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Abstract. Long non-coding RNAs (lncRNAs) have recently 
gained attention due to their important roles in human 
cancer types, such as breast and gastric cancer. The present 
study measured alterations in muskelin 1 antisense RNA 
(MKLN1-AS) expression in hepatocellular carcinoma 
(Hcc) and evaluated its clinical value in patients with 
Hcc. Additionally, the current study investigated the effects 
of MKLN1-AS on the malignant features of Hcc cells. 
The detailed molecular mechanisms underlying the 
cancer-promoting activities of MKLN1-AS in Hcc cells were 
also elucidated. MKLN1-AS expression in Hcc tissues and 
cell lines was detected using reverse-transcription quantita-
tive PCR (RT‑qPCR). Cell Counting Kit‑8 assays and flow 
cytometry were used to determine the roles of MKLN1-AS 
in Hcc cell proliferation and apoptosis. Migration and inva-
sion assays, as well as tumor xenograft experiments were 
conducted to analyze migration and invasion in vitro and 
tumor growth in vivo, respectively. The interaction among 
microRNA-654-3p (miR-654-3p), MKLN1-AS and hepa-
toma-derived growth factor (HdGF) in Hcc was investigated 
using luciferase reporter assay, RNA immunoprecipitation 
assay, RT-qPcR, western blotting and rescue experiments. 
MKLN1-AS was upregulated in Hcc tissues and cell lines, 
and a high MKLN1-AS expression was associated with shorter 
overall survival and disease-free survival in patients with 
Hcc. Functionally, the knockdown of MKLN1-AS impaired 
Hcc cell proliferation, migration and invasion, as well as 
induced cell apoptosis in vitro. Knockdown of MKLN1-AS 
expression also inhibited cell proliferation in vivo. The 

results indicated that MKLN1-AS functioned as a competing 
endogenous RNA by sponging miR-654-3p in Hcc cells. 
Additionally, miR-654-3p targeting of HdGF was positively 
modulated by MKLN1-AS, and miR-654-3p knockdown 
partially abrogated this effect. Rescue experiments demon-
strated that knockdown of miR-654-3p and overexpression 
of HdGF both abolished MKLN1-AS knockdown-induced 
cellular processes in Hcc. In summary, MKLN1-AS induced 
pro-oncogenic effects during Hcc progression by serving 
as a molecular sponge for miR-654-3p to increase HdGF 
expression. Therefore, the MKLN1-AS/miR-654-3p/HdGF 
axis may offer a novel target for the diagnosis, prognosis, 
prevention and treatment of Hcc.

Introduction

Hepatocellular carcinoma (HCC) is the fifth most frequent 
cancer type and the second most common cause of 
cancer-associated mortality globally (1), and Hcc cases in 
china account for ~55% of all Hcc cases worldwide (2). 
Every year, >780,000 novel Hcc cases are reported globally, 
causing ~745,000 mortalities (3,4). Recent advances in the 
treatment of Hcc, including surgical excision, liver transplan-
tation, targeted drug therapy and chemoradiotherapy, have 
considerably improved the quality of life of the patient and 
their prognosis (5). However, the long-term clinical outcomes 
of patients with Hcc is one of the shortest among all human 
cancer types (6). For instance, the survival rate of patients with 
Hcc is <5%, with >50% cases experiencing recurrence and 
metastasis (7). Multiple risk factors, such as hepatitis B and c 
virus infections, long-term alcoholism, non-alcoholic fatty 
liver disease and consumption of food contaminated by 
Aspergillus flavus, are closely associated with Hcc and its 
progression (8,9). However, the processes underlying Hcc 
pathogenesis remain largely unknown and require further 
elucidation. Therefore, it is important to acquire an in-depth 
understanding of the mechanisms associated with Hcc 
progression, which may help identify a promising strategy for 
tumor prevention and therapy.

Long non-coding RNAs (lncRNAs) are a diverse group of 
non-coding RNA transcripts comprising >200 nucleotides (10). 
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lncRNAs do not encode proteins but are widely distributed in 
somatic cells, and can interact with dNA, RNA or proteins to 
modulate gene expression at transcriptional and post-transcrip-
tional levels (11). A previous review has shown that lncRNAs 
serve important roles in numerous biological processes, 
including differentiation, proliferation and metabolism, and 
also have crucial functions in disease pathogeneses, particu-
larly cancer (12). differentially expressed lncRNAs have 
been observed in Hcc by several studies (13-15), suggesting 
a crucial role of lncRNAs in Hcc. Moreover, lncRNAs 
exhibit cancer-inhibiting or cancer-promoting activities and 
are implicated in the regulation of pathological processes in 
malignant cells (16).

MicroRNAs (miRNAs/miRs) are widely expressed in 
eukaryotes and are a family of endogenous, highly conserved 
and single-stranded small non-coding RNA molecules 
comprising ~23 nucleotides (17). miRNAs effectively regu-
late genes by directly binding to the 3'-untranslated regions 
(UTRs) of their target genes, resulting in mRNA degrada-
tion and/or translation inhibition (18). Previous studies have 
reported that numerous miRNAs contribute to Hcc onco-
genesis and progression (19-21). For example, miR-375 (22), 
miR-369-3p (23) and miR-499 (24) are weakly expressed in 
Hcc, and execute anti-oncogenic actions. It has been revealed 
that lncRNAs harbor miRNA-response elements and can 
serve as competing endogenous RNAs (ceRNAs) or molecular 
sponges to modulate miRNAs and liberate their binding to 
target mRNAs (25).

The present study measured alterations in muskelin 1 anti-
sense RNA (MKLN1-AS) expression in Hcc and evaluated 
its clinical value in patients with Hcc. In addition, the current 
study investigated the role of MKLN1-AS in regulating the 
malignant features of Hcc cells, and the detailed molecular 
mechanisms responsible for the cancer-promoting actions of 
MKLN1-AS in Hcc were elucidated.

Materials and methods

Tissue specimens. The present study was approved by the 
Ethics committee of Shibo High-Tech Hospital and was 
performed in accordance with the declaration of Helsinki. 
Written informed consent was obtained from all participants. 
Hcc tissues and corresponding adjacent healthy tissues 
(≥3 cm) were collected from 65 patients (39 males; 26 females; 
age range, 48-72 years) admitted to Shibo High-Tech Hospital 
between June 2013 and February 2015. None of the patients 
were previously diagnosed with other human cancer types 
or received anticancer therapies. All tissue specimens were 
snap‑frozen in liquid nitrogen (‑196˚C) immediately after 
tissue excision and immersed in liquid nitrogen.

Cell culture. Transformed Human Liver Epithelial-3 cells 
(THLE-3) and Hcc cell lines (SNU-182, HuH7 and Hep3B) 
were acquired from the cell Bank of the chinese Academy 
of Sciences. THLE-3 cells were cultured in Bronchial Ep
ithelial Growth Medium (clonetics corporation) that was 
supplemented with 10% heat-inactivated FBS (Gibco; 
Thermo Fisher Scientific, Inc.), 5 ng/ml epidermal growth 
factor and 70 ng/ml Phosphoethanolamine. The Hcc cell 
line SNU-398 (American Type culture collection) was 

cultured in RPMI-1640 (Gibco; Thermo Fisher Scientific, 
Inc.) containing 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.), 100 U/ml penicillin and 100 ng/ml streptomycin (Gibco; 
Thermo Fisher Scientific, Inc.). HuH7 and SNU‑182 cells were 
cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.) and 
RPMI-1640, respectively, which were supplemented with 10% 
FBS, 1% GlutaMAX, 1% non-essential amino acids, 100 U/ml 
penicillin and 100 ng/ml streptomycin. Minimal essential 
media (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% FBS, 1% GlutaMAX, 1% non-essential amino acids, 
1% sodium pyruvate 100 mM solution, 100 U/ml penicillin 
and 100 ng/ml streptomycin was used to culture Hep3B cells. 
All cells were maintained at 37˚C in a humidified atmosphere 
containing 5% cO2.

Cell transfection. miR-654-3p mimic and miR-654-3p 
inhibitor were acquired from Shanghai GenePharma co., Ltd., 
and were used to upregulate and downregulate miR-654-3p 
expression, respectively. Negative control (Nc) miRNA 
mimic (miR-Nc) and Nc inhibitor served as the control for 
miR-654-3p mimic and miR-654-3p inhibitor, respectively. 
The miR-654-3p mimics sequence was 5'-UUc cAc UAc 
cAG UcG UcU GUA U-3' and the miR-Nc sequence was 
5'-UUG UAc UAc AcA AAA GUA cUG-3'. The miR-654-3p 
inhibitor sequence was 5'-AAG GUG AUG GUc AGc AGA 
cAU A-3' and the Nc inhibitor sequence was 5'-AcU AcU 
GAG UGA cAG UAG A-3'. Small interfering RNAs (siRNAs) 
specifically targeting MKLN1‑AS (si‑MKLN1‑AS) and NC 
siRNA (si-Nc) were chemically synthesized by Guangzhou 
RiboBio co., Ltd. The si-MKLN1-AS sequences were as 
follows: si-MKLN1-AS #1, 5'-TAc TAA AAA TAc AAA AAA 
TTA Gc-3'; si-MKLN1-AS #2, 5'-AAA cAc TTT cAG GAT 
ATA ATT GG-3'; and si-MKLN1-AS #3, 5'-GAc cAA AAA 
TGG GGA TcT TTG A-3'. The si-Nc sequence was 5'-cAc 
GAT AAG AcA ATG TAT TT-3'. The hepatoma-derived growth 
factor (HdGF) overexpression plasmid pcdNA3.1-HdGF 
(pc-HdGF) and empty pcdNA3.1 plasmid were designed and 
generated by Shanghai GenePharma co., Ltd.

After plating in 6-well plates with a density of 6x105 cells 
and incubating overnight, cells were transfected with the 
miRNA mimic (100 pmol), miRNA inhibitor (100 pmol), 
siRNA (100 pmol) or plasmid (4 µg) using Lipofectamine® 
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) in accor-
dance with the product specifications. Reverse‑transcription 
quantitative PCR (RT‑qPCR), flow cytometry analysis, migra-
tion and invasion assays and western blotting were conducted 
after 48 h incubation. A cell counting Kit-8 (ccK-8) assay 
was performed at 24 h post-transfection.

RT‑qPCR. Total RNA isolation was performed using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and 
total RNA was quantified using a Nanodrop 1000 spec-
trophotometer (Nanodrop Technologies; Thermo Fisher 
Scientific, Inc.). For MKLN1‑AS and HDGF detection, total 
RNA was reverse‑transcribed into first‑strand cDNA using 
PrimeScript™ RT reagent kit (Takara Biotechnology co., 
Ltd.). The temperature protocol for reverse transcription was as 
follows: 37˚C for 15 min and 85˚C for 5 sec. Then, cDNA was 
subjected to qPcR using SYBR® Premix Ex Taq™ (Takara 
Biotechnology co., Ltd.). The thermocycling conditions were 
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as follows: Initial denaturation for 5 min at 95˚C, followed by 
40 cycles of 95˚C for 30 sec and 65˚C for 45 sec.

To determine miR-654-3p expression, cdNA synthesis 
and qPcR were performed using the miScript RT kit (Qiagen 
GmbH) and miScript SYBR Green PcR kit (Qiagen GmbH), 
respectively. The temperature protocols for reverse transcrip-
tion were as follows: 37˚C for 60 min, 95˚C for 5 min and 
kept at 4˚C. The thermocycling conditions for qPCR were as 
follows: Initial denaturation at 95˚C for 2 min, followed by 
40 cycles at 95˚C for 10 sec, 55˚C for 30 sec and 72˚C for 30 sec. 
GAPdH served as the internal reference for MKLN1-AS and 
HdGF, and miR-654-3p expression was normalized to U6 
small nuclear RNA expression. All data were analyzed using 
the 2-ΔΔcq method (26).

The qPcR primer sequences were as follows: MKLN1-AS 
forward, 5'-AAA GAG TAT GTc GcT TAT TGT cTA AGA-3' 
and reverse, 5'-ATc cTG cTG AcT TAc Tcc AGA TGT-3'; 
HdGF forward, 5'-AAT cAA cAG ccA AcA AAT Acc AAG 
T-3' and reverse, 5'-AGc cTT GAc AGT AGG GTT GTT cTc-3'; 
GAPdH forward, 5'-cGG AGT cAA cGG ATT TGG TcG TAT-3' 
and reverse, 5'-AGc cTT cTc cAT GGT GGT GAA GAc-3'; 
miR-654-3p forward, 5'-TcG GcA GGU GGU GGG ccG cAG-3' 
and reverse, 5'-cAc TcA AcT GGT GTc GTG GA-3'; and U6 
forward, 5'-GcT TcG GcA GcA cAT ATA cTA AAA T-3' and 
reverse, 5'-cGc TTc AcG AAT TTG cGT GTc AT-3'.

Nuclear/cytoplasmic fractionation. Hcc cells (2x106 cells) 
were collected, and cytoplasmic and nuclear fractions were 
separated using a Cytoplasmic and Nuclear RNA Purification 
kit (Norgen Biotek corp.). RT-qPcR was performed as afore-
mentioned to determine relative MKLN1-AS expression in 
cytoplasmic and nuclear fractions.

CCK‑8 assay. ccK-8 assay (dojindo Molecular Technologies, 
Inc.) was performed according to the manufacturer's instruc-
tions. Transfected cells were harvested after being incubated 
for 24 h. A cell suspension was prepared, and its concentration 
was adjusted to 2x104 cells/ml. cells were seeded into 96-well 
plates at a volume of 100 µl and cultured at 37˚C with 5% CO2 
for 0, 24, 48 and 72 h. A total of 10 µl ccK-8 reagent was 
added into each well, followed by an additional incubation for 
2 h at 37˚C with 5% CO2. The absorbance was then measured at 
450 nm using a microplate reader (Bio-Rad Laboratories, Inc.).

Flow cytometry analysis. Transfected cells were digested with 
EDTA acid‑free 0.25% trypsin and rinsed with PBS at 4˚C. 
The cells were centrifuged at room temperature for 5 min at 
12,000 x g, the supernatant was discarded and apoptosis of 
the collected cells was determined using an Annexin V-FITc 
apoptosis detection kit (Biolegend, Inc.). cells were suspended 
in 100 µl binding buffer and then stained with 10 µl Annexin 
V-FITc and 5 µl PI at room temperature for 15 min in the 
dark. The percentage of early + late apoptotic cells were 
detected using a flow cytometer (FACScan; BD Biosciences). 
data was analyzed with the cellQuest software (version 2.9; 
Bd Biosciences).

Migration and invasion assays. For migration assays, 
transfected cells were collected at 48 h post-transfection 
and resuspended in basal medium without FBS. The upper 

compartments of Transwell chambers (size, 8 µM diameter; 
corning, Inc.) were loaded with 200 µl cell suspension 
containing 5x104 cells, while 600 µl culture medium supple-
mented with 20% FBS was added into the lower compartments. 
After culturing for 24 h, the non-migrated cells remaining 
in the upper surface of the membrane were removed with a 
cotton swab, and the migrated cells were fixed with 100% 
methanol at room temperature for 30 min and stained with 
0.5% crystal violet at room temperature for 30 min. After 
extensive washing with PBS, the stained cells in five random 
fields at x200 magnification were imaged and counted using 
an inverted light microscope (Olympus corporation). For 
invasion assays, 40 µl Matrigel (Bd Biosciences) was used 
to pre‑coat the Transwell chambers at 37˚C for 2 h, and the 
aforementioned steps were repeated.

Tumor xenograft experiments. To obtain a MKLN1-AS 
stable knockdown Hcc cell line, lentiviral expression vector 
stably expressing MKLN1-AS-short hairpin RNA (shRNA; 
sh-MKLN1-AS) and Nc-shRNA (sh-Nc) was acquired 
from Shanghai GenePharma co., Ltd., mixed with polybrene 
(5 µg/ml; Sigma-Aldrich; Merck KGaA) and transfected into 
SNU-398 cells with MOI=5. Subsequently, 1 µg/ml puromycin 
was applied at 37˚C to incubate the transfected cells for 
4 weeks, and select MKLN1-AS stably silenced SNU-398 cells.

The experimental procedures for animal studies were 
approved by the Animal Experiment Administration 
committee of Shibo High-Tech Hospital. Male BALB/c nude 
mice (n=6; age, 4-6 weeks; weight, 20 g) were obtained from 
Hunan SJA Laboratory Animal co., Ltd (Hunan, china) and 
raised in a specific pathogen‑free environment at 25˚C with 
50% humidity, with a 10/14-h light/dark cycle and ad libitum 
food and water access. A total of 5x106 SNU-398 cells stably 
expressing sh-MKLN1 or sh-Nc were collected, resuspended 
in PBS and subcutaneously injected into the flanks of nude 
mice. The growth of tumor xenografts was monitored weekly 
using a caliper, and their volume was analyzed using the 
following formula: Volume (mm3) = 0.5 x width x length2. All 
nude mice were euthanized via cervical dislocation at 4 weeks 
post-cell injection, and tumor xenografts were resected and 
weighed.

Bioinformatics analysis. Gene Expression Profiling Interactive 
Analysis version 2.0 (GEPIA2; http://gepia.cancer-pku.cn), 
which included the data from The cancer Genome Atlas 
(TcGA) and Genotype Tissue Expression (GTEx) projects, 
was used to assess the expression pattern of MKLN1-AS in 
Hcc. The location of MKLN1-AS in cells was predicted using 
lncLocator (http://www.csbio.sjtu.edu.cn/bioinf/lncLocator/).

The online database StarBase version 2.0 (http://star-
base.sysu.edu.cn/) was used to identify the target miRNAs 
of MKLN1-AS. The putative targets of miR-654-3p were 
predicted using miRdB (Verison 6.0; http://mirdb.org/), 
TargetScan (Release 7.2: March 2018; http://www.targetscan.
org/vert_72) and StarBase version 2.0.

RNA immunoprecipitation (RIP) assay. RIP assays were 
performed using the Magna RIPTM RNA Binding Protein 
Immunoprecipitation kit (EMd Millipore). Hcc cells (~1x107) 
were collected and lysed in RIP lysis buffer. After 
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centrifugation 10,000 x g at 4˚C for 5 min, cell lysates were 
incubated overnight at 4˚C with magnetic beads conjugated 
to human Argonaute-2 (Ago2) or control immunoglobulin G 
(IgG) antibodies (1:5,000; both from cat. no. 03-110; EMd 
Millipore). The magnetic beads were treated with 0.5 mg/ml 
protease K 30 min at 55˚C to digest the protein. The extracted 
immunoprecipitated RNA was subjected to RT-qPcR analysis 
for MKLN1-AS and miR-654-3p enrichment determination.

Luciferase reporter assay. The target fragments of MKLN1-AS 
containing the wild-type (WT) miR-654-3p binding site and 
mutant (MUT) MKLN1-AS fragments were constructed and 
subcloned into the pmirGLO luciferase reporter plasmid 
(Promega corporation) to generate the recombinant luciferase 
reporter plasmids, MKLN1-AS-WT and MKLN1-AS-MUT. 
The recombinant luciferase reporter plasmids HdGF-WT 
and HdGF-MUT were also generated using the same experi-
mental protocol. For reporter assays, WT or MUT luciferase 
reporter plasmids (0.2 µg) were transfected into Hcc cells 
in the presence of miR-654-3p mimic (20 pmol) or miR-Nc 
(20 pmol) using Lipofectamine® 2000. At 48 h after transfec-
tion, luciferase activity was determined using a dual-luciferase 
reporter assay system (Promega corporation), and normalized 
to that of Renilla luciferase activity.

Western blot analysis. Transfected cells or homogenized 
tumor xenografts were lysed in RIPA lysis buffer (Beyotime 
Institute of Biotechnology), and then subjected to centrifuga-
tion 10,000 x g at 4˚C for 5 min to harvest the supernatant 
and extract total protein. Total protein quantification was 
performed with a BcA Protein Assay kit (Sangon Biotech co., 

Ltd.). Equal amounts of protein (30 µg) were subjected to 10% 
SdS-PAGE. Then, the targeted proteins were transfected to 
PVdF membranes. After blocking in 5% non-fat dried milk 
diluted in TBS-0.05% Tween-20 at room temperature for 2 h, 
the membranes were incubated overnight at 4˚C with primary 
antibodies targeting HdGF (cat. no. ab128921; 1:1,000; 
Abcam) or GAPdH (cat. no. ab8245; 1:1,000; Abcam). The 
goat anti-mouse (cat. no. ab205719; 1:5,000; Abcam) and goat 
anti-rabbit (cat. no. ab6721; 1:5,000; Abcam) IgG horseradish 
peroxidase-conjugated secondary antibody was incubated with 
membranes at room temperature for 2 h. Subsequently, positive 
bands were detected using an EcL Advance western blotting 
detection kit (cytiva). Quantity One software version 4.62 
(Bio-Rad Laboratories, Inc.) was used for densitometry.

Statistical analysis. All data from three biological replicates 
for each experiment are presented as the mean ± Sd. Both 
paired and unpaired Student's t-test was used for comparing 
differences between the two groups. comparisons among 
multiple groups were conducted using one-way ANOVA 
followed by Tukey's test. Survival curves were plotted using the 
Kaplan-Meier method, after which the curves were compared 
using the log-rank test. The correlation between MKLN1-AS 
and miR-654-3p expression was analyzed using Pearson's 
correlation coefficient. P<0.05 was considered to indicate a 
statistically significant difference.

Results

MKLN1‑AS is upregulated in HCC and associated with poor 
prognosis. The GEPIA2 database, which includes TcGA 

Figure 1. MKLN1-AS is highly expressed in Hcc and is associated with poor prognosis. (A) MKLN1-AS expression in Hcc samples and healthy samples from 
TcGA and GTEx databases. TcGA and GTEx databases were used to analyze the (B) overall survival and (c) disease-free survival rates in patients with Hcc 
exhibiting high or low MKLN1-AS expression. (d) Relative expression of MKLN1-AS in 65 pairs of Hcc tissues and corresponding adjacent healthy tissues 
was assessed using RT-qPcR. **P<0.01 compared with adjacent healthy tissues. (E) RT-qPcR was used to measure MKLN1-AS expression in four Hcc cell 
lines (SNU-182, HuH7, Hep3B and SNU-398) and THLE-3 cells. **P<0.01 compared with THLE-3. Kaplan-Meier analysis was used to assess the association 
between MKLN1-AS expression and (F) overall survival or (G) disease-free survival in the 65 patients with Hcc. MKLN1-AS, muskelin 1 antisense RNA; 
Hcc, hepatocellular carcinoma; TcGA, The cancer Genome Atlas; RT-qPcR, reverse transcription-quantitative PcR; GTEx, Genotype Tissue Expression.
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and GTEx data, was used to assess the expression profile of 
MKLN1-AS in Hcc. The outcomes of the box plots (Fig. 1A) 
demonstrated that MKLN1-AS was highly expressed in Hcc 
tissues (n=369) compared with that in healthy liver tissues 
(n=160). Additionally, patients with Hcc exhibiting high 
MKLN1-AS expression had shorter overall survival (Fig. 1B) 
and disease-free survival rates (Fig. 1c) compared with those 
exhibiting low MKLN1-AS expression, as indicated by the 
GEPIA2 database.

To confirm the aforementioned findings, 65 pairs of HCC 
tissues and corresponding adjacent healthy tissues were 
collected and used for MKLN1‑AS quantification. RT‑qPCR 
analysis identified that MKLN1‑AS expression was higher 
in Hcc tissues compared with adjacent healthy tissues 
(Fig. 1d). Similarly, MKLN1-AS expression in four Hcc cell 
lines (SNU-182, HuH7, Hep3B and SNU-398) was increased 
compared with that in THLE-3 cells (Fig. 1E).

To further evaluate the clinical significance of MKLN1‑AS 
in Hcc, the median value of MKLN1-AS expression was 

regarded as the cutoff, and all 65 patients with Hcc were 
classified into either MKLN1‑AS‑low or MKLN1‑AS‑high 
expression groups. The overall survival periods were shorter 
(Fig. 1F) and disease-free survival rates were lower (Fig. 1G) 
in the MKLN1-AS-high expression group compared with 
the MKLN1-AS-low expression group. Thus, these results 
indicated that MKLN1-AS may serve a key role in Hcc 
oncogenesis and progression.

MKLN1‑AS knockdown inhibits the proliferation, migration 
and invasion, as well as promotes the apoptosis of HCC cells. 
To determine the detailed role of MKLN1-AS in Hcc, 
MKLN1-AS was knockdown in HuH7 and SNU-398 cells 
via transfection with si-MKLN1-AS (Fig. 2A). In particular, 
si-MKLN1-AS#1 exhibited the highest silencing efficacy 
among the three siRNAs and was therefore selected for subse-
quent functional assays. A ccK-8 assay was conducted to 
determine Hcc cell proliferation. Knockdown of MKLN1-AS 
expression significantly suppressed HuH7 and SNU‑398 cell 

Figure 2. Knockdown of MKLN1-AS expression inhibits hepatocellular carcinoma cell proliferation, migration and invasion, and promotes cell apoptosis 
in vitro. (A) Reverse transcription‑quantitative PCR analysis demonstrated the efficiency of MKLN1‑AS silencing in HuH7 and SNU‑398 cells. (B) Proliferative 
ability of HuH7 and SNU-398 cells with MKLN1-AS knockdown was measured using the cell counting Kit-8 assay. (c) Flow cytometry analysis was used to 
determine the apoptotic rate of HuH7 and SNU-398 cells after MKLN1-AS knockdown. (d) Migration and (E) invasion assays were used to assess the migra-
tion and invasion of HuH7 and SNU-398 cells after MKLN1-AS silencing. *P<0.05 and **P<0.01 compared with si-Nc. MKLN1-AS, muskelin 1 antisense 
RNA; Nc, negative control; si, small interfering RNA.
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proliferation compared with the Nc (Fig. 2B). cell apoptosis 
analysis demonstrated that the apoptosis of HuH7 and SNU-398 
cells was significantly increased following MKLN1-AS 
knockdown (Fig. 2c). Moreover, the role of MKLN1-AS in 
the migratory and invasive abilities of Hcc cells was assessed 
using migration and invasion assays. It was found that the 
migration (Fig. 2d) and invasion (Fig. 2E) of HuH7 and 
SNU-398 cells were inhibited after MKLN1-AS knockdown. 
collectively, these results suggested that MKLN1-AS exerts 
tumor-promoting activities in Hcc cells.

MKLN1‑AS acts a molecular sponge for miR‑654‑3p in 
HCC cells. Previous studies have reported that lncRNAs 
execute their roles in the cytoplasm of human cancer cells 
by acting as small molecular sponges or ceRNAs (27,28). 
To determine the localization of MKLN1-AS expression, 
an lncRNA subcellular localization predictor, lncLocator, 
was used. MKLN1-AS was predicted to be mainly located 
in the cytoplasm (Fig. 3A), which was confirmed by the 
nuclear/cytoplasmic fractionation experiments (Fig. 3B). 
These results suggested a theoretical basis for MKLN1-AS as 

a sponge of miRNAs. StarBase 2.0 was used to identify the 
putative binding miRNAs of MKLN1-AS. It was found that 
MKLN1-AS has elements complementary to three miRNAs, 
including miR-513b-5p, miR-4761-3p and miR-654-3p. 
RT-qPcR analysis demonstrated that, compared with si-Nc, 
only miR-654-3p expression was significantly increased 
when MKLN1-AS was knockdown (Fig. 3c). Accordingly, 
miR‑654‑3p was selected for further experimental verification.

miR-654-3p expression was detected in the 65 pairs of 
Hcc tissues and corresponding adjacent healthy tissues 
using RT-qPcR, and it was identified that miR-654-3p 
was downregulated in Hcc tissues compared with healthy 
tissues (Fig. 3d). Additionally, a moderate negative correla-
tion between miR-654-3p and MKLN1-AS expression levels 
was identified in the 65 HCC tissues (r=‑0.6398; P<0.0001; 
Fig. 3E). Fig. 3F presents the predicted binding sequences 
of miR-654-3p within MKLN1-AS, and a luciferase reporter 
assay was used to validate the binding relationship between 
miR-654-3p and MKLN1-AS in Hcc cells. The results indi-
cated that miR‑654‑3p overexpression significantly decreased 
the luciferase activity of MKLN1-AS-WT in HuH7 and 

Figure 3. MKLN1-AS binds to and negatively modulates miR-654-3p expression in Hcc cells. (A) lncLocator database predicted that MKLN1-AS was located 
in the cytoplasm. (B) Nuclear/cytoplasmic fractionation in combination with RT-qPcR demonstrated the distribution of MKLN1-AS in HuH7 and SNU-398 
cells. (c) Expression levels of miR-513b-5p, miR-4761-3p and miR-654-3p were determined in HuH7 and SNU-398 cells after MKLN1-AS knockdown. 
**P<0.01 compared with si-Nc. (d) miR-654-3p expression in 65 pairs of Hcc tissues and corresponding adjacent healthy tissues was evaluated using 
RT-qPcR assay. **P<0.01 compared with adjacent healthy tissues. (E) Pearson's correlation coefficient was used to evaluate the correlation between MKLN1‑AS 
and miR-654-3p expression levels in the 65 Hcc tissues. (F) WT miR-654-3p binding site within MKLN1-AS. The sequences of MKLN1-AS containing 
miR-654-3p binding sequences were mutated. (G) Luciferase activity was detected in HuH7 and SNU-398 cells after co-transfection with miR-654-3p mimic 
or miR-Nc and MKLN1-AS-WT or MKLN1-AS-MUT. **P<0.01 compared with miR-Nc. (H) RNA immunoprecipitation assay was conducted to assess the 
binding of MKLN1-AS and miR-654-3p in Hcc cells. **P<0.01 compared with IgG. WT, wild-type; MUT, mutation; MKLN1-AS, muskelin 1 antisense RNA; 
Nc, negative control; si, small interfering RNA; miR, microRNA; Ago2, Argonaute-2; IgG, immunoglobulin G.
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Figure 4. MKLN1-AS positively regulates HdGF expression in Hcc cells via competitive sponging of miR-654-3p. (A) HuH7 and SNU-398 cells were trans-
fected with miR‑654‑3p mimic or miR‑NC and subjected to RT‑qPCR to determine transfection efficiency. **P<0.01 compared with miR-Nc. (B) Proliferation 
and (C) apoptosis of miR‑654‑3p‑overexpressing HuH7 and SNU‑398 cells were evaluated using the Cell Counting Kit‑8 assay and flow cytometry analysis, 
respectively. *P<0.05 compared with miR-Nc. **P<0.01 compared with miR-Nc. (d) Migration and (E) invasion assays were used to examine the migratory 
and invasive capacities of HuH7 and SNU-398 cells after overexpression of miR-654-3p. **P<0.01 compared with miR-Nc. (F) Schematic representation of the 
WT and MUT complementary base pairs between miR-654-3p and the 3'-untranslated region of HdGF. (G) Luciferase activity of HdGF-WT or HdGF-MUT 
was determined in HuH7 and SNU-398 cells transfected with miR-654-3p mimics or miR-Nc. **P<0.01 compared with miR-Nc. (H) HdGF mRNA and 
(I) protein expression levels were quantified in HuH7 and SNU‑398 cells transfected with miR‑654‑3p mimics or miR‑NC. **P<0.01 compared with miR-Nc. 
(J) RT-qPcR was performed to analyze HdGF mRNA expression in 65 pairs of Hcc tissues and corresponding adjacent healthy tissues. **P<0.01 compared 
with adjacent healthy tissues. (K) correlation between miR-654-3p and HdGF mRNA expression levels in the 65 Hcc tissues was examined via Pearson's 
correlation coefficient. (L) Pearson's correlation coefficient analysis of MKLN1‑AS and HDGF mRNA expression levels in the 65 HCC tissues. Changes in 
HdGF (M) mRNA and (N) protein expression levels in MKLN1-AS-depleted HuH7 and SNU-398 cells were determined using RT-qPcR and western blot-
ting, respectively. **P<0.01 compared with si‑NC. (O) Silencing efficiency of miR‑654‑3p inhibitor in HuH7 and SNU‑398 cells was assessed using RT‑qPCR. 
**P<0.01 compared with Nc inhibitor. miR-654-3p inhibitor or Nc inhibitor was transfected into HuH7 and SNU-398 cells in the presence of si-MKLN1-AS. 
After transfection, the (P) mRNA and (Q) protein expression levels of HdGF were measured using RT-qPcR and western blotting. **P<0.01 compared with 
group si-MKLN1-AS + miR-654-3p inhibitor and group si-Nc. MKLN1-AS, muskelin 1 antisense RNA; Nc, negative control; si, small interfering RNA; 
WT, wild-type; MUT, mutation; miR, microRNA; RT-qPcR, reverse transcription-quantitative PcR; HdGF, hepatoma-derived growth factor.
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SNU-398 cells; however, a mutation at the binding site abro-
gated the inhibitory effect (Fig. 3G). Furthermore, compared 
with IgG antibody, miR‑654‑3p and MKLN1‑AS were signifi-
cantly enriched in the compound precipitated by anti-Ago2, as 
identified by the RIP assay (Fig. 3H). Therefore, MKLN1‑AS 
acted as a molecular sponge for miR-654-3p in Hcc cells.

HDGF is directly targeted by miR‑654‑3p in HCC cells and 
is under positive modulation of MKLN1‑AS via competitive 

sponging of miR‑654‑3p. To investigate the biological roles of 
miR-654-3p in Hcc cells, miR-654-3p was overexpressed in 
HuH7 and SNU-398 cells via transfection with miR-654-3p 
mimic (Fig. 4A). CCK‑8 assay and flow cytometry analysis 
results demonstrated that transfection with miR-654-3p 
mimic in HuH7 and SNU‑398 cells significantly decreased 
proliferation (Fig. 4B) and increased apoptosis (Fig. 4c). 
Using migration and invasion assays, it was observed that 
the number of migrated (Fig. 4d) and invaded (Fig. 4E) cells 

Figure 5. miR‑654‑3p inhibition or HDGF overexpression reverses MKLN1‑AS suppression‑induced cellular processes in HCC cells. MKLN1‑AS‑deficient 
HuH7 and SNU-398 cells were co-transfected with miR-654-3p inhibitor or Nc inhibitor. The (A) proliferation and (B) apoptosis in each group were analyzed 
using CCK‑8 assay and flow cytometry analysis. (C) Migration and (D) invasion assays were used to determine the migration and invasion of HuH7 and 
SNU-398 cells that were transfected as aforementioned. (E) HuH7 and SNU-398 cells were transfected with pc-HdGF or pcdNA3.1, and the transfection 
efficacy was verified using western blotting. **P<0.01 compared with pcDNA3.1. (F) CCK‑8 assay and (G) flow cytometry analysis were used to measure 
proliferation and apoptosis in HuH7 and SNU-398 cells transfected with si-MKLN1-AS along with pc-HdGF or pcdNA3.1. (H) Migration and (I) invasion 
of aforementioned cells were assessed using migration and invasion assays. *P<0.05 and **P<0.01. MKLN1-AS, muskelin 1 antisense RNA; Nc, negative 
control; si, small interfering RNA; miR, microRNA; RT-qPcR, reverse transcription-quantitative PcR; HdGF, hepatoma-derived growth factor; ccK-8, cell 
counting Kit-8.
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was declined in HuH7 and SNU-398 cells after miR-654-3p 
overexpression.

To elucidate the mechanism underlying the anti-oncogenic 
roles of miR-654-3p, the putative targets of miR-654-3p 
were predicted using miRdB, TargetScan and StarBase 2.0. 
HdGF (Fig. 4F) was identified to be a putative target of 
miR-654-3p, and was chosen for further study considering 
its oncogenic activities during Hcc pathogenesis (29-31). 
A luciferase reporter assay was conducted to confirm the 
binding of miR-654-3p to the 3'-UTR of HdGF. The luciferase 
activity driven by HDGF‑WT was significantly repressed by 
miR-654-3p overexpression in HuH7 and SNU-398 cells, 
while the luciferase activity of HdGF-MUT was unaffected 
in the two cell lines after co-transfection with miR-654-3p 
mimic (Fig. 4G). Furthermore, the results of RT-qPcR 
and western blotting indicated that the overexpression of 
miR‑654‑3p significantly decreased HDGF mRNA (Fig. 4H) 
and protein (Fig. 4I) expression in HuH7 and SNU-398 cells. 
It was also found that HDGF mRNA expression was signifi-
cantly increased in Hcc tissues (Fig. 4J) and had a moderate 
negative correlation with miR-654-3p expression (r=-0.6917; 
P<0.0001; Fig. 4K).

To investigate the ceRNA network of MKLN1-AS, the 
association among MKLN1-AS, miR-654-3p and HdGF was 
examined. First, the correlation between MKLN1-AS and 
HdGF mRNA expression levels was determined, and the 
results indicated that MKLN1-AS was moderately, positively 
correlated with HdGF mRNA expression in Hcc tissues 
(Fig. 4L; r=0.6654; P<0.0001). HuH7 and SNU-398 cells were 
transfected with si-MKLN1-AS or si-Nc, and RT-qPcR and 
western blotting were used to determine the changes in HdGF 
expression. The mRNA (Fig. 4M) and protein (Fig. 4N) 
expression levels of HDGF were significantly downregulated 
in HuH7 and SNU-398 cells after silencing MKLN1-AS.

A miR-654-3p inhibitor was used in follow-up rescue 
experiments, and its transfection efficiency was confirmed 
using RT-qPcR. compared with the Nc inhibitor, transfec-
tion with miR‑654‑3p inhibitor led to a significant decrease in 
miR-654-3p expression in HuH7 and SNU-398 cells (Fig. 4O). 
si-MKLN1-AS, in parallel with miR-654-3p inhibitor or Nc 
inhibitor, was introduced into HuH7 and SNU-398 cells, and 
HdGF mRNA and protein expression levels in each group 
were determined. The mRNA (Fig. 4P) and protein (Fig. 4Q) 
expression levels of HdGF were significantly decreased 
following the transfection with si-MKLN1-AS, which was 
reversed by miR-654-3p inhibitor co-transfection. These 
data suggested that MKLN1-AS functioned as a ceRNA in 
Hcc cells and competitively binds to miR-654-3p to increase 
the expression of the downstream target gene HdGF.

miR‑654‑3p inhibition and HDGF upregulation reverse 
the anti‑oncogenic actions of MKLN1‑AS knockdown in 
HCC cells. Rescue experiments were performed to examine 
whether the biological actions of MKLN1-AS in Hcc cells 
were executed by regulating the miR-654-3p/HdGF axis. 
miR-654-3p inhibitor or Nc inhibitor were transfected into 
MKLN1‑AS‑deficient HuH7 and SNU‑398 cells. Knockdown 
of MKLN1‑AS resulted in a significant decrease in HuH7 and 
SNU-398 cell proliferation (Fig. 5A) and an increase in cell 
apoptosis (Fig. 5B); however, these effects were alleviated 
by co-transfection with miR-654-3p inhibitor. Furthermore, 
transfection with si‑MKLN1‑AS significantly impaired the 
migration (Fig. 5c) and invasion (Fig. 5d) of HuH7 and 
SNU-398 cells, while these effects were reversed by the 
introduction of miR-654-3p inhibitor.

The HdGF overexpression plasmid pc-HdGF was trans-
fected into HuH7 and SNU-398 cells, resulting in HdGF 
upregulation (Fig. 5E). MKLN1-AS-depleted HuH7 and 

Figure 6. Knockdown of MKLN1-AS suppresses Hcc tumor growth in vivo. (A) Transfection efficiency of sh‑MKLN1‑AS in SNU‑398 cells was analyzed 
via RT-qPcR. (B) SNU-398 cells infected with a lentiviral expression vector stably expressing sh-MKLN1-AS or sh-Nc were subcutaneously implanted into 
nude mice. At 4 weeks post-injection, tumor xenografts were excised and imaged. (c) Volumes of tumor xenografts were monitored weekly, and growth curves 
were created. (d) Weights of tumor xenografts developed from sh-MKLN1-AS or sh-Nc-transfected SNU-398 cells were detected. RT-qPcR was used to 
measure (E) MKLN1-AS and (F) miR-654-3p expression levels in tumor xenografts excised from sh-MKLN1-AS and sh-Nc groups. (G) Expression of HdGF 
protein in tumor xenografts derived from SNU-398 cells stably expressing sh-MKLN1-AS or sh-Nc was detected using western blotting. **P<0.01 compared 
with sh-Nc group. MKLN1-AS, muskelin 1 antisense RNA; Nc, negative control; sh, short hairpin RNA; RT-qPcR, reverse transcription-quantitative PcR; 
HdGF, hepatoma-derived growth factor; miR, microRNA.
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SNU-398 cells were further transfected with pc-HdGF or 
empty pcdNA3.1 plasmid. changes in proliferation, apop-
tosis, migration and invasion were then evaluated. ccK-8 
assay and flow cytometry analysis demonstrated that the 
suppressed cell proliferation (Fig. 5F) and enhanced cell 
apoptosis (Fig. 5G) in cells transfected with si-MKLN1-AS 
were abrogated by HdGF overexpression. Additionally, the 
inhibitory activities of MKLN1-AS knockdown on migration 
(Fig. 5H) and invasion (Fig. 5I) of cells were recovered via 
co-transfection with pc-HdGF. collectively, it was indicated 
that MKLN1-AS regulated the oncogenicity of Hcc cells via 
the miR-654-3p/HdGF axis.

Knockdown of MKLN1‑AS inhibits HCC tumor growth 
in vivo. To determine the functions of MKLN1-AS in Hcc 
tumorigenesis in vivo, SNU-398 cells stably expressing sh-Nc 
or sh-MKLN1-AS were subcutaneously inoculated into 
nude mice and allowed to grow for 4 weeks. The efficiency 
of sh-MKLN1-AS in silencing MKLN1-AS expression was 
determined via RT-qPcR and the results are presented in 
Fig. 6A. Tumor growth (Fig. 6B and c) and weight (Fig. 6d) 
were significantly lower in the sh-MKLN1-AS group 
compared with the sh-Nc group. At 4 weeks post-injection, 
all mice were euthanized and tumor xenografts were excised 
to determine MKLN1-AS, miR-654-3p and HdGF expression 
levels. The tumor xenografts developed from MKLN1-AS 
depleted-SNU-398 cells had lower MKLN1-AS (Fig. 6E) and 
higher miR-654-3p (Fig. 6F) expression levels compared with 
those of the sh-Nc-transfected group. Western blotting detec-
tion indicated that HDGF protein expression was significantly 
lower in the tumor xenografts derived from SNU-398 cells 
stably expressing sh-MKLN1-AS compared with the sh-Nc 
group (Fig. 6G). These results demonstrated that MKLN1-AS 
silencing suppressed Hcc tumor growth in vivo.

Discussion

lncRNAs have received increasing attention in the past decade 
due to their important roles in human cancer types (32,33). 
Numerous lncRNAs, such as ubiquitin conjugating enzyme E2 
R2-AS1 (34), colorectal neoplasia differentially expressed (35) 
and snail family transcriptional repressor 3-AS1 (36), are 
differentially expressed in Hcc and are closely associated 
with clinicopathological factors and prognosis of patients 
with Hcc (37-39). For instance, these lncRNAs participate in 
the regulation of various aggressive cellular features during 
hepatocarcinogenesis and cancer progression (40-42). Hence, 
identifying Hcc-relevant lncRNAs, as well as understanding 
their detailed roles are critical for developing effective targets 
for the diagnosis, prognosis and therapy of Hcc. However, 
to date, the functions of most cancer-associated lncRNAs in 
Hcc remain unknown. Therefore, the aims of the present 
study were to determine the expression and clinical signifi-
cance of MKLN1-AS in Hcc, and examine the detailed roles 
and mechanisms of MKLN1-AS in Hcc cells.

MKLN1-AS has been reported to be closely associated 
with the prognosis of Hcc (43). In the present study, the 
relationship between MKLN1-AS and the clinicopathological 
parameters of patients with Hcc was initially analyzed. It 
was identified that MKLN1‑AS expression was upregulated 

in Hcc, which is consistent with TcGA dataset. Analysis of 
TcGA data and clinical specimens also demonstrated that 
patients with Hcc exhibiting high MKLN1-AS expression 
had shorter overall survival and disease-free survival rates 
compared with those exhibiting low MKLN1-AS expression, 
suggesting that high MKLN1-AS expression was associated 
with poor clinical outcomes. The roles of MKLN1-AS in regu-
lating the malignant features of Hcc cells in vitro and in vivo 
were also examined. The results suggested that MKLN1-AS 
exerts a carcinogenic role in Hcc progression by promoting 
cell proliferation, migration and invasion, and inhibiting cell 
apoptosis in vitro. Additionally, knockdown of MKLN1-AS 
expression led to a decrease in Hcc tumor growth in vivo. 
collectively, the current results indicated that MKLN1-AS 
served a stimulatory role in Hcc as an oncogene.

The potential mechanisms underlying the tumor-promoting 
activities of MKLN1-AS in Hcc were investigated in the present 
study. It is well-established that the roles of lncRNAs depend 
on the cellular compartments in which they are located (44). 
The lncLocator database and results of nuclear/cytoplasmic 
fractionation experiments demonstrated that MKLN1-AS was 
located in the cytoplasm, which is commonly associated with 
ceRNA function. In general, miRNAs can be complementary 
to target mRNAs, leading to mRNA degradation and/or 
protein synthesis suppression (45). Moreover, lncRNAs can 
competitively bind to miRNAs and consequently modulate 
miRNA-mediated restriction of target mRNAs (46).

The present bioinformatics analysis identified that 
MKLN1-AS has complementary binding sequences for 
miR-654-3p. Using RT-qPcR analysis, miR-654-3p expres-
sion was found to be significantly increased after MKLN1‑AS 
knockdown. In addition, miR-654-3p expression was 
downregulated in Hcc tissues and negatively correlated 
with MKLN1-AS expression. Further study using luciferase 
reporter and RIP assays validated the direct binding between 
miR-654-3p and MKLN1-AS in Hcc cells. Mechanistic 
investigations also demonstrated that miR-654-3p targeting 
of HdGF was positively modulated by MKLN1-AS, and that 
a miR-654-3p inhibitor partially abrogated this regulatory 
effect in Hcc cells. collectively, it can be concluded that 
MKLN1-AS increased HdGF expression in Hcc cells by 
acting as a ceRNA and competitively binding to miR-654-3p.

miR-654-3p is downregulated in ovarian cancer (47), gastric 
cancer (48) and papillary thyroid cancer (49), but is upregu-
lated in osteosarcoma (50). Moreover, miR-654-3p exerts 
cancer-inhibiting (47-49) or cancer-promoting roles (50), and 
is implicated in cancer oncogenesis and progression (47-50). A 
recent study reported that miR-654-3p expression was down-
regulated in Hcc, which was associated with poor patient 
prognosis, and that overexpression of miR-654-3p restricted 
cell proliferation, migration and invasion in Hcc (51). HdGF, a 
heparin‑binding growth factor, was first extracted from condi-
tioned culture medium collected from the hepatoma cell line 
HuH7 (52) and was identified as a direct downstream target of 
miR-654-3p in Hcc cells. HdGF performs pro-oncogenic roles 
in Hcc and contributes to a number of malignant characteris-
tics during Hcc genesis and progression (29-31). The present 
results suggested that HdGF expression was directly regulated 
by the MKLN1-AS/miR-654-3p axis in Hcc. Functional 
rescue experiments indicated that the miR-654-3p/HdGF axis 
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was essential for MKLN1-AS-mediated promotion of Hcc 
oncogenicity. Therefore, the MKLN1-AS/miR-654-3p/HdGF 
functional network was implicated in the development of Hcc 
and was identified to perform important functions in various 
malignant processes.

In conclusion, MKLN1-AS expression is upregulated in 
Hcc and is associated with unfavorable clinical outcomes. 
Additionally, it was found that knockdown of MKLN1-AS 
expression suppressed Hcc progression. The results suggested 
that MKLN1-AS functioned as a ceRNA for miR-654-3p, 
thus increasing HdGF expression. collectively, the present 
study identified a new mechanism in HCC pathogenesis and 
may contribute to the development of novel strategies for the 
diagnosis, prognosis, prevention and treatment of Hcc.
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