
Cancer Gene Therapy (2021) 28:850–863
https://doi.org/10.1038/s41417-020-0203-x

ARTICLE

LncRNA KCNQ1OT1 regulates the invasion and migration of
hepatocellular carcinoma by acting on S1PR1 through miR-149

Ji-Lun Cheng1
● Du-Juan Li2 ● Ming-Yang Lv3 ● Yi-Jin Pei4 ● Xiu-Juan Zhang4

● Lin Li5 ● Xiang-Yu Liu6
● Ai-Hui Fan 4

Received: 1 April 2020 / Revised: 7 July 2020 / Accepted: 22 July 2020 / Published online: 5 August 2020
© The Author(s), under exclusive licence to Springer Nature America, Inc. 2020

Abstract
The aim of this study was to investigate the effect of lncRNA KCNQ1OT1 on HCC and to explore the possible underlying
mechanisms. The expression levels of KCNQ1OT1, miR-149 and S1PR1 were detected by qRT-PCR assay. A dual
luciferase reporter assay was used to detect the interaction between KCNQ1OT1 and miR-149, as well as miR-149 and
S1PR1. The interaction between KCNQ1OT1 and miR-149 was further investigated by RNA pull-down assay. Wound
healing assays and Transwell assays were carried out to determine cell migration and invasion. A xenograft tumour assay
was used to validate the role of KCNQ1OT1 in vivo. KCNQ1OT1 and S1PR1 were significantly increased, but miR-149
was decreased in HCC cells. Luciferase reporter assays and RNA pull-down assays revealed that KCNQ1OT1 directly
targeted miR-149. In addition, miR-149 bound to the 3’-UTR of S1PR1. Knockdown of KCNQ1OT1 or overexpression of
miR-149 inhibited the invasion and migration of HCC cells. However, suppression of miR-149 could abrogate the effect of
KCNQ1OT1 knockdown on the invasion and migration abilities of HCC cells. In vivo assays showed that KCNQ1OT1
knockdown suppressed tumour growth. This work suggests that lncRNA KCNQ1OT1 might act as a potential therapeutic
target in HCC.

Introduction

Hepatocellular carcinoma (HCC) is a common malignancy
that is one of the most frequent causes of cancer-related
deaths around the world. The treatments and prognosis of
patients with HCC present challenges because they vary
by the stage of disease, the specifics of tumour histology,
the likelihood to tolerate surgery and the availability of
liver transplants. Curative therapies such as liver trans-
plantation or surgical resection are feasible in 20–40% of
patients [1]. A comprehensive understanding of the
molecular regulation of the carcinogenesis of HCC will
help to improve the therapeutic strategy and survival rate
of patients with HCC.

Long noncoding RNAs (lncRNAs) are involved in
various aspects of gene regulation, such as mRNA splicing
and translation, chromosome dosage compensation and
nuclear and cytoplasmic trafficking [2–5]. KCNQ1OT1 is
an lncRNA gene located within the KCNQ1 locus, and
studies show that the dysregulation of KCNQ1OT1 can
lead to deleterious physical and genetic effects. For
example, Zhu and colleagues found that KCNQ1OT1 was
increased in the plasma of patients with diabetic nephro-
pathy and high-glucose (HG)-induced HK-2 cells and that
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KCNQ1OT1 interference could decrease the inflamma-
tion, oxidative stress and pyroptosis of HG-induced HK-2
cells [6]. The upregulated expression of KCNQ1OT1 has
been shown to be correlated with acute myocardial
infarction and atherosclerosis, which are high risk factors
for stroke [7]. Zhang et al. found that KCNQ1OT1 acted
as an oncogene, was highly expressed in tongue squamous
cell carcinoma (TSCC) tissues, especially in chemoresis-
tant TSCC patients, and played an important role in the
regulation of TSCC chemoresistance [8]. The present
study shows that a high level of KCNQ1OT1 is correlated
with HCC [9]. However, the biological functions of
KCNQ1OT1 and its mechanism of regulation in HCC are
not clear. Bioinformatics prediction suggests that there is
an interaction between lncRNA KCNQ1OT1 and miR-
149. miR-149 has been reported as a potential prognostic
marker for HCC [10], colorectal cancer [11], upper tract
urothelial carcinoma [12] and gastric cancer [13].

Sphingosine-1-phosphate receptor 1 (S1PR1) has been
identified as a G protein-coupled receptor engaged with
S1P, which enhances cell proliferation and migration in
normal and cancer cells. Extensive research has shown that
S1PR1 is involved in immune cell regulation, vascular
growth and development, motility of cancer cells and
multiple sclerosis [14]. It has been demonstrated that the
expression levels of S1PR1 are high in HCC cell lines
[15]. Bioinformatics predictions indicate that miR-149
interacts with S1PR1. However, the regulatory mechanism
of KCNQ1OT1/miR-149/S1PR1 in HCC progression is
not clear.

Our research suggests that the KCNQ1OT1-modulated
suppression of miR-149 is responsible for the activation of
the S1PR1/phosphoinositide-3 kinase (PI3K)/AKT signal-
ling cascade in the process of migration and invasion in
HCC cells, providing novel insight into the diagnosis and
treatment of HCC.

Materials and methods

Cell culture

The normal human healthy hepatic cell line WRL68 and the
human HCC cell lines Bel-7402, HepG2, SMMC-7721 and
Huh7 were obtained from the Chinese Academy of Sciences
(Shanghai, China). The cell lines were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) (purchased from
Gibco, USA) supplemented with 10% foetal bovine serum
(FBS; purchased from Gibco, USA), 100 μg/mL strepto-
mycin and 100 units/mL penicillin at 37 °C in a humidified
incubator with 5% CO2. The culture medium was replaced
every 2–3 days.

Cell transfection

Sh-KCNQ1OT1, miR-149 mimics and miR-149 inhibitor
were designed and synthesized by Shanghai GenePharma
company. Sh-KCNQ1OT1 was cloned into the lentiviral
vector psi-LVRH1GP, and the recombinant lentivirus was
transfected into the HCC cell lines Huh7 and SMMC-7721.
Moreover, the vector, miR-149 mimics and miR-149 inhi-
bitor were transfected into Huh7 and SMMC-7221 cells at a
concentration of 50 nM using Lipofectamine 3000 reagent
(Life Technologies Corporation, Carlsbad, CA) in accor-
dance to the manufacturer’s instructions.

Dual-luciferase reporter assay

The wild-type (WT) fragments from KCNQ1OT1
(KCNQ1OT1-WT) containing miR-149 potential binding
sites and the corresponding mutant (MUT) fragments
(KCNQ1OT1-MUT) were cloned into pMIR-basic vector
(Promega, USA). Meanwhile, the WT fragment from the 3’-
untranslated region (3’-UTR) of S1PR1 (S1PR1-WT) and
the corresponding MUT fragment (S1PR1-MUT) were
cloned into the pMIR-basic vector to generate the luciferase
reporter construct of S1PR1. Then SMMC-7721 and Huh7
cells were cotransfected with the vectors and miR-149
mimics by using Lipofectamine 3000 reagent (Life Tech-
nologies Corporation). The cells were lysed, and the relative
Rluc/Luc ratio was measured by the Dual-Luciferase
reporter gene system (Promega, USA) following a pub-
lished protocol [16].

Wound healing assay

After the cells were incubated to reach confluence, they
were scratched with a sterile pipette tip. Then the plates
were rinsed with fresh culture medium twice to remove the
detached cells and incubated in an incubator with 5% CO2

at 37 °C. The cells migrated from the wound edge, and the
distance between the two sides of the wound was monitored
using a microscope. The degree of cell migration was
quantified by the ratio of the measured gap distance at 24 h
to that at 0 h.

Cell invasion assay

Matrigel-coated Transwell chamber models were used in the
cell invasion assay [17]. After transfection for 48 h, cells
resuspended in 50 μL serum-free DMEM culture medium
were seeded on a polycarbonate membrane with fibronectin-
coated insert with 8-μm pores in a Transwell apparatus. The
Transwell inserts were placed in 24-well culture plates con-
taining 10% FBS medium and solidified by incubating at
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37 °C for 4 h. Then 5 × 104 cells in 200 μL medium were
placed in the upper chambers. After adding mitomycin to stop
mitosis, the membranes were fixed with 10% formalin at room
temperature and stained with 0.05% crystal violet. Invasive
cells were counted in five different fields of each filter.

Total RNA extraction and quantitative reverse
transcriptase-PCR (qRT-PCR)

Total RNA was extracted from the indicated cultured cell
lines using TRIzol reagent (Sigma, USA) following the
manufacturer’s instructions. The optical density value at
260 nm was measured to determine the concentration and
purity of RNA. Total RNA was transcribed into cDNAs
using the M-MLV Kit (Takara, Japan) in accordance with the
protocols provided by the manufacturer. The relative
expression levels of KCNQ1OT1, miR-149 and S1PR1 were
measured by qRT-PCR assay using the SYBR Green real-
time PCR Master mix (Toyobo, Japan). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and U6 small nuclear
RNA served as endogenous controls [8, 18]. PCR amplifi-
cation was carried out using a Light Cycler 2.0 instrument
(Roche Applied Science), and the gene-specific primers for
qRT-PCR analyses were used as previously described
[9, 10, 15]. The sequences of the primers are listed in Table 1.

Protein extraction and western blot assay

The cells were lysed in RIPA reagent (Beyotime, China),
and protein levels were quantified using the BCA Protein
Assay Kit (Bio-Rad Laboratories, USA). Forty micrograms
of total protein for each sample was separated by 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and transferred onto polyvinylidene difluoride (PVDF)
membranes (Invitrogen, USA). The PVDF membranes were
incubated with 5% bovine serum albumin in Tris-buffered
saline (TBS) containing 0.1% Tween 20 (TBST buffer) at

room temperature for 1 h to block non-specific bindings. The
appropriate protein-specific primary antibodies were subse-
quently added and incubated at 4 °C overnight. The sec-
ondary horseradish peroxidase (HRP)-conjugated goat anti-
mouse immunoglobulin G (IgG) and goat anti-rabbit IgG
antibodies (1:5000 dilution, Beyotime Biotechnology,
China) were matched with the primary antibodies for 1 h at
room temperature. Subsequently, the membranes were
rinsed with TBST buffer 3 times for 10 min each. The target
proteins were visualized using enhanced chemiluminescence
reagent. The primary antibodies for the detection of corre-
sponding proteins were used as follows: mouse anti-S1PR1
antibody (1:500 dilution, Santa Cruz Biotechnology, USA);
rabbit anti-AKT1 (1:1000 dilution, Cell Signaling Technol-
ogy, USA), anti-phospho-AKT1 (1:500 dilution, Cell Sig-
naling Technology, USA), anti-PI3K (1:1000 dilution, Cell
Signaling Technology, USA), anti-phospho-PI3K (1:1000
dilution, Cell Signaling Technology, USA), anti-E-cadherin
(1:500 dilution, Cell Signaling Technology, USA), anti-N-
cadherin (1:500 dilution, Cell Signaling Technology, USA),
anti-Vimentin (1:500 dilution, Cell Signaling Technology,
USA), anti-Snail (1:1000 dilution, Cell Signaling Technol-
ogy, USA), anti-MMP-2 (1:1000 dilution, Cell Signaling
Technology, USA), and anti-MMP-9 antibodies (1:1000
dilution, Cell Signaling Technology, USA). The rabbit anti-
GAPDH antibody (1:1000 dilution, Bioss, China) was used
as the internal control. The relative band density of each
protein was analysed using the ImageJ software.

Mice xenograft assay

A total of 15 BALB/c male nude mice (5 weeks) were
purchased from the Animal Center of the Chinese Academy
of Science and housed in sterilized cages with a 12:12 h
light:dark cycle and 45% humidity at 25 °C. The mice ate
regularly and were provided free access to water. The mice
were randomly divided into 3 groups with 5 mice in each

Table 1 Primer sequences.
Name Sequence (5’ to 3’)

lncRNA
KCNQ1OT1-F

GCAAGCCTCAGCATACACAA

lncRNA
KCNQ1OT1-R

GGCTGTGTTGCTCTCTTTCC

miR-149-F CGTCTGGCTCCGTGTCTTC

miR-149-R GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGGAGT

S1PR1-F CCACAACGGGAGCAATAACT

S1PR1-R CAGAATGACGATGGAGAGCA

GAPDH-F CCAGGTGGTCTCCTCTGA

GAPDH-R GCTGTAGCCAAATCGTTGT

U6-F CTCGCTTCGGCAGCACA

U6-R AACGCTTCACGAATTTGCGT
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group: control group, sh-NC group, and sh-KCNQ1OT1
group. The corresponding groups of SMMC-7721 cells
were subcutaneously injected into the dorsal sides of the
nude mice. The length and width of the tumour was mea-
sured every 7 days from injection to monitor the growth of
the tumour. The tumour volume was calculated using the
following formula: (length × width2)/2. Four weeks later,
the mice were sacrificed, and the tumour tissue was imaged.
Our protocol was approved by the Ethics Committee of
Guangdong Medical University.

Immunohistochemistry assay

Tumours were embedded in paraffin and then cut into
sections of 4 μm. Specific mouse anti-S1PR1 antibody
(Santa Cruz Biotechnology, USA) and rabbit anti-Ki67
human primary antibody (Cell Signaling Technology, USA)
were diluted with phosphate-buffered saline (PBS) buffer at
1:100 and incubated at 4 °C overnight. Then the tissues
were incubated with goat anti-mouse secondary antibody or
goat anti-rabbit secondary antibody, and the complexes
were measured by using HRP–streptavidin conjugates and
visualized using 3,3’-diaminobenzidine.

RNA pull-down assay

The interaction between KCNQ1OT1 and miR-149 was
further determined by RNA pull-down assay using the
Pierce Magnetic RNA-Protein Pull-Down Kit (Thermo
Fisher Scientific, USA) in accordance with the manu-
facturer’s protocol. Protein extracts from SMMC-7721 and
Huh7 cells were incubated with biotin-labelled miR-149-
WT or miR-149-MUT and mixed with streptavidin agarose
magnetic beads (Life Technologies Corporation, USA). The
mixture was centrifuged at 1500 rpm for 1 h at 4 °C. Total
RNA was extracted by TRIzol, and the relative expression
of KCNQ1OT1 mRNA was detected by qRT-PCR.

Statistical methods

All of the experiments were repeated at least three times
with similar results. The data of this study were statistically
analysed by the SPSS 21.0 software, and all of the measured
data are expressed as means ± standard deviations (SDs).
Student’s t test was used for pairwise comparisons, and one-
way analysis of variance was applied for multi-group
comparisons. P < 0.05 indicated that the differences were
statistically significant.

Results

Relative expression of KCNQ1OT1, miR-149 and
S1PR1 in HCC cells

A qRT-PCR assay was performed to determine the mRNA
expression of KCNQ1OT1, miR-149 and S1PR1 in normal
liver cells and HCC cells. As shown in Fig. 1, the
KCNQ1OT1 and S1PR1 transcription in HCC cells was
higher than that in WRL68 cell line. Among the four HCC
cells, the expression changes in SMMC-7721 and Huh7
cells are more obvious. In contrast, the level of miR-149
was lower in Bel-7402, HepG2, SMMC-7721 and Huh7
cells than in WRL68 cells. Moreover, the change in
expression levels in SMMC-7721 and Huh7 cells was the
most obvious.

The interactions between lncRNA KCNQ1OT1 and
miR-149, miR-149 and S1PR1

As shown in Fig. 2a, the region of miR-149 was identified
to have putative binding sites for KCNQ1OT1. Using an
online database analysis, we predicted that KCNQ1OT1
might act as a competing endogenous RNA to modulate
the expression of miR-149. To determine whether miR-149

Fig. 1 The expression levels of KCNQ1OT1, miR-149 and S1PR1
in normal human hepatocytes and hepatocellular carcinoma
(HCC) cells. a The normal human hepatic cell line WRL68 and the
human HCC cell lines Bel-7402, HepG2, SMMC-7721 and Huh7 were

used for qRT-PCR analysis. b qRT-PCR analysis of the expression of
miR-149 was detected in HCC cell lines and the WRL68 cell line.
c qRT-PCR analysis of S1PR1 expression was detected in HCC cell
lines and the WRL68 cell line. *P < 0.05, **P < 0.01, ***P < 0.001.
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was regulated by the lncRNA KCNQ1OT1 in HCC,
KCNQ1OT1-WT and KCNQ1OT1-MUT fragments were
cloned into the psiCHECK-2 vector. A luciferase reporter
assay was performed in SMMC-7721 and Huh7 cells. The
results showed that the luciferase activity in KCNQ1OT1-
WT cells was markedly inhibited by miR-149 mimics (P <
0.05, Fig. 2c). The relationship between KCNQ1OT1 and
miR-149 was further confirmed by using the RNA pull-
down assay. As shown in Fig. 2d, the level of KCNQ1OT1
in miR-149-WT pulled down pellets was higher than that in
miR-149-MUT and negative control pellets. Overall, during
the process of HCC, there is a putative interaction between
KCNQ1OT1 and miR-149.

To investigate the potential mechanism of KCNQ1OT1/
miR-149 in HCC regulation, the TargetScan, PicTar and
MiRanda online algorithms were used to predict the pos-
sible binding sites. The results indicated that the 3’-UTR of
S1PR1 contained a corresponding binding sequence to miR-
149 (Fig. 2b). A luciferase reporter assay was performed in

SMMC-7721 and Huh7 cells, and the luciferase activity was
significantly inhibited when the S1PR1-WT reporter vector
was co-transfected with miR-149 mimics (Fig. 2e). These
results suggest that miR-149 binds to the 3’-UTR of S1PR1.

LncRNA KCNQ1OT1 drives HCC cell invasion and
migration

To further explore whether S1PR1 accumulation is affected
by KCNQ1OT1 through the suppression of miR-149, qRT-
PCR analysis was carried out to determine the expression of
S1PR1 and miR-149 in SMMC-7721 and Huh7 cells with
KCNQ1OT1 gene knockdown. The expression level of
miR-149 was elevated when KCNQ1OT1 was knocked
down and that of S1PR1 was downregulated (Fig. 3a–c).
As shown in Fig. 3d, the wound healing motility assay
indicated that knocking down the KCNQ1OT1 gene sig-
nificantly reduced the migration activities of SMMC-7721
and Huh7 cells in comparison to those of control cells.

Fig. 2 The interactions between lncRNA KCNQ1OT1 and miR-
149, miR-149 and S1PR1. a The interaction region between
KCNQ1OT1 and miR-149. b The interaction region between miR-149
and the S1PR1 3’-UTR. c A luciferase reporter assay was performed in
SMMC-7721 and Huh7 cells to detect the interaction of KCNQ1OT1

and miR-149. d The relative expression level of KCNQ1OT1 was
measured by RNA pull-down assay in extracts of SMMC-7721 and
Huh7 cells. e The binding activity of miR-149 to the 3’-UTR of S1PR1
was measured by luciferase reporter assay in SMMC-7721 and Huh7
cells. *P < 0.05, **P < 0.01, ***P < 0.001.
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Moreover, the Transwell assay revealed that knocking down
the KCNQ1OT1 gene markedly reduced the invasion
activities of SMMC-7721 and Huh7 cells in comparison to

those of control cells (Fig. 3e). The epithelial–mesenchymal
transition (EMT) process is highly related to the migration
and invasion of malignant tumours, during which

Fig. 3 LncRNA KCNQ1OT1 knockdown inhibits the migration
and invasion ability of HCC cells. a–c qRT-PCR analysis of
KCNQ1OT1, miR-149 and S1PR1 expression levels in SMMC-7721
and Huh7 cells transfected with sh-KCNQ1OT1. d The wound healing
assay was performed to detect the migration activities of SMMC-7721
and Huh7 cells. e The invasion activities of SMMC-7721 and Huh7

cells transfected with sh-KCNQ1OT1 were measured by the Transwell
assay. fWestern blot analyses of the EMT marker proteins E-cadherin,
N-cadherin, Vimentin and Snail, as well as MMP-2 and MMP-9,
which play vital roles in cell invasion and metastasis of cancer.
*P < 0.05, **P < 0.01.
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E-cadherin can limit peripheral infiltration, along with
invasive migration, N-cadherin mainly inhibits cell apop-
tosis, Vimentin is expressed in mesenchymal tissues and is
associated with tumour invasion and metastasis and the
expression of Snail is high at the invasive edge of tumour
cells. With disease progression, tumour cell invasion is
aggravated, which may be reflected by the EMT process
with reduced expression of the epithelial marker E-cadherin,
as well as enhanced expression of the mesenchymal markers
N-cadherin, Vimentin and Snail [19]. This study showed
that the protein levels of E-cadherin were increased and
those of N-cadherin, Vimentin and Snail were down-
regulated in SMMC-7721 and Huh7 cells transfected with
sh-KCNQ1OT1 (Fig. 3f). In addition, the expression of
matrix metalloproteinase-2 (MMP-2) and MMP-9, which
play vital roles in cell invasion and metastasis of cancer,
was analysed. As shown in Fig. 3f, the protein levels of
MMP-2 and MMP-9 were reduced in SMMC-7721 and
Huh7 cells transfected with sh-KCNQ1OT1. The results
demonstrate that KCNQ1OT1 is involved in regulating both
the migration and invasion of HCC cells.

Overexpression of miR-149 inhibits the invasion and
migration of HCC cells

As shown above, the expression levels of miR-149 were
downregulated in HCC cells, and miR-149 had binding sites
for S1PR1. To confirm whether miR-149 plays a tumour-
suppressor role in HCC by regulating the gene expression of
S1PR1, we analysed the expression patterns of S1PR1 in
SMMC-7721 and Huh7 cells transfected with miR-NC,
miR-149 mimics, inhibitor NC and miR-149 inhibitor. In
contrast to those in miR-NC-transfected SMMC-7721 and
Huh7 cells, reduced S1PR1 transcriptional levels were
detected in miR-149-overexpressing cell lines (Fig. 4a, b).
Besides, the expression of S1PR1 was upregulated in
SMMC-7721 and Huh7 cells transfected with the miR-149
inhibitor (Supplementary Fig. 1A, B). In addition, miR-149
overexpression remarkably reduced the migration and
invasion activities of SMMC-7721 and Huh7 cells in
comparison to those of the control cells, and the miR-149
inhibitor had the opposite effects (Fig. 4c, d; Supplementary
Fig. 1C, D). It was also found that the protein expression
levels of E-cadherin were elevated and those of N-cadherin,
Vimentin, Snail, MMP-2 and MMP-9 were reduced in
SMMC-7721 and Huh7 cells with miR-149 overexpression
(Fig. 4e). In contrast, the levels of E-cadherin protein were
decreased and those of N-cadherin, Vimentin, Snail, MMP-
2 and MMP-9 were increased in SMMC-7721 and Huh7
cells transfected with the miR-149 inhibitor (Supplementary
Fig. 1E). Based on these results, it is suggested that the
tumour-inhibiting effect of miR-149 in HCC is partially
mediated by targeting S1PR1.

KCNQ1OT1 regulates HCC tumorigenesis by
regulating the PI3K/AKT signalling pathway

To investigate the underlying mechanisms of KCNQ1OT1/
miR-149/S1PR1, the PI3K/AKT signalling pathway, which
plays an important regulatory role in the progression of HCC,
was evaluated. The expression of downstream S1PR1 protein
and the key components in the abovementioned pathway,
including PI3K, p-PI3K, AKT and p-AKT, in SMMC-7721
and Huh7 cells with or without KCNQ1OT1 knockdown and
miR-149 overexpression was measured. The total levels of
PI3K and AKT protein expression in SMMC-7721 and Huh7
cells were not changed and those of S1PR1 were markedly
decreased when KCNQ1OT1 was knocked down or miR-149
was overexpressed (Fig. 5a, b). However, the phosphorylated
PI3K and AKT protein expression levels were significantly
reduced in SMMC-7721 and Huh7 cells with KCNQ1OT1
knockdown or miR-149 overexpression (Fig. 5c, d). These
results indicate that KCNQ1OT1 is involved in the regulation
of HCC tumorigenesis, possibly through the PI3K/AKT
signalling pathway.

Inhibition of miR-149 abrogates the effect of
KCNQ1OT1 knockdown on the invasion and
migration abilities of HCC cells

To further explore the cross-talk between KCNQ1OT1 and
miR-149 in HCC progression, the mRNA and protein
expression of S1PR1 was determined following transfection
with sh-KCNQ1OT1, miR-149 inhibitor or co-transfection of
sh-KCNQ1OT1 and the miR-149 inhibitor. As expected, the
expression levels of miR-149 were attenuated in SMMC-
7721 and Huh7 cells co-transfected with sh-KCNQ1OT1 and
the miR-149 inhibitor compared with those in SMMC-7721
and Huh7 cells transfected with sh-KCNQ1OT1 (Fig. 6a).
Moreover, the inhibition of miR-149 increased S1PR1
mRNA and protein levels and weakened the effect of
KCNQ1OT1 knockdown on S1PR1 expression (Fig. 6b, e).
As demonstrated above, KCNQ1OT1 knockdown attenuated
the migration and invasion activities of SMMC-7721 and
Huh7 cells, but this effect was partly abrogated by co-
transfection with the miR-149 inhibitor (Fig. 6c, d). The
migration and invasion activities were significantly increased
in SMMC-7721 and Huh7 cells co-transfected with sh-
KCNQ1OT1 and the miR-149 inhibitor compared with those
in SMMC-7721 and Huh7 cells transfected with sh-
KCNQ1OT1 (Fig. 6c, d). Similarly, the levels of p-PI3K
and p-AKT in SMMC-7721 and Huh7 cells co-transfected
with sh-KCNQ1OT1 and the miR-149 inhibitor were higher
than those in SMMC-7721 and Huh7 cells transfected with
sh-KCNQ1OT1 (Fig. 6e). The protein expression of E-
cadherin was reduced, while that of N-cadherin, Vimentin,
Snail, MMP-2 and MMP-9 was elevated in SMMC-7721 and
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Huh7 cells co-transfected with sh-KCNQ1OT1 and the miR-
149 inhibitor compared with SMMC-7721 and Huh7 cells
transfected with sh-KCNQ1OT1 (Fig. 6f). Taken together,
these results lead to the conclusion that after sh-KCNQ1OT1
and miR-149 inhibitor co-transfection, the effect of sh-
KCNQ1OT1 on the migration and invasion of HCC cells and
the expression of related proteins is reversed.

Knockdown of KCNQ1OT1 inhibits tumour growth
in vivo

SMMC-7721 cells with KCNQ1OT1 knockdown were
implanted into nude mice to determine the tumour growth of

HCC. In comparison to the tumour volume in the sh-NC
group, the volume in the sh-KCNQ1OT1 group grew more
slowly during the 4-week observation (Fig. 7a–c). The
expression levels of S1PR1 and the tumour cell proliferation
marker Ki67 were decreased in the KCNQ1OT1 knockdown
group compared to the negative control group (Fig. 7d). The
expression levels of KCNQ1OT1, miR-149 and S1PR1 in
tumour tissues of the sh-KCNQ1OT1 and sh-NC groups
were detected by qPCR. The results indicated that the
KCNQ1OT1 and S1PR1 expression was significantly
reduced in KCNQ1OT1 knockdown cells and that the miR-
149 expression level was obviously increased (Fig. 7e).
Furthermore, the expression levels of S1PR1, p-PI3K, PI3K,

Fig. 4 The overexpression of miR-149 inhibits the migration and
invasion ability of HCC cells. a, b The expression of miR-149 and
S1PR1 was analysed by qRT-PCR assay in SMMC-7721 and Huh7
cells transfected with miR-149 mimics. c The migration activities of
SMMC-7721 and Huh7 cells transfected with miR-149 mimics were

determined by wound healing assay. d The invasion activities of
SMMC-7721 and Huh7 cells overexpressing miR-149 were measured
using the Transwell assay. e Western blot analyses of E-cadherin,
N-cadherin, Vimentin, Snail, MMP-2 and MMP-9. *P < 0.05,
**P < 0.01, ***P < 0.001.
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p-AKT and AKT proteins in tumour tissues of the sh-
KCNQ1OT1 and sh-NC groups were detected by western
blot assay. S1PR1, p-PI3K and p-AKT protein levels were
decreased in tumour tissues of the sh-KCNQ1OT1 group in
comparison to those in the sh-NC group (Fig. 7f). These
results suggest that knockdown of KCNQ1OT1 suppresses
HCC tumour growth in vivo, downregulates the expression of
S1PR1 and inhibits the PI3K/AKT pathway.

Discussion

HCC is regarded as one of the most common malignancies
causing cancer-related death worldwide [20]. Five S1PRs,
S1PR1–S1PR5, have been revealed to be involved in the
progression and proliferation of a variety of cancers.
Among them, S1PR1 has been shown to participate in HCC
cell proliferation [15], but the upstream regulatory
mechanisms of S1PR1 are still unclear. LncRNAs are a

non-protein-coding RNA family that may play a vital role in
regulating the cell proliferation of HCC [21, 22]. Previous
studies have indicated that the lncRNA KCNQ1OT1 plays a
key role in the proliferation and apoptosis of HCC cells and
acts as a potential biomarker for the postsurgical surveil-
lance of HCC [9]. miRNAs are a class of small non-coding
RNAs with a length of 18–25 nucleotides that function as
tumour suppressors or oncogenes during tumour progres-
sion [23, 24]. The prognostic value of multiple miRNAs has
been shown in a variety of cancers, such as malignant
pleural mesothelioma [25], colon cancer [26], ovarian
cancer [27], lung cancer [28] and HCC [29–31]. It has been
reported that miR-149 potentially acts as an important
tumour suppressor by targeting the AKT/mTOR pathway
[10]. Here we showed that KCNQ1OT1 and S1PR1
expression was higher in the human HCC cell lines Bel-
7402, HepG2, SMMC-7721 and Huh7 than in the normal
human hepatic cell line WRL68 (Fig. 1a, c). Conversely,
the levels of miR-149 were lower in Bel-7402, HepG2,

Fig. 5 KCNQ1OT1 regulates HCC tumorigenesis by regulating
the PI3K/AKT signalling pathway. a The protein expression of
S1PR1, p-PI3K, PI3K, p-AKT and AKT in SMMC-7721 and Huh7
cells transfected with sh-KCNQ1OT1 was measured by western blot
assay. b Quantification of the results presented in a. c The protein

expression of S1PR1, p-PI3K, PI3K, p-AKT and AKT in SMMC-
7721 and Huh7 cells overexpressing miR-149 was analysed by wes-
tern blot assay. d Greyscale analysis of the data in c. *P < 0.05,
**P < 0.01.
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SMMC-7721 and Huh7 cells than in WRL68 cells (Fig. 1b).
It was confirmed here that the transcriptional levels of
KCNQ1OT1 and S1PR1 were upregulated in HCC cells
and those of miR-149 were downregulated.

LncRNAs have been reported to sponge miRNA expres-
sion partially by interacting with the binding sites, and they
may play a considerable role in tumour development [32]. In
this work, KCNQ1OT1 was identified to directly bind to
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miR-149 by using a dual luciferase reporter assay and RNA
pull-down assay (Fig. 2c, d). In addition, knockdown of
KCNQ1OT1 upregulated the expression of miR-149 and
weakened the migration and invasion abilities of HCC cells
(Fig. 3a, b, d, e). The expression of MMP-2 and MMP-9,
which play vital roles in cell invasion and metastasis of
cancer, was analysed and showed reduced expression in
SMMC-7721 and Huh7 cells transfected with sh-
KCNQ1OT1. It has been demonstrated that EMT enhances
the behaviours of HCC, including metastasis, invasion and
vasculogenic mimicry formation [33, 34]. Other studies have
shown that lncRNAs play important roles in the epigenetic
regulation of EMT-related genes [35, 36]. As demonstrated
in a previous study, we hypothesized that KCNQ1OT1 could
promote HCC metastasis by regulating EMT. The protein
expression levels of the EMT-associated marker E-cadherin
were upregulated, while those of the EMT markers N-cad-
herin, Vimentin and Snail were decreased in KCNQ1OT1
knockdown HCC cells (Fig. 3f). These results indicate that
KCNQ1OT1 knockdown exerts tumour-suppressive effects
in HCC cells likely by regulating the expression of miR-149.
An mRNA can be targeted by several miRNAs via different
binding sites. As reported previously, the 3’-UTR of S1PR1
might contain a functional target site for certain miRNAs,
such as miR-92a and miR-363 [15, 37, 38]. It was demon-
strated here that miR-149 could downregulate S1PR1
expression levels by targeting the 3’-UTR of S1PR1 mRNA
in HCC cells (Figs. 2e and 4b, Supplementary Fig. 1B).
Moreover, overexpression of miR-149 induced decreased
migration and invasion in HCC cells (Fig. 4c, d), while the
miR-149 inhibitor had the opposite effects (Supplementary
Fig. 1C, D), suggesting that miR-149 might act as a tumour
suppressor in HCC cells. As shown in Fig. 4e, enhanced
expression of E-cadherin protein and reduced expression of

N-cadherin, Vimentin, Snail, MMP-2 and MMP-9 proteins
were observed in SMMC-7721 and Huh7 cells with miR-149
overexpression. In contrast, the levels of E-cadherin protein
were decreased and those of N-cadherin, Vimentin, Snail,
MMP-2 and MMP-9 were increased in SMMC-7721 and
Huh7 cells transfected with the miR-149 inhibitor (Supple-
mentary Fig. 1E), providing stronger evidence that miR-149
is involved in inhibiting the behaviours of HCC. Further-
more, the molecular genetic data in this study suggested that
KCNQ1OT1 silencing suppressed the expression of S1PR1
in HCC cells (Fig. 3c). A signalling cascade is presented in
our analyses whereby by sponging miR-149 KCNQ1OT1
mediates S1PR1 expression, thus regulating the invasion and
migration of HCC cells.

Evidence has shown that miR-300 inhibits EMT-
mediated HCC cell migration and invasion via the down-
stream PI3K/AKT signalling pathway [39]. miR-149 has
been reported to play a key role in inhibiting tumorigenesis
of HCC by mediating the AKT/mTOR signalling pathway
[10]. The overexpression of apolipoprotein M can promote
cell invasion and proliferation of non-small cell lung car-
cinoma by upregulating S1PR1 and activating the PI3K/
AKT signalling pathway. Here it was found that the phos-
phorylation levels of PI3K and AKT were reduced in both
KCNQ1OT1 knockdown and miR-149-overexpressing
HCC cells (Fig. 5). The upregulated expression levels of
S1PR1 and enhanced migration and invasion were found in
HCC cells with KCNQ1OT1 knockdown combined with
miR-149 inhibition in comparison to those in sh-
KCNQ1OT1-transfected HCC cells (Fig. 6a–d). In addi-
tion, the suppression of PI3K and AKT phosphorylation
levels in HCC cells transfected with sh-KCNQ1OT1 was
abrogated by miR-149 inhibition (Fig. 6e). In addition, the
increased expression of E-cadherin protein and the
decreased expression of N-cadherin, Vimentin, Snail,
MMP-2 and MMP-9 by KCNQ1OT1 knockdown were also
abrogated by miR-149 inhibition (Fig. 6f). Moreover, it was
suggested in this study that KCNQ1OT1 knockdown
inhibited HCC tumour growth, downregulated the expres-
sion of S1PR1 and suppressed the PI3K/AKT pathway (Fig.
7). These findings imply that lncRNA KCNQ1OT1 med-
iates S1PR1 expression in the regulation of the growth,
invasion and migration of HCC cells by sponging miR-149
and activating the PI3K/AKT signalling pathway.

Conclusions

Our study shows the involvement of KCNQ1OT1 in miR-
149 inhibition by interacting with each other, while miR-
149 specifically binds to sequences in S1PR1 and increases
its expression, which in turn regulates the PI3K/AKT

Fig. 6 sh-KCNQ1OT1 was co-transfected with miR-149 inhibitor
to reverse the effect of sh-KCNQ1OT1 on the migration and
invasion of HCC cells. a, b The expression of miR-149 and S1PR1
was determined in SMMC-7721 and Huh7 cells transfected with sh-
KCNQ1OT1 or miR-149 inhibitor or co-transfected with sh-
KCNQ1OT1 and miR-149 inhibitor. c The migration activities of
SMMC-7721 and Huh7 cells transfected with sh-KCNQ1OT1 or miR-
149 inhibitor or co-transfected with sh-KCNQ1OT1 and miR-149
inhibitor were detected by the wound healing assay. d The invasion
activities of SMMC-7721 and Huh7 cells transfected with sh-
KCNQ1OT1 or miR-149 inhibitor or co-transfected with sh-
KCNQ1OT1 and miR-149 inhibitor were detected by the Transwell
assay. e Western blot analyses of S1PR1, p-PI3K, PI3K, p-AKT and
AKT in SMMC-7721 and Huh7 cells transfected with sh-KCNQ1OT1
or miR-149 inhibitor or co-transfected with sh-KCNQ1OT1 and miR-
149 inhibitor. f The protein expression of the EMT marker proteins
MMP-2 and MMP-9 was detected in SMMC-7721 and Huh7 cells
transfected with sh-KCNQ1OT1 or miR-149 inhibitor or co-
transfected with sh-KCNQ1OT1 and miR-149 inhibitor. *P < 0.05,
**P < 0.01, ***P < 0.001.
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signalling pathway. Taken together, these results suggest
that the KCNQ1OT1-mediated signalling pathway is
responsible for S1PR1 expression to promote the invasion
and migration of HCC cells, providing new insight into the
signalling cascades that regulate HCC tumorigenesis.
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