0.2 μg of the 
luciferase reporter construct p2 and the inter-
nal control vector pRL TK, pRL SV40, or pRL-
CMV (Promega, Madison, WI, USA) at a ratio of 
20:1 (reporter construct: control vector) using 
LipofectamineTM 2000 (Invitrogen) according 
to the manufacturer’s instructions. Six hours 
post transfection, the transfection medium 
was removed and replenished with medium 
containing 6 μM curcumin (Sigma Aldrich, St. 
Louis, MO, USA) solubilized in 100% dimethyl 
sulfoxide (DMSO, Sigma). Forty-eight hours 
post transfection, the luciferase activity was 
measured using the Dual Luciferase® Reporter 
Assay System (Promega). Renilla luciferase 
activity was normalized to firefly luciferase 
activity in cells transfected with the dual lucifer-
ase reporter construct p1, and firefly luciferase 
activity was normalized to Renilla luciferase 
activity in cells cotransfected with the reporter 
construct p2 and the control vector.

Statistical analysis

GraphPad Prism Software (La Jolla, CA, USA) 
was used for statistical analyses. All values are 
depicted as the mean ± standard error of the 
mean (SEM) and were considered significant if 
P < 0.05. The data were analyzed by Student’s 
t test or one-way ANOVA. All experiments were 
repeated at least three times.

Results

MiR203 is downregulated in HCC, and a high 
level of miR203 is related to longer survival of 
HCC patients

To identify whether miR203 plays an important 
role in the development of HCC, we examined 
miR203 levels in three HCC mouse models, 
AKT/Ras-, AKT/h-Met-, and c-Myc-induced  
HCC. The results indicated that miR203 was 
expressed at lower levels in mouse HCC tissu- 
es than in normal liver tissues (Figure 1A). 
miR203 levels were also examined in HepG2, 
Huh7, and Hep3B cells, and the results showed 
that miR203 levels were lower in HCC cells 
than in L02 cells (Figure 1B). GEO datasets 
showed that miR203 levels were reduced in 
human HCC specimens compared with normal 
liver tissues (Figure 1C). Survival analysis of 
HCC patients with high or low miR203 levels 
revealed that patients with high miR203 levels 
survived longer than those with low miR203 
levels (Figure 1D, 1E). Together, these results 
indicated that miR203 is downregulated during 
hepatic carcinogenesis and that a lower level of 
miR203 is a prognostic marker for shorter 
survival.

MiR203 inhibits HCC cell proliferation and 
blocks cell cycle progression in vitro

To identify the role of miR203 in HCC, HepG2, 
Huh7, and Hep3B cells were transfected with 
miR203-expressing lentivirus for 72 h. qRT-
PCR results showed that miR203 levels were 
significantly increased in these three HCC cell 
lines after transfection (Figure 2A). CCK-8 
assays showed decreased cell viability in 
HepG2, Huh7 and Hep3B cells transfected  
with miR203 lentivirus (LV3-miR203) com-
pared with the negative control (LV3-SC) after 4 
days of culture (Figure 2B). Cell counting indi-
cated that the proliferation of HCC cells was 
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suppressed by restoration of miR203 (Figure 
2C). Notably, sustained expression of miR203 
significantly impaired colony formation of HCC 
cells (Figure 2D). In addition, cell cycle analysis 
suggested that miR203 intercepted cell cycle 
progression and significantly delayed the G2/ 
M phase of the cell cycle (Figure 2E). Finally, 
cell cycle arrest was confirmed by Western  
blotting (Figure 2F), and the expression of all 
relative proteins was quantified (Figure S1). 
Collectively, these results corroborated the 
idea that miR203 inhibits the proliferation of 
human HCC cell lines.

MiR203 suppresses the growth of HCC xeno-
graft tumors

To clarify whether miR203 represses the de- 
velopment of HCC in vivo, Hep3B cells trans-
fected with LV3-SC or LV3-miR203 lentivirus 
were allografted into subcutaneous tissues of 

6-week-old nude mice. Consistent with the 
inhibitory effects in vitro, miR203 robustly at- 
tenuated the growth of HCC xenografts (Figure 
3A). Consistently, mouse body weights were 
decreased, and tumor weights and tumor vol-
umes were significantly decreased in the LV3-
miR203 mice (Figure 3B-D). qRT-PCR con-
firmed the overexpression of miR203 in LV3-
miR203 tumors (Figure 3E). These data collec-
tively suggested that miR203 exerts a tumor 
suppressive role in HCC development.

MiR203 blocks HCC initiation and develop-
ment in primary HCC mouse models

In our previous study, we reported that activa-
tion of AKT/Ras or AKT/h-Met can induce HCC 
in mice at 4-6 weeks [28] Coordinated activa-
tion of AKT/mTOR and Ras/MAPK cascades 
occurs in over 50% of all human HCCs [29], and 
coactivation of AKT and c-Met is also frequently 

Figure 1. The expression of miR203 is downregulated in HCC. A. Reduced expression of miR203 in the livers of 
AKT/Ras-, AKT/h-Met-, and c-Myc-induced HCC mouse models compared with normal mice determined by using 
qRT-PCR. n = 5 in each group. B. Relative miR203 levels in human HCC cell lines with different genetic backgrounds 
compared with L02 cells detected using qRT-PCR. C. Downregulation of miR203 in human HCC tissues (n = 57) 
versus normal liver tissues (n = 57). Data were extracted from the GEO database (accession no: GSE67139). D, E. 
Survival analysis of HCC patients with high miR203 expression (n = 199) and patients with low miR203 expression 
(n = 500). Data were from the GEO database (GSE119221). The data were analyzed by Student’s t test or one-way 
ANOVA to evaluate the statistical significance, and the results are presented as the mean ± SD. *P < 0.05; **P < 
0.01.
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observed in HCC patients [28]. Thus, we inves-
tigated the effect of miR203 in AKT/Ras and 
AKT/h-Met HCC mice. Mice in the AKT/Ras 
group died from lethal tumor burdens by 4-6 
weeks postinjection, with livers covered in  
HCC lesions (Figure 4A). In contrast, AKT/Ras/
miR203 group mice harbored minor and less 
proliferative HCC nodules (Figure 4B). More- 
over, miR203 prolonged the survival of HCC 
mice to nearly 3 weeks (Figure 4C). qRT-PCR 
confirmed sustainable miR203 expression in 
the AKT/Ras/miR203 group mouse livers 
(Figure 4D). However, no difference in mouse 
body weight or liver weight/body weight ratio 
between these two groups was observed 
(Figure 4E). This is possibly because body 
weight loss in AKT/Ras mice was compensated 
by increased tumor burden. IHC staining sh- 
owed decreased expression of phosphorylat- 
ed AKT, NRas, and Ki67 (Figure 4F). Likewise, 

miR203 also suppressed the development of 
AKT/h-Met-induced HCC (Figure 4G). AKT/h-
Met-treated mice died within 50 days postinjec-
tion, whereas AKT/h-Met/miR203 mice sur-
vived up to 92 days (Figure 4H). Upregulation  
of miR203 level was verified in the miR203 
treated AKT/h-Met mice (Figure 4I). Interest- 
ingly, the liver weight/body weight ratio was  
significantly reduced in the AKT/h-Met/miR203 
group mice because of the minor tumor burden 
(Figure 4J). Therefore, these data clarified that 
miR203 appears to be a robust tumor suppres-
sor in HCC initiation and progression in vivo.

miR203 targets NRas and downstream cas-
cade proteins in HCC

To screen possible targets of miR203 in HCC, 
we performed RNA-Seq using AKT/Ras and 
AKT/Ras/miR203 mouse HCC or liver tissues. 

Figure 2. miR203 inhibits HCC cell proliferation in vitro. A. Upregulation of miR203 by lentivirus in human HCC 
cell lines with divergent backgrounds. B. Viability of HCC cells treated with miR203 lentivirus (LV3-miR203) or 
scrambled lentivirus (LV3-SC) using a CCK-8 kit. C. Cell proliferation curves of LV3-miR203-infected HCC cell lines 
compared to LV3-SC-infected cells. D. Soft agar colony formation of HepG2, Huh7, and Hep3B cells transfected with 
LV3-miR203 or LV3-SC. E. Cell cycle distribution in HCC cells treated with LV3-miR203 lentivirus or control lentivirus 
by flow cytometry (FCM). F. Expression of the cell cycle-related proteins cyclin D1 and cyclin B1 using Western blot-
ting. Data are presented as the mean ± SD, n = 3 per group, **P < 0.01.

Figure 3. miR203 suppresses the growth of HCC xenograft tumors. A. Gross images of xenografts induced by Hep3B 
cells that were stably transfected with LV3-miR203 (n = 7) or LV3-SC (n = 7). B. Mouse body weight curve in two dif-
ferent groups. C, D. Weight and growth curve of HCC xenograft tumors in each group. E. miR203 level in each group 
by qRT-PCR. Data are presented as the mean ± SD, n = 7 per group, *P < 0.05, **P < 0.01.
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Figure 4. miR203 overexpression inhibits the development of HCC induced by AKT/Ras and AKT/h-Met. A. Representative liver images of livers from AKT/Ras mice 
(n = 6) and AKT/Ras/miR203 mice (n = 6). B. Liver tumor numbers in mice injected with AKT/Ras (n = 6) or AKT/Ras/miR203 (n = 6). C. Kaplan-Meier survival 
curves of the AKT/Ras (n = 15) and AKT/Ras/miR203 (n = 15) mouse cohorts. D. miR203 level in each group by qRT-PCR. E. Body weight and liver/body weight 
ratio of AKT/Ras or AKT/Ras/miR203 mice (n = 6). F. Microscopic appearance and immunohistochemistry (IHC) staining of liver tissues from each group. G. Macro-
scopic appearance of livers from AKT/h-Met mice (n = 6) and AKT/h-Met/miR203 mice (n = 6). H. Survival curves of the AKT/h-Met and AKT/h-Met/miR203 mice. 
I. miR203 level in each group by qRT-PCR. J. Liver/body weight ratio of AKT/h-Met and AKT/h-Met/miR203 mice. Data represent mean ± SEM. *P < 0.05, **P < 
0.01. Scale bar = 100 μm, magnification = 200 ×.
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We selected genes with a fold-change > 2 and 
a P value < 0.05 among the AKT/Ras and AKT/
Ras/miR203 groups. The top 14 genes were 
listed and analyzed using a heatmap (n = 3,  
red = upregulation, green = downregulation) 
(Figure 5A). KEGG pathway enrichment show- 
ed the enrichment of the MAPK signaling path-
way, and several gene counts in the MAPK sig-
naling pathway were at maximum (Figure 5B).  
A volcano plot of all differentially expressed 
genes in AKT/Ras/miR203 mice versus AKT/
Ras mice (n = 3, orange = upregulation, green = 
downregulation) indicated a 2-fold decrease in 
the NRas gene, illustrating that miR203 may 
target NRas (Figure 5C).

Next, we performed TargetScan analysis and 
found that miR203 binding sites were within 
the 3’UTRs of the NRas gene and were con-
served in humans (Figure 6A). To confirm that 
miR203 directly binds the 3’UTRs of NRas, we 
performed a luciferase assay, and the results 
showed that cotransfection with LV3-miR203 
significantly decreased the luciferase activity of 
the reporter vector with NRas 3’UTRs in Hep3B 
cells. In addition, mutation of miR203 binding 
sites within the 3’-UTRs of NRas completely 

abolished the inhibitory effect of miR203 on 
luciferase activity (Figure 6B). Next, we exam-
ined the inhibitory role of miR203 on Ras in 
HCC mouse models. The results showed that 
overexpression of miR203 in AKT/Ras-induced 
mouse HCC robustly decreased NRas expres-
sion at both the mRNA and protein levels. 
Moreover, activation of downstream MAPK cas-
cade proteins was inhibited as well (Figure 6C, 
6D). Western blotting further confirmed the 
inhibition of miR203 on Ras/MAPK signaling  
in human HCC cell lines and in AKT/h-Met- 
induced mouse HCC tissues (Figure 6E, 6F). 
The relative expression of all proteins was 
quantified (Figure S2). Together, these results 
demonstrate that NRas is a direct target of 
miR203 in HCC both in vitro and in vivo.

Ectopic expression of NRas rescues the growth 
inhibition caused by miR203

Then, we verified whether activation of Ras/
MAPK signaling can restore growth inhibition  
by miR203 overexpression. In Huh7 cells, 
miR203 treatment led to evident cell death, 
whereas cells transfected with NRas (exoge-
nously transfected) showed increased cell via-

Figure 5. Microarray analysis indicates NRas as a downstream target of miR203 in HCC. A. Heatmap of the differ-
entially expressed genes with a fold-change > 2 and P < 0.05 between AKT/Ras and AKT/Ras/miR203 mouse liver 
tissues (n = 3, red = upregulation, green = downregulation). B. KEGG signaling pathway enrichment in AKT/Ras/
miR203 mice versus AKT/Ras mice (n = 3) using DAVID analysis. C. Volcano plot of all differentially expressed genes 
in AKT/Ras/miR203 mice versus AKT/Ras mice (n = 3, orange = upregulation, green = downregulation).
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bility. Importantly, NRas transfection recovered 
the cell viability reduced by miR203 at 4 days 
and 6 days (Figure 7A). The cell proliferation 
curve also confirmed the rescue function of 
ectopic NRas expression (Figure 7B). Colony 
formation assays indicated that increased colo-
ny numbers were decreased by miR203 but 
were recovered by NRas transfection (Figure 
7C). Collectively, this evidence indicates that 
miR203 represses HCC cell growth by repress-
ing the Ras/MAPK signaling pathway (Figure 8).

Discussion

In the present study, we found that miR203 
was significantly downregulated in HCC cell 

lines and clinical samples. Overexpression of 
miR203 inhibited cell growth and induced cell 
cycle arrest. Intriguingly, miR203 blocks the 
Ras/MAPK pathway by directly binding to the 
NRas promoter. Critically, miR203 significantly 
inhibited the development of HCC in mice 
induced by AKT/Ras or AKT/h-Met coexpres-
sion. Therefore, our study revealed the tumor 
suppressive role of miR203 in HCC via repres-
sion of the Ras/MAPK signaling pathway.

Our results have several implications. First, this 
study provides robust evidence to support the 
tumor suppressive role of miR203 in hepatic 
carcinogenesis. Previous studies have demon-
strated that miR203 acts as a tumor suppres-

Figure 6. NRas is the direct target of miR203. A. Schematic representation of the conserved miR203 binding motifs 
within the 3’-UTRs of miR203. Complementary sequences to the seed regions of miR203 within the 3’-UTRs are 
highlighted in green. B. Luciferase reporter analysis containing either the WT or mutated 3’-UTRs of human NRas 
after transfection with LV3-miR203 or LV3-SC in Huh7 cells. C, D. Western blotting and qRT-PCR analysis of NRas 
and Ras/MAPK signaling pathway-related genes. E, F. Western blotting analysis of Ras/MAPK-related proteins in 
HCC cells or AKT/h-Met-induced HCC mice after miR203 overexpression.
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sor in HCC [30-38]. The expression of miR203 
is significantly downregulated in HCC tissues 
compared to normal liver tissues, and low 
miR203 expression is related to poor prognosis 
in HCC patients [32, 37, 38]. Subsequent func-
tional studies indicated that miR203 impacts 
the growth, aggressiveness, and EMT transfor-
mation and increases the radiosensitivity of 
HCC cells by targeting MAT2A, MAT2B, Survi- 
vin, EZH2, and Bmi-1 [33-35]. However, most of 
these studies were performed either in vitro or 
in xenograft mouse models and critical in vivo 
evidence is lacking. In this study, we demon-
strated that miR-203 inhibited tumor growth in 
AKT/Ras and AKT/h-Met primary HCC mouse 
models. Our data thus provide more robust  
evidence supporting the idea that miR203 
functions as a tumor suppressor in hepatic 
carcinogenesis.

Second, our findings demonstrate the potential 
of miR203 as a nucleotide drug for HCC treat-

ment. MicroRNAs have been widely tested in 
both preclinical and clinical studies as thera-
peutics for cancer treatment. A few miRNA 
drugs, such as miR-155 and miR-16, are under 
investigation in human clinical trials with prom-
ising results ahead [39]. However, the develop-
ment of nucleotide drugs still lags behind that 
of small molecule drugs due to the lack of 
effective nucleotide molecules. In this study, 
our data clearly indicate that miR203 func- 
tions as an NRas inhibitor and that restoration 
of miR203 can inhibit HCC growth both in vitro 
and in vivo. Notably, our data demonstrated 
that miR203 has the capacity to effectively 
inhibit the development of HCC in AKT/Ras and 
AKT/Met HCC mouse models. Therefore, our 
findings suggest that miR203 may serve as an 
ideal miRNA drug for the treatment of HCC.

Moreover, our study reveals that miR203 may 
serve as an inherently effective Ras inhibitor. 
Mounting evidence indicates that the Ras/

Figure 7. Ectopic expression of NRas can restore the inhibitory effect of miR203 on the proliferation of Huh7 cells. 
A. Cell viability analysis of Huh7 cells treated with DMSO, miR203 lentivirus, NRas, and miR203 lentivirus+ NRas 
at different time points using a CCK-8 kit. B. Cell proliferation curves of Huh7 cells with different treatments. C. Soft 
agar colony formation of Huh7 cells in each group. Data are presented as the mean ± SD, n = 3 per group, *P < 
0.05, **P < 0.01.
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MAPK signaling pathway plays a major role in 
the malignant transformation and progression 
of HCC [9]. Blockade of the Ras/MAPK pathway 
is an important strategy for HCC treatment. 
Although many Raf, MEK, or ERK inhibitors are 
under clinical trials for HCC treatment, the dis-
covery and development of Ras inhibitors were 
retarded for many years until the discovery of 
AMG-510 [16]. Intriguingly, our study indicates 
that miR203 is a natural inhibitor of Ras sig- 
naling. A luciferase reporter assay demonstrat-
ed that miR-203 directly binds to the 3’UTR of 
NRas. Overexpression of miR203 significantly 
decreased both the protein and mRNA levels of 
NRas and molecules associated with the Ras/
MAPK signaling pathway in vitro and in vivo. 
Restoration of Ras/MAPK signaling can com-
pletely reverse the growth inhibition caused  
by miR203 overexpression since exogenously 
introduced NRas lacks a natural 3’UTR and 
hence cannot be blocked by miR203. There- 
fore, inherent NRas was blocked, but exoge-

is effective for HCC with other mutations  
needs to be further confirmed. Finally, we did 
not evaluate the systemic toxicity of miR-203 
administration in mice. In addition to cancer, 
miR203 also plays roles in other tissues or 
organs. Whether systemic delivery of miR203 
causes severe adverse effects should be 
investigated.
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Figure 8. Schematic representation of the role of the Ras/MAPK signaling 
pathway in miR203-mediated repression of HCC development.

nous NRas rescued HCC cell 
growth. Together, our results 
suggest that miR203 is an 
inherent Ras inhibitor and thus 
can be used for the treatment 
of HCC with activated Ras/
MAPK signaling.

Our study has several limita-
tions. First, the effects of 
miR203 delivery were only 
examined in cell line-derived 
xenograft (CDX) and primary 
HCC mouse models but not  
in patient-derived xenograft 
(PDX) models. It is known that 
PDX models harbor similar 
genetic alterations and full 
immune and stromal microen-
vironments to human HCC tis-
sues. However, due to techni-
cal limitations, we failed to 
investigate the effects of 
miR203 in PDX HCC models. 
The second limitation is that 
we did not evaluate the eff- 
ects of miR203 in HCC mouse 
models with different Ras 
mutations. In this study, we 
tested the effects of miR203 
in AKT/Ras (NRasV12) and 
AKT/Met mouse models. 
Whether miR203 treatment  
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Table S1. Primers used for qRT-PCR
Gene Sequence
GAPDH (h) F 5’-GGAGCGAGATCCCTCCAAAAT-3’

R 5’-GGCTGTTGTCATACTTCTCATGG-3’
GAPDH (m) F 5’-AGGTCGGTGTGAACGGATTTG-3’

R 5’-TGTAGACCATGTAGTTGAGGTCA-3’
U6 (h) F 5’-CGCTTCGGCAGCACATATAC-3’

R 5’-TTCACGAATTTGCGTGTCAT-3’
U6 (m) F 5’-CTCGCTTCGGCAGCACA-3’

R 5’-AACGCTTCACGAATTTGCGT-3’
miR-203 (h) F 5’-GTGAAATGTTTAGGACCACTAGAA-3’

R 5’-GCTGTCAACGATACGCTACGT-3’
miR-203 (m) F 5’-GCTGGGTCCAGTGGTTCTTA-3’

R 5’-GCCGGGTCTAGTGGTCCTAA-3’
NRas (m) F 5’-ACTGAGTACAAACTGGTGGTGG-3’

R 5’-TCGGTAAGAATCCTCTATGGTGG-3’
b-Raf (m) F 5’-AATTTGGTGGAGAGCATAACCC-3’

R 5’-ACGGTGTCCATTGATGCAGAG-3’
Raf1 (m) F 5’-AGGGTGGTGGAATTACAGCAA-3’

R 5’-GCAGTGTAGAAAGCTGGAGAG-3’
MAP2K1 (m) F 5’-AACGGTGGAGTGGTCTTCAAG-3’

R 5’-CGGATTGCGGGTTTGATCTC-3’
MAP2K2 (m) F 5’-GTTACCGGCACTCACTATCAAC-3’

R 5’-GCTCACCGACCTTAGCCTTC-3’
MAPK1 (m) F 5’-TCAGATGAATTTTCGTTGGCAGA-3’

R 5’-AGCTTTTGTATTGGTCACAGCA-3’
MAPK3 (m) F 5’-TCCGCCATGAGAATGTTATAGGC-3’

R 5’-GGTGGTGTTGATAAGCAGATTGG-3’

Table S2. Antibodies used for Western blotting and immunohistochemistry
Antigen Dilution Isotype Supplier Catalogue number
For western blotting
    α-tubulin 1:1000 Rabbit IgG BOSTER BM1452
    CyclinD1 1:1000 Rabbit IgG BOSTER BM0771
    CyclinB1 1:1000 Rabbit IgG BOSTER BM4370
    NRas 1:1000 Rabbit IgG Proteintech 10724-1-AP
    p-cRaf 1:1000 Rabbit IgG Cell Signaling 9421
    pAKT 1:1000 Rabbit IgG Cell Signaling 4060
    p-MEK1/2 1:1000 Rabbit IgG Cell Signaling 2338
    p-Erk1/2 1:1000 Rabbit IgG Cell Signaling 4695
    p-P90RSK 1:1000 Rabbit IgG Cell Signaling 8753
    p-MSK1 1:1000 Rabbit IgG Cell Signaling 9595
For immunohistochemistry
    Ki67 1:200 Rabbit IgG Cell Signaling 12202
    NRas 1:200 Rabbit IgG Proteintech 10724-1-AP
    pAKT 1:100 Rabbit IgG Cell Signaling 4060
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Figure S1. The expression of all cell cycle related proteins were quantified. (A) The relative protein level of cyclinD1. 
(B) The relative protein level of cyclinB1.

Figure S2. The relative expression of all Ras/MAPK signaling related proteins was quantified. (A) Realtive protein 
levels of related proteins in AKT/Ras or AKT/Ras/miR203 mice liver tissues. (B) Realtive protein levels of related 
proteins in HCC cells or miR203 overexpressed HCC cells. (C) Realtive protein levels of related proteins in AKT/h-Met 
or AKT/Met/miR203 mice liver tissues.


