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Abstract. Transcatheter arterial embolization (TAE) and 
transcatheter arterial chemoembolization (TACE) are often 
used for palliative treatment of liver cancer. TAE and TACE 
can induce severe hypoxia. The present study investigated 
the effect of the myocardial infarction associated transcript 
(MIAT)/microRNA (miR)-203a/hypoxia-inducible factor 1-α 
(HIF-1α) axis on the therapeutic activity of TAE for liver 
cancer using hypoxia-treated liver cancer cells and rat ortho-
topic liver tumors. MIAT, miR-203a and HIF-1α mRNA levels 
were assessed by reverse transcription-quantitative PCR assay. 
The protein expression of HIF-1α, Ki-67 and vascular endo-
thelial growth factor was determined by western blot assay. 
The proliferative, migratory and invasive potential of cells was 
assessed by CCK-8, Transwell migration and invasion assays, 
respectively. The association between MIAT, miR-203a and 
HIF-1α was investigated through bioinformatics analysis, 
luciferase reporter assay, RNA immunoprecipitation and 
RNA pull-down assay. In vivo experiments were performed to 
explore the effect of TAE alone or in combination with MIAT 
knockdown on the growth of rat liver tumors. The results 
revealed that MIAT and HIF-1α were highly expressed, and 
miR-203a was lowly expressed in liver tumors of patients with 
liver cancer after TACE treatment and hypoxia-stimulated 
liver cancer cells. MIAT sequestered miR-203a from its target 
HIF-1α. MIAT knockdown, miR-203a overexpression or 
HIF-1α loss inhibited proliferation, migration and invasion in 
hypoxia-treated liver cancer cells. MIAT knockdown enhanced 
TAE-mediated antitumor effects by upregulating miR-203a 
and downregulating HIF-1α in rat liver tumors. In conclusion, 
MIAT knockdown potentiated the therapeutic effect of TAE in 
liver cancer by regulating the miR-203a/HIF-1α axis in vitro 

and in vivo, thus expanding our understanding on the func-
tion and molecular basis of MIAT in TAE treatment for liver 
cancer.

Introduction

Liver cancer poses an enormous global threat to human health 
and life, accounting for approximately 4.7% of all new cancer 
cases and 8.2% of all cancer-related deaths in 2018 in the 
world (1). Asia and Africa are high-risk liver cancer areas, 
with >50% of new liver cancer cases and deaths occurring in 
China (1,2). Liver cancer is often diagnosed at the advanced 
stage and its prognosis is also poor (3). Liver cancer can be 
cured through surgical resection, liver transplantation and 
radiofrequency ablation when the disease is diagnosed at the 
early stage, whereas current therapeutic strategies can only 
hinder disease progression and extend the length of life for 
patients with intermediate and advanced liver cancer (3,4). 
Transcatheter arterial embolization (TAE) and transcatheter 
arterial chemoembolization (TACE) are often used for the 
treatment of liver cancer, including palliative treatments 
for patients with unresectable intermediate and advanced 
liver cancer, and preoperative treatments for resectable liver 
cancer (5,6). Hypoxia, a common phenomenon in the majority 
of malignant tumors, has a positive or negative influence on 
cancer progression and therapeutic responses depending 
on duration, environment and severity (7,8). Severe hypoxia 
leads to cell death, while an oxygen level >0.5% inhibits cell 
death (9).

Long non-coding RNAs (lncRNAs), a group of long 
(>200 nucleotides) transcripts without protein-coding poten-
tial, and microRNAs (miRNAs or miRs), a class of short 
(~20 nucleotides) transcripts lacking protein-coding potential, 
have been identified as vital regulators of gene expression 
and crucial players in the tumorigenesis and progression of 
cancers such as liver cancer (10,11). Emerging evidence shows 
that ncRNAs, including lncRNAs and miRNAs, play vital 
roles in hypoxia-regulated cancer processes, including tumor 
invasion and metastasis (12,13). The lncRNA myocardial 
infarction associated transcript (MIAT) has been revealed 
to be implicated in the pathogenesis of multiple diseases, 
including myocardial infarction, diabetic retinopathy and 
schizophrenia (14,15). Previous studies revealed that MIAT 
functioned as an oncogenic factor in various cancer types 
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such as liver cancer (16-18). Additionally, MIAT was involved 
in the regulation of hypoxia responses. For instance, MIAT 
knockdown enhanced the detrimental effect of hypoxia on cell 
viability, and promoted cell apoptosis induced by hypoxia in 
rat retinal ganglion cells and retinal Müller cells (19). TACE 
can induce severe hypoxia, which leads to the alteration of 
the tumor microenvironment and biological responses (20). 
Therefore, the roles and molecular basis of MIAT in TACE 
treatment for liver cancer were further investigated in 
hypoxia-treated liver cancer cells and rat liver tumors in the 
present study.

Bioinformatics prediction analysis revealed that 
MIAT had a probability to bind to miR-203a, and that 
hypoxia-inducible factor 1-α (HIF-1α) was a potential 
target of miR-203a, which has been reported to be a tumor 
suppressor in multiple cancers, including gastric (21), naso-
pharyngeal (22) and liver cancer (23). Moreover, miR-203a 
overexpression led to a notable downregulation of HIF-1α in 
glioblastoma cells (24). HIF-1α has been well documented as 
a hypoxia-responsive factor in cancers (25,26). Additionally, 
previous studies revealed that HIF-1α knockdown curbed 
tumor angiogenesis and metastasis, and enhanced the 
TAE-mediated antitumor effect in rat liver tumors (27-29). 
Consequently, the present study further investigated whether 
MIAT could exert its crucial function through regulation 
of the miR-203a/HIF-1α axis in TACE treatment for liver 
cancer in hypoxia-treated liver cancer cells and rat liver 
tumors.

Materials and methods

Clinical samples and cell culture. Patients with liver cancer 
(40-50 years old, male) were recruited from Henan Provincial 
People's Hospital (Zhengzhou, China) from January to May 
2017 and divided into a TACE-untreated group (n=22) and 
a TACE-treated group (n=20). Necrotic parts of liver tumors 
were excluded from our study. The expression levels of 
MIAT, miR-203a and HIF-1α were assessed by reverse tran-
scription-quantitative PCR (RT-qPCR) assay in liver tumors 
without necrosis.

Patients in the TACE‑treated group received ≥1 session 
of TACE alone without other treatments prior to resection. 
Patients with liver cancer in the TACE-untreated group did not 
receive any treatment before surgery. The present experiments 
were approved by the Research Ethics Committee of Henan 
Provincial People's Hospital. Written informed consent was 
obtained from all participants prior to the experiments.

The liver cancer cell line HepG2 (Cell Bank of the 
Chinese Academy of Sciences) was cultured in Dulbecco's 
modified Eagle's medium (cat. no. 11965092; Thermo Fisher 
Scientific, Inc.) supplemented with 10% fetal bovine serum 
(cat. no. 16140071; Thermo Fisher Scientific, Inc.) under 
normoxia (20% O2) or hypoxia (1% O2, 5% CO2) conditions at 
37˚C. This cell line was derived from a 15 year‑old Caucasian 
male with liver cancer. The cell line was authenticated by STR 
profiling. The results were as follows: D5S818: 11,12; D13S317: 
9,13; D7S820: 10,10; D16S539: 12,12; vWA: 17,17; THO1: 9,9; 
Amelogenin: XY; TPOX: 8,9; and CSF1PO: 10,11. Normoxia 
or hypoxia was created using the Anoxomat Mark II Anaerobic 
system (Mart Microbiology B.V.).

Reagents. Small interference (si)RNAs targeting MIAT 
(si-MIAT#1, si-MIAT#2) and a scramble control (si-NC), as 
well as siRNA targeting HIF-1α (si-HIF-1α) and its negative 
control (NC) (si-nc) were obtained from Shanghai GenePharma 
Co., Ltd. miR-203a mimic (cat. no. miR10000264-1-5) and its 
NC (miR-NC, cat. no. miR1N0000001-1-5), and miR-203a 
inhibitor (anti-miR-203a; cat. no. miR20000264-1-5) and its 
NC (anti-miR-NC; cat. no. miR2N0000001-1-5) were ordered 
from Guangzhou RiboBio Co., Ltd. The HIF-1α coding 
region was cloned into the pcDNA3.1 vector by Shanghai 
Genomeditech Co., Ltd. to obtain a pcDNA-HIF-1α overex-
pression plasmid. The target sequences of si-MIAT#1 and 
si-MIAT#2 were 5'-CCA GGC TCC TTT AAA CCA A-3' and 
5'-GCA GTT CTT AGC TCA TAT A-3', respectively. The target 
sequences of si-HIF-1α were 5'-GGC CGC TCA ATT TAT GAA 
T-3' and 5'-GCT GGA GAC ACA ATC ATA T-3'.

Cell transfection. HepG2 cells were transfected with corre-
sponding biotin-labeled miRNAs, biotin-labeled probes, 
miRNA mimics, miRNA inhibitors, siRNAs or plasmids, and 
cultured for 24 h under normoxia or hypoxia conditions. Cell 
transfection was performed using DharmaFECT 4 reagent 
(cat. no. T-2004-0X) or DharmaFECT Duo transfection reagent 
(cat. no. T‑2010‑03) (both from Thermo Fisher Scientific, Inc.) 
according to the instructions of the manufacturer.

RT‑qPCR assay. Total RNA was isolated from HepG2 cells and 
liver tumors using TRIzol reagent (cat. no. 15596018; Thermo 
Fisher Scientific, Inc.) following the protocols of the manu-
facturer. The miR-203a level was measured using Bulge-Loop 
miRNA qRT-PCR Starter kit (cat. no. C10211-1; Guangzhou 
RiboBio Co., Ltd.) and Bulge-Loop miRNA primer sets 
(cat. no. MQPS0000787-1-100; Guangzhou RiboBio Co., Ltd.) 
with small nuclear RNA U6 (cat. no. MQPS0000002-1-100; 
Guangzhou RiboBio Co., Ltd.) as the internal control. cDNA 
first strand synthesis reaction programs included reverse tran-
scription at 42˚C for 60 min and enzyme inactivation at 70˚C 
for 10 min. Quantitative PCR reaction programs consisted of 
pre‑denaturation at 95˚C for 10 min and 40 cycles of dena-
turation at 95˚C for 2 sec, annealing at 60˚C for 20 sec and 
extension at 70˚C for 10 sec.

For detection of MIAT, HIF-1α and GAPDH levels, cDNA 
was synthesized from an RNA template using M-MLV reverse 
transcriptase (cat. no. 28025021; Thermo Fisher Scientific, 
Inc.) and quantified using Fast SYBR™ Green Master mix 
(cat. no. 4385617; Thermo Fisher Scientific, Inc.). GAPDH 
functioned as the house-keeping gene to normalize the expres-
sion of MIAT and HIF-1α. The primer sequences for MIAT, 
HIF-1α and GAPDH were as follows: HIF-1α forward, 5'-CCA 
CCT ATG ACC TGC TTG GT-3' and reverse, 5'-TGT CCT GTG 
GTG ACT TGT C-3'; MIAT forward, 5'-CAA AGA GCC CTC 
TGC ACT AG-3' and reverse, 5'-ACC TTG GTT ACC CCT GTG 
ATG-3'; and GAPDH forward, 5'-GTC TCC TCT GAC TTC 
AAC AGC G-3' and reverse, 5'-ACC ACC CTG TTG CTG TAG 
CCA A-3'. Reverse transcription reaction samples without 
M-MLV reverse transcriptase and ribonuclease inhibitor were 
incubated at 65˚C for 5 min and then immediately chilled on 
ice. Next, the reverse transcription reaction was performed 
at 37˚C for 50 min and the reaction was subsequently inacti-
vated at 70˚C for 15 min. Quantitative PCR reaction programs 
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included pre‑denaturation at 95˚C for 5 min and 40 cycles 
of denaturation at 95˚C for 5 sec and annealing/extension 
at 60˚C for 30 sec. Quantitative PCR reactions were run 
on Applied Biosystems 7500 Fast Real-Time PCR System 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). Relative 
expression patterns of genes were analyzed using the 2−ΔΔCT 
method (30).

Western blot assay. Proteins were extracted from HepG2 
cells and liver tumors by centrifugation using RIPA Lysis 
Buffer (cat. no. P0013E; Beyotime Institute of Biotechnology) 
containing a protease inhibitor cocktail (cat. no. 5892970001; 
Roche Diagnostics) and then quantified using Bio-Rad 
Bradford Protein Assay kit (cat. no. 5000002; Bio-Rad 
Laboratories, Inc.). Next, 30 µg protein samples were sepa-
rated by 10% SDS-PAGE and transferred to polyvinylidene 
fluoride membranes (cat. no. IPVH00010; EMD Millipore). 
Then, the membranes were blocked with 5% non-fat milk for 
1 h at room temperature and incubated overnight at 4˚C with 
primary antibodies against HIF-1α (product code ab16066; 
1:2,000 dilution), Ki-67 (product code ab16667; 1:50 dilu-
tion), vascular endothelial growth factor (VEGF; product 
code ab106580; 1:1,000 dilution) and GAPDH (product code 
ab181602; 1:5,000 dilution; all from Abcam). Subsequently, 
the membranes were incubated for 1 h at room temperature 
with a horseradish peroxidase-conjugated secondary antibody 
(product codes ab205718 or ab205719; 1:5,000 dilution; Abcam). 
Finally, the protein signals were detected using SignalFire™ 
ECL Reagent (product no. 6883; Cell Signaling Technology, 
Inc.) on a Bio-Rad ChemiDoc XRS imaging system (Bio-Rad 
Laboratories, Inc.) and quantified using Quantity One 1‑D 
Analysis Software (version 4.6.6; Bio-Rad Laboratories, Inc.).

Cell proliferation detection. The cell proliferative capacity 
was assessed by CCK-8 assay kit (cat. no. CK04-01; Dojindo 
Molecular Technologies, Inc.) referring to the protocols of the 
manufacturer. Briefly, cells (50,000 cells/well) transfected 
with corresponding oligonucleotides or plasmids, alone or in 
combination, were plated into 96-well plates and maintained 
under the hypoxia condition for 24 h. Next, 10 µl CCK-8 solu-
tion was added into each well and incubated for 3 h. Finally, 
the absorbance was determined at 450 nm using a SpectraMax 
M3 Multi-Mode microplate reader (Molecular Devices, LLC).

Transwell migration and invasion assays. Cell migratory 
and invasive potential was estimated using 24-well Transwell 
chambers (cat. no. 3422; Corning Inc.) containing 8.0 µm 
pore filter membrane inserts. For cell invasion assay, the 
membranes on the chambers were precoated with Matrigel 
(cat. no. 356234; BD Biosciences). At 24 h after transfection, 
the transfected cells (3x104) were resuspended into serum-free 
medium and then added into the upper chambers. Complete 
medium supplemented with 20% FBS was added into the 
lower chambers. After 24 h of incubation under hypoxia 
conditions, cells on the upper chambers were removed using 
a cotton swab. The cells attached on the bottom surface of the 
membranes were fixed with pre‑cold methanol for 20 min at 
4˚C, stained with crystal violet solution (0.1%; cat. no. V5265; 
Sigma-Aldrich; Merck KGaA) for 30 min at room tempera-
ture and counted in 5 random fields under a light microscope 

(magnification x200). The Transwell migration assay was 
performed following the same procedures as described in the 
cell invasion assay, i.e., in Transwell chambers, but without 
Matrigel.

Luciferase reporter assay. Potential interaction between 
miR-203a and MIAT or HIF-1α was predicted through 
miRcode (http://www.mircode.org/) or TargetScan Human7.2 
(http://www.targetscan.org/vert_72/), respectively. Partial 
sequences of MIAT and HIF-1α 3' untranslated region (UTR) 
containing the corresponding miR-203a binding sites were 
cloned into the psiCHECK-2 vector by Hanbio Biotechnology 
Co., Ltd. to generate MIAT-wild-type (Wt) reporter and 
HIF-1α-Wt reporter, respectively. MIAT-mutant (Mut) 
reporter and HIF-1α-Mut reporter were also produced by 
mutating matching miR-203a complementary sites by Hanbio 
Biotechnology Co., Ltd. HepG2 cells were co-transfected 
with MIAT-Wt reporter, MIAT-Mut reporter, HIF-1α-Wt 
reporter, or HIF-1α-Mut reporter and miR-NC or miR-203a 
mimic. At 48 h after transfection, luciferase activities were 
measured using the Dual-Luciferase Reporter Assay system 
(cat. no. E1910; Promega Corporation) according to the 
instructions of the manufacturer.

RNA pull‑down assay. An RNA pull-down assay was carried 
out as previously described (31) to explore whether MIAT 
could bind to miR-203a through putative binding sites. 
Biotin-labeled wt miR-203a (Bio-miR-203a), biotin-labeled 
mutant miR-203a containing mutated MIAT binding sites 
(Bio-miR-203a-Mut) and their NC (Bio-miR-NC), as well as 
biotin-labeled wt MIAT probe (Bio-MIAT), biotin-labeled 
mutant MIAT probe (Bio-MIAT-Mut) and a scramble probe 
(Bio-NC) were obtained from Sangon Biotech Co., Ltd. 
HepG2 cells were transfected with matching biotin-labeled 
miRNAs or probes. After 48 h of culture, cells were collected 
and lysed with lysis buffer (20 mM Tris-HCl (pH 7.5), 100 mM 
KCl, 5 mM MgCl2, 0.3% IGEPAL CA-630 (cat. no. I8896; 
Sigma-Aldrich) supplemented with protease inhibitor 
(cat. no. 5892970001; Roche Diagnostics) and RNase inhibitor 
(cat. no. EO0381; Thermo Fisher Scientific, Inc.). Next, cell 
lysates were co‑incubated overnight at 4˚C with pre‑treated 
Dynabeads® M-270 Streptavidin (cat. no. 11205D; Thermo 
Fisher Scientific, Inc.). Subsequently, RNA was isolated and 
purified from the beads. Finally, MIAT and miR‑203a enrich-
ment levels were determined by RT-qPCR assay.

RNA immunoprecipitation (RIP) assay. A RIP assay was 
carried out in HepG2 cells using the EZ-Magna RIP kit 
(cat. no. 17-701; EMD Millipore) and anti-argonaute 2 (Ago2; 
cat. no. 03-110; Part #CS204386; EMD Millipore; 1:200 dilu-
tion) or IgG (cat. no. 03-110; Part #CS200621; EMD Millipore; 
1:200 dilution) antibodies following the instructions of the 
manufacturer. RNA was isolated and purified from IgG or 
Ago2 immunoprecipitation complexes. MIAT and miR-203a 
levels were assessed by RT-qPCR assay.

Animal experiments. Adult male Wistar rats (200-220 g) were 
obtained from the Laboratory Animal Center of Zhengzhou 
University and housed in a pathogen-free environment with a 
temperature of 22±2˚C and a relative humidity of 50±5% under 
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light-dark cycles (12 h light/dark). In addition, food and water 
were provided ad libitum. Animal experiments were performed 
with the approval of the Animal Ethics Committee of Henan 
Provincial People's Hospital and the procedures for the Care 
and Use of Laboratory Animals in cancer research. Sustained 
short hairpin RNA against MIAT (sh-MIAT) and a scramble 
control (sh-NC) were obtained from Hanbio Biotechnology 
Co., Ltd. In this study, a total of 60 rats were used in the animal 
experiments. Rat liver cancer cells (106 cells/0.1 ml of normal 
saline) infected with or without sh-NC or sh-MIAT lentiviruses 
were injected into the fascia under the neck skin of rats (10 rats 
in each group). All rats were euthanized using intraperitoneal 
phenobarbital injection (100 mg/kg; Guangdong Bangmin 
Pharmaceutical Co., Ltd.) at 14 days after injection (experi-
mental animals are euthanized when they are dying or obsolete 
due to various factors or they have fulfilled the tasks of experi-
ments). After breathing arrest, tumors with a size of ~1 cm3 
were harvested. Then, fresh tumors (~1 mm in diameter) 
without tumor capsules and necrotic tissues were implanted 
into the livers of rats as previously described (32). On day 14 
after tumor transplantation (~1 cm3 in tumor volume), TAE was 
performed following previously described procedures (32,33). 
The NC, TAE+sh-NC, and TAE+sh-MIAT groups contained 

10 rats prior to tumor transplantation. However, 2 rats after 
sham or TAE treatment in NC, 1 rat after TAE+sh-NC treat-
ment, and 1 rat after TAE+sh-MIAT treatment, were revealed 
to be dead. These deaths may have been caused by anaesthetiza-
tion, surgery or liver cancer. Five rats in the NC, TAE+sh-NC, 
or TAE+sh-MIAT groups were euthanized and tumors were 
resected 2 weeks later, and the tumor volumes were measured 
using the formula: V = 0.5 x L (longest tumor diameter) x S 
(shortest tumor diameter) x S (shortest tumor diameter). The 
expression levels of MIAT, miR-203a, HIF-1α and VEGF were 
measured by RT-qPCR and western blot assay in non-necrotic 
liver tumors. Animal health and behavior were monitored every 
3 days post-surgery.

Hematoxylin and eosin (H&E) staining. H&E staining of liver 
tumor tissues was performed 2 weeks after TAE. In brief, 
formaldehyde‑fixed tumor tissues were embedded in paraffin. 
Thereafter, the sections (5 µm) were dewaxed with xylene, 
hydrated with gradient ethanol solutions, rinsed with water 
and stained with hematoxylin staining solution for 10 min and 
eosin staining solution for 2 min at room temperature. Images 
of the tissue sections were obtained using an optical micro-
scope (magnification x200).

Figure 1. MIAT is highly expressed and miR-203a is lowly expressed in patients with liver cancer after TACE treatment and hypoxia-stimulated liver cancer 
cells. (A) MIAT and (B) miR-203a levels were assessed by RT-qPCR assay in the liver tumors of 20 patients with liver cancer who underwent TACE treatment 
and 22 patients with liver cancer without TACE treatment. (C) Correlation analysis of MIAT and miR-203a expression in the liver tumors of 20 patients with 
liver cancer who underwent TACE treatment. (D) HepG2 cells were cultured for 24 h under hypoxic or normoxic conditions, followed by assessment of MIAT 
and miR-203a expression levels via RT-qPCR assay. *P<0.05. RT-qPCR, reverse transcription-quantitative PCR; miR, microRNA; MIAT, myocardial infarc-
tion associated transcript; TACE, transcatheter arterial embolization.
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Statistical analysis. Data were obtained from >3 independent 
experiments and analyzed with GraphPad Prism 7 software 
(GraphPad Software, Inc.). Analysis of differences between 
groups was conducted using Student's t-test (2-groups data) or 
one-way ANOVA with Tukey's post hoc test. (>2-groups data). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

MIAT is highly expressed and miR‑203a is lowly expressed 
in liver tumors of patients with liver cancer with TACE treat‑
ment and hypoxia‑stimulated liver cancer cells. Clinical data 
revealed that the MIAT level was notably upregulated and 
miR-203a expression was markedly downregulated in the liver 

Figure 2. MIAT knockdown suppresses proliferation, migration and invasion in hypoxia-stimulated HepG2 cells. (A-E) HepG2 cells transfected with si-NC, 
si-MIAT#1 or si-MIAT#2 were cultured under hypoxic conditions for 24 h. (A) The expression level of MIAT was assessed by RT-qPCR assay. (B) Cell 
proliferative potential was determined by CCK-8 assay. (C) Protein levels of Ki-67 were detected by western blot assay. (D) Cell migratory and (E) inva-
sive capacities were assessed by Transwell migration and invasion assays. *P<0.05. MIAT, myocardial infarction associated transcript; RT-qPCR, reverse 
transcription-quantitative PCR; si, small interference; NC, negative control.
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tumors of 20 patients with liver cancer who underwent TACE 
treatment compared with 22 patients with liver cancer without 
TACE treatment (Fig. 1A and B). Moreover, the miR-203a 
level was negatively associated with the MIAT level in the 
liver tumors of 20 patients with liver cancer who underwent 
TACE treatment (Fig. 1C). Consistently, higher MIAT expres-
sion and lower miR-203a expression were observed in HepG2 
cells under hypoxia conditions compared with cells under 
normoxia conditions (Fig. 1D). These data indicated that 
MIAT and miR-203a may play vital roles in TACE treatment 
for liver cancer.

MIAT knockdown suppresses proliferation, migration and 
invasion in hypoxia‑stimulated HepG2 cells. Next, si-MIAT#1, 
si-MIAT#2 and a scramble control (si-NC) were synthesized 
to evaluate the effect of MIAT loss on the proliferative, migra-
tory and invasive capacities of HepG2 cells under hypoxic 

conditions. Firstly, transfection efficiency analysis revealed 
that the transfection of si‑MIAT#1 or si‑MIAT#2 could signifi-
cantly reduce the expression level of MIAT in hypoxia-treated 
HepG2 cells compared with cells transfected with si-NC 
(Fig. 2A). A CCK-8 assay revealed that MIAT depletion 
inhibited proliferation in HepG2 cells under hypoxic condi-
tions (Fig. 2B). The present results also demonstrated that the 
expression of proliferative markers such as Ki-67 was mark-
edly decreased in hypoxia-exposed HepG2 cells following 
MIAT knockdown (Fig. 2C). Moreover, MIAT loss led to a 
noticeable reduction in the migratory and invasive abilities of 
HepG2 cells exposed to hypoxic conditions (Fig. 2D and E).

MIAT knockdown induces miR‑203a expression by direct 
interaction. Subsequently, bioinformatics analysis indicated 
that MIAT could interact with miR-203a (Fig. 3A). To further 
demonstrate this prediction, MIAT-Wt reporter containing wt 

Figure 3. MIAT knockdown induces miR-203a expression by direct interaction. (A) Predicted binding sites between MIAT and miR-203a by miRcode and 
mutant sites in MIAT-Mut reporter. (B) HepG2 cells were co-transfected with miR-NC or miR-203a and MIAT-Wt or MIAT-Mut reporter, followed by detec-
tion of luciferase activities at 48 h after transfection. (C) The enrichment degree of MIAT and miR-203a in IgG or Ago2 immunoprecipitation complex was 
assessed by RNA immunoprecipitation and RT-qPCR assays. (D) HepG2 cells were transfected with Bio-miR-NC, Bio-miR-203a or Bio-miR-203a-Mut. At 
48 h post-transfection, the MIAT level pulled down by the above biotin-labeled miRNAs was assessed by RNA pull-down and RT-qPCR assays. (E) HepG2 
cells were transfected with Bio-NC, Bio-MIAT or Bio-MIAT-Mut. After 48 h of incubation, miR-203a level enriched by these biotin-labeled probes was 
detected through RNA pull-down and RT-qPCR assays. (F) HepG2 cells transfected with si-NC, si-MIAT#1 or si-MIAT#2 were exposed to hypoxic conditions 
for 24 h. Then, the expression level of miR-203a was assessed by RT-qPCR assay. *P<0.05. MIAT, myocardial infarction associated transcript; si, small inter-
ference; miR, microRNA; RT-qPCR, reverse transcription-quantitative PCR; wt, wild type; mut, mutant; Ago2, argonaute 2; NC, negative control; Bio, biotin.
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miR-203a binding sites and MIAT-Mut reporter containing 
mutant miR-203a binding sites were constructed. Following 
luciferase reporter assay, the results revealed that miR-203a 
overexpression led to a significant downregulation of luciferase 

activity of the MIAT-Wt reporter, but did not have a marked 
effect on the luciferase activity of the MIAT-Mut reporter 
(Fig. 3B). Ago2, a core component of the RNA-induced 
silencing complex, plays vital roles in miRNA-mediated gene 

Figure 4. Downregulation of miR-203a weakens the detrimental effects of MIAT knockdown on the proliferation, migration and invasion of HepG2 cells under 
hypoxic conditions. (A-E) HepG2 cells transfected with miR-NC, miR-203a, si-NC, si-MIAT#1, si-MIAT#1 + anti-miR-NC or si-MIAT#1 + anti-miR-203a 
were cultured under hypoxic conditions for 24 h. (A) The expression level of miR-203a was assessed by RT-qPCR assay. (B) Cell proliferative ability was 
assessed by CCK-8 assay. (C) The protein levels of Ki-67 were determined by western blot assay. (D) Cell migratory and (E) invasive capacities were 
determined by Transwell migration and invasion assays. *P<0.05. MIAT, myocardial infarction associated transcript; si, small interference; miR, microRNA; 
NC, negative control; RT-qPCR, reverse transcription-quantitative PCR.
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silencing. Hence, a RIP assay was performed using an anti-Ago2 
antibody in HepG2 cells to explore whether MIAT could bind 
miR-203a. The results revealed that MIAT and miR-203a 
were significantly enriched in the anti‑Ago2 group (Fig. 3C), 
indicating a possible interaction between MIAT and miR-203a 
in HepG2 cells. Moreover, RNA pull-down assay revealed 
that MIAT was significantly enriched by Bio‑miR‑203a but 

not by Bio-miR-203a-Mut (Fig. 3D). Similarly, Bio-MIAT 
could pull down abundant miR-203a in HepG2 cells, while 
Bio-MIAT-Mut had little enrichment effect on miR-203a 
(Fig. 3E). In summary, these outcomes revealed that MIAT 
could directly bind to miR-203a in HepG2 cells. Next, it was 
further demonstrated that MIAT loss mediated by si-MIAT#1 
or si-MIAT#2 led to a notable increase in the expression level 

Figure 5. HIF-1α is a downstream target of the MIAT/miR-203a axis. (A) Putative complementary sites between miR-203a and HIF-1α 3'-untranslated region 
by TargetScan prediction website and mutant sites in HIF-1α-Mut reporter. (B) The effect of miR-203a overexpression or no overexpression on the luciferase 
activities of HIF-1α-Wt or HIF-1α-Mut reporter was detected by luciferase reporter assay at 48 h after transfection in HepG2 cells. (C) The mRNA level of 
HIF-1α was assessed by RT-qPCR assay in liver tumors of patients with liver cancer with or without TACE treatment, and (D) HepG2 cells under normoxic 
or hypoxic conditions. HepG2 cells transfected with miR-NC, miR-203a, si-NC, si-MIAT#1, si-MIAT#1 + anti-miR-NC or si-MIAT#1 + anti-miR-203a were 
cultured under hypoxic conditions for 24 h. Next, (E) mRNA and (F) protein levels of HIF-1α were detected by RT-qPCR and western blot assays, respec-
tively. *P<0.05. MIAT, myocardial infarction associated transcript; miR, microRNA; HIF-1α, hypoxia-inducible factor 1-α; Mut, mutant; RT-qPCR, reverse 
transcription-quantitative PCR; si, small interference; NC, negative control.
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of miR-203a in HepG2 cells exposed to hypoxic conditions 
(Fig. 3F).

Downregulation of miR‑203a weakens the detrimental 
effects of MIAT knockdown on proliferation, migration and 
invasion of HepG2 cells under hypoxic conditions. Next, an 
RT-qPCR assay validated that the transfection of miR-203a 
mimic led to a marked increase in the expression level of 
miR-203a, and the addition of anti-miR-203a inhibited the 
increase in the expression level of miR-203a induced by 

MIAT knockdown in HepG2 cells under hypoxic conditions 
(Fig. 4A). Furthermore, miR-203a overexpression decreased 
cell proliferation (Fig. 4B), inhibited the expression of 
proliferative markers such as Ki-67 (Fig. 4C), and decreased 
cell migratory and invasive abilities in HepG2 cells under 
hypoxic conditions (Fig. 4D and E). Moreover, it was further 
demonstrated that miR-203a loss weakened the detrimental 
effects of MIAT knockdown on the proliferation, migra-
tion and invasion of HepG2 cells under hypoxic conditions 
(Fig. 4B-E).

Figure 6. Effect of HIF-1α knockdown or overexpression on proliferation, migration and invasion of hypoxia-treated HepG2 cells. (A-E) HepG2 cells trans-
fected with si-NC, si-HIF-1α, pcDNA or pcDNA-HIF-1α were cultured under hypoxic conditions for 24 h, followed by the assessment of (A) HIF-1α protein 
level, (B) cell proliferative ability, (C) Ki-67 protein expression, (D) cell migratory and (E) invasive capacities. *P<0.05. HIF-1α, hypoxia-inducible factor 1-α; 
si, small interference; NC, negative control.
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HIF‑1α is a downstream target of the MIAT/miR‑203a axis. 
Prediction results revealed the existence of some complemen-
tary bases between HIF-1α 3'UTR and miR-203a (Fig. 5A), 
indicating that HIF-1α is a potential target of miR-203a. The 
results of luciferase reporter assay revealed that miR-203a 
overexpression led to a significant decrease in the luciferase 
activity of the HIF-1α-Wt reporter, while miR-203a upregula-
tion did not have a marked effect on the luciferase activity of 
the HIF-1α-Mut reporter, which contains mutant miR-203a 
binding sites (Fig. 5B), suggesting that miR-203a could directly 
bind to HIF-1α 3'UTR via putative binding sites. In addition, 
the present study demonstrated that the expression level of 
HIF-1α was significantly increased in the liver tumors of 
20 patients with liver cancer who underwent TACE treatment 
compared with the 22 patients with liver cancer without TACE 
treatment (Fig. 5C). Consistently, higher HIF-1α expression 
was observed in HepG2 cells under hypoxic conditions than in 
cells under normoxic conditions (Fig. 5D). Moreover, RT-qPCR 
and western blot assays revealed that miR-203a overexpression 
or MIAT knockdown led to a significant reduction in HIF‑1α 
mRNA and protein levels in hypoxia-treated HepG2 cells 
(Fig. 5E and F). miR-203 loss weakened the inhibitory effect 
of MIAT knockdown on HIF-1α mRNA and protein expres-
sion in hypoxia-stimulated HepG2 cells (Fig. 5E and F).

Effects of HIF‑1α knockdown and overexpression on the 
proliferation, migration and invasion of HepG2 cells under 
hypoxic conditions. si-HIF-1α and pcDNA-HIF-1α overex-
pression plasmid were synthesized to further explore HIF-1α 
function in liver cancer. A western blot assay demonstrated 
that the addition of si-HIF-1α effectively triggered a reduction 

in the expression level of HIF-1α in hypoxia-treated HepG2 
cells (Fig. 6A). Conversely, transfection of pcDNA-HIF-1α 
led to a significant increase in the protein expression level 
of HIF-1α in hypoxia-stimulated HepG2 cells (Fig. 6A). 
Subsequent loss-of-function analysis revealed that deple-
tion of HIF-1α decreased cell proliferation (Fig. 6B), 
migration (Fig. 6D) and invasion (Fig. 6E), and suppressed 
Ki-67 expression (Fig. 6C) in hypoxia-treated HepG2 cells. 
Conversely, enforced expression of HIF-1α induced cell 
proliferation (Fig. 6B), migration (Fig. 6D) and invasion 
(Fig. 6E), and increased Ki-67 expression levels (Fig. 6C) in 
hypoxia-stimulated HepG2 cells.

MIAT knockdown enhances TAE‑mediated antitumor effects 
by upregulating miR‑203a and downregulating HIF‑1α in 
rat liver tumors. The present study demonstrated that TAE 
inhibited the growth of rat liver tumors and MIAT knockdown 
enhanced the TAE-mediated antitumor effect in rat liver tumors 
(Fig. 7A). Lack of MIAT led to markedly fewer blood vessels 
(Fig. 7B). Moreover, TAE treatment led to a significant increase 
in MIAT and HIF-1α mRNA levels, and a significant reduction 
in the expression level of miR-203a in rat liver tumors (Fig. 7C). 
Furthermore, the MIAT and HIF-1α mRNA levels were signifi-
cantly reduced, while the expression level of miR-203a was 
significantly increased, in TAE‑treated rat liver tumors following 
MIAT knockdown (Fig. 7C). In addition, the protein levels of 
HIF-1α and VEGF were significantly increased in TAE‑treated 
rat liver tumors compared with untreated tumors (Fig. 7C). 
Moreover, MIAT knockdown inhibited the increase in HIF-1α 
and VEGF protein levels induced by TAE in rat liver tumors 
(Fig. 7D).

Figure 7. MIAT knockdown enhances TAE-mediated antitumor effect by upregulating miR-203a and downregulating HIF-1α in rat liver tumors. (A) The 
effect of TAE alone or in combination with MIAT loss on the volume of rat liver tumors was measured 3 weeks after TAE treatment. The maximum diameter 
of tumors was 16.1, 14.4 and 12.6 mm in the NC, TAE+sh-NC, and TAE+sh-MIAT groups, respectively. The maximum volume of tumors was 1502, 1298 or 
986 mm3 in the NC, TAE+sh-NC, and TAE+sh-MIAT groups, respectively. (B) H&E staining of liver tumor tissues. (C) MIAT, microRNA-203a and HIF-1α 
mRNA levels were determined by RT-qPCR assay in rat liver tumors of the sham (NC), TAE and TAE treatment + MIAT loss groups. (D) Protein levels of 
HIF-1α and VEGF were detected by western blot assay in rat liver tumors of the sham (NC), TAE and TAE treatment + MIAT loss groups. *P<0.05. MIAT, 
myocardial infarction associated transcript; TAE, transcatheter arterial embolization; HIF-1α, hypoxia-inducible factor 1-α; H&E, hematoxylin and eosin; 
RT-qPCR, reverse transcription-quantitative PCR; VEGF, vascular endothelial growth factor; NC, negative control.
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Discussion

Although surgical resection or liver transplantation is the prin-
cipal therapeutic strategy for patients with liver cancer, only 
a fraction of patients at the early stage are suitable for these 
treatment options (34,35). Recently, TAE and TACE have 
emerged as effective locoregional therapies for each stage of 
patients with liver cancer, especially for those with unresect-
able liver cancer (35,36). Compared with surgical resection or 
liver transplantation, TAE and TACE have advantages such as 
lesser trauma, slight pain and rapid recovery. In comparison 
with chemotherapy, TACE can deliver higher doses of chemo-
therapeutic drugs to specific tissues with reduced systemic 
drug toxicity (37,38).

The present study demonstrated that MIAT and HIF-1α 
were highly expressed, while miR-203a was lowly expressed, 
in liver tumors of patients with liver cancer who underwent 
TACE treatment and in liver cancer cells upon hypoxia 
treatment. MIAT expression was negatively associated with 
miR-203a expression in liver tumor samples of patients with 
liver cancer who underwent TACE treatment. MIAT could 
directly bind to miR-203a, and HIF-1α was a direct target 
of miR-203a. Moreover, MIAT positively regulated HIF-1α 
expression via miR-203a in hypoxia-treated liver cancer cells. 
Functional analysis revealed that MIAT knockdown, miR-203a 
overexpression or HIF-1α silencing suppressed cell prolifera-
tion, migration and invasion in hypoxia-exposed liver cancer 
cells. Conversely, HIF-1α overexpression exerted the opposite 
function. Moreover, miR-203a downregulation alleviated the 
detrimental effects of MIAT loss on proliferation, migration 
and invasion in liver cancer cells under hypoxic conditions. 
Additionally, MIAT knockdown enhanced TACE-mediated 
antitumor effects by increasing miR-203a, and reducing 
HIF-1α and VEGF in rat liver tumors.

Prior studies revealed that MIAT knockdown could hinder 
tumorigenesis and progression of liver cancer. For example, 
MIAT-associated genes were greatly enriched in EMT-linked 
pathways, and MIAT knockdown promoted epithelial marker 
E-cadherin expression, inhibited mesenchymal marker 
N-cadherin expression, and blocked cell migration and inva-
sion in liver cancer (39). MIAT loss weakened the proliferative 
and invasive abilities of liver cancer cells and hindered liver 
cancer xenograft tumor growth by negatively regulating 
miR-214 (40). The present data revealed that MIAT loss 
impaired cell proliferative, migratory and invasive potential 
in hypoxia-stimulated liver cancer cells, and potentiated 
TACE-mediated antitumor effects in rat liver tumors.

Following luciferase reporter assay, RIP and RNA 
pull-down assays demonstrated that MIAT could directly 
bind to miR-203a, and MIAT knockdown led to an increase in 
miR-203 expression in liver cancer cells. Enforced expression 
of miR-203a suppressed cell proliferation, migration and inva-
sion, while miR-203a downregulation mitigated the inhibitory 
effects of MIAT knockdown on cell proliferation, migration 
and invasion in hypoxia-treated liver cancer cells.

miR-203a has been revealed to be a tumor-suppressive 
miRNA in liver cancer. For instance, miR-203a overexpression 
inhibited cell proliferation, hampered cell cycle progression 
and promoted cell apoptosis in liver cancer cells (Huh7 and 
Hep3B) (41). Ectopic expression of miR-203a suppressed 

proliferation, migration and invasion by targeting BCAT1 in 
HepG2 cells (42).

Subsequent experiments demonstrated that HIF-1α was a 
target of miR-203a. MIAT functioned as a molecular sponge of 
miR-203a to sequester miR-203a from its target HIF-1α. HIF-1, 
which is composed of HIF-1α and HIF-1β subunits, has been 
revealed to induce the expression of hypoxia-responsive genes, 
which are implicated in various cancer-related biological events 
such as proliferation, angiogenesis and metastasis (38). HIF-1α 
is easily degraded by the proteasome under normoxic condi-
tions, whereas HIF-1α is stabilized and dimerizes with HIF-1β 
under hypoxic conditions (43). A previous study indicated that 
the effect of HIF-1 on the proliferation and apoptosis of liver 
cancer cells was controversial (43). A prior study revealed that 
HIF-1 improved the invasive and migratory potential of liver 
cancer cells by inducing EMT under hypoxic conditions (44). 
Consistent with the outcomes of this study (44), our results 
demonstrated that HIF-1α overexpression promoted cell prolif-
eration, migration and invasion in hypoxia-treated liver cancer 
cells. Additionally, the present study revealed that TAE treatment 
led to a notable upregulation of MIAT and HIF-1α expression, 
and a marked downregulation of miR-203a in rat liver tumors. 
In line with our results, Chen et al reported that the expression 
level of HIF-1α was notably upregulated in hypoxia-treated liver 
cancer cells, and TAE led to a marked increase in the expression 
level of HIF-1α in rat liver tumors (27).

Previous studies revealed that MIAT could facilitate the 
development and progression of liver cancer by sponging 
miR-214 (45) and miR-22-3p (46). Moreover, miR-3662 (47), 
miR-338-3p (48) and miR-199a (49) inhibited liver cancer 
tumorigenesis and progression by directly targeting HIF-1α. 
These studies indicated that the aforementioned miRNAs may 
have potential competitive effects with miR-203a.

Collectively, the present data revealed that MIAT knock-
down decreased liver cancer cell proliferation, migration 
and invasion under hypoxic conditions and, potentiated 
TACE-mediated antitumor effects in rat liver tumors by 
regulating the miR-203a/HIF-1α axis, thus elucidating the 
vital roles of MIAT and miR-203a in TACE treatment for liver 
cancer, and identifying a novel and key regulatory pathway 
(MIAT/miR-203a/HIF-1α) in hypoxia-associated responses 
and TACE treatment for liver cancer.
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