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Objectives. This study focused on the biological functions and mechanisms of action of LINC01554 in nonsmall cell lung cancer
(NSCLC). Methods. The expression and prognostic values of LINC01554 in NSCLC were evaluated using The Cancer Genome
Atlas datasets. MTT, colony formation, wound healing, transwell, and in vivo assays were performed to investigate the role of
LINC01554 in NSCLC. The related protein expression levels were measured via western blotting. Bioinformatic analysis was
conducted to predict targeted genes. The relationship between LINC01554, microRNA- (miR-) 1267, miR-1267, and inhibitor
of growth family member 3 (ING3) was analysed via a dual-luciferase reporter assay. Results. LINC01554 expression was
downregulated in NSCLC and associated with NSCLC prognosis. LINC01554 overexpression suppressed NSCLC cell
proliferation, migration, invasion, and epithelial-mesenchymal transition (EMT). Bioinformatic and dual-luciferase reporter
assays demonstrated that LINC01554 expression directly targeted miR-1267 expression, which in turn directly acted on ING3.
An miR-1267 mimic significantly reduced ING3 expression, whereas an miR-1267 inhibitor observably elevated its expression.
LINC01554 overexpression increased ING3 expression, whereas this effect was counteracted by the miR-1267 mimic.
LINC01554 overexpression also significantly suppressed the expression of phosphorylated protein kinase B (Akt) and
phosphorylated mammalian target of rapamycin (mTOR) expression; this effect was abrogated by the miR-1267 mimic.
Mechanistically, LINC01554 overexpression repressed the growth, migration, invasion, and epithelial-mesenchymal transition
(EMT) of NSCLC cells through the regulation of the miR-1267/ING3 axis via regulation of the Akt/mTOR signalling pathway.
Conclusions. We provide the first evidence of the involvement of the LINC01554/miR-1267 axis in NSCLC proliferation and
metastasis through the ING3Akt/mTOR pathway. Thus, LINC01554 may serve as a novel therapeutic target for NSCLC.

1. Introduction

Lung cancer is the most common malignancy, accounting
for approximately 11.6% of all malignant tumours world-
wide [1, 2]. Nonsmall cell lung cancer (NSCLC) accounts
for approximately 80–85% of all lung cancers. The main
subtypes of NSCLC are lung adenocarcinoma (LUAD) and
lung squamous cell carcinoma (LUSC) [3]. Despite consider-
able advances in diagnostic techniques and treatment strate-
gies, the prognosis of NSCLC patients remains poor, with

the 5-year overall survival rate being as low as 15% [4, 5].
Thus, there is an urgent need to understand the detailed
molecular mechanism associated with NSCLC proliferation
and metastasis and explore novel therapeutic targets for
metastatic NSCLC treatment.

Recent evidence has highlighted the key role of ncRNAs
(noncoding RNA) in tumorigenesis [6]. Two typical ncRNA
subtypes are miRNAs (microRNAs) and long chain noncod-
ing RNAs (lncRNAs) [7, 8]. It is believed that the interaction
between lncRNAs and miRNAs may play an important role
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in tumorigenesis. Based on lncRNA-miRNA-mRNA net-
work, important regulatory pathways and therapeutic targets
can be revealed. For instance, the lncRNA JPX is associated
with poor prognosis and progression of NSCLC through
direct interaction with microRNA- (miRNA, miR-) 145-5p
and CCND2 [9]. The lncRNA MIR17HG inhibits prolifera-
tion, migration, and invasion of NSCLC cells by adsorbing
miR-142-3p via sponging, thereby upregulating its expres-
sion and simultaneously downregulating Bach-1 expression
[10]. In addition, the expression of the lncRNA SBF2-AS1
is markedly elevated in NSCLC tissues, and it regulates
NSCLC cell migration and invasion by modulating the
miR-362-3p/growth factor receptor-bound protein 2 axis
[11]. The expression of long intergenic nonprotein coding
RNA 1554 (LINC01554), located on chromosome 5q15,
was found to be downregulated in hepatocellular carcinoma
(HCC) where it was involved in cancer progression [2, 12,
13]. However, the expression and biological functions of
LINC01554 in NSCLC remain unclear.

The bioinformatics analysis shows that predicted that
miR-1267 and inhibitor of growth family member 3
(ING3) were the downstream target of LINC01554. Further
gene set enrichment analysis (GSEA) analysis found that
LINC01554 inhibited the Akt/mTOR pathway based on the
TCGA databases. Thus, in the current study, we explored
whether LINC01554 could regulate NSCLC cell prolifera-
tion, migration, invasion, and EMT via functioning as a
(competitive endogenous RNA) ceRNA for miR-1267 and
by regulating the ING3/Akt/mTOR pathway.

2. Materials and Methods

2.1. Bioinformatic Analysis Based on the Cancer Genome
Atlas (TCGA) Database. The lncRNAs, miRNAs, gene
expression profiles, and clinical data of LUAD as well as
LUSC were downloaded from TCGA-LUAD and TCGA-
LUSC, respectively (http://portal.gdc.cancer.gov/). Differen-
tially expressed lncRNAs, miRNAs, and mRNAs were
obtained using the UALCAN (http://ualcan.path.uab.edu/)
webtool. TCGA-LUSC dataset contained 551 tissue samples:
502 LUSD and 49 normal control tissues. TCGA-LUAD
dataset included a total of 592 tissue samples (533 LUAD
and 59 normal control tissues). The expression and prognos-
tic values of LINC01554 in LUAD and LUSC patients were
analysed using Kmplot (https://kmplot.com/analysis/).
Based on TCGA-LUSC and TCGA-LUAD datasets, we also
performed a GSEA using Guilt By Association Analysis
(GTBAdb, http://guotosky.vip:13838/GTBA/).

2.2. Cell Culture and Transfection. NSCLC cell lines H23,
H1299, NCI-H520, and A549 and the normal human bron-
chial epithelial cell line, 16HBE, were supplied by the Amer-
ican Type Culture Collection (Rockville, MD, USA) and
cultured in Roswell Park Memorial Institute- (RPMI-)
1640 medium (Gibco, USA) supplemented with 10% foetal
bovine serum (HyClone, Canada) at 37°C in 5% CO2 [14].

Vectors such as pcDNA3.1-LINC01554, the empty
pcDNA3.1 vector, si-negative control (NC), si-LINC01554-
1, and si-LINC01554-2 were synthesised by GenePharma

(Shanghai, China) along with the miR-1267 mimic/inhibitor
and NC mimic/inhibitor. Transfections were conducted
using Lipofectamine 3000 (Invitrogen, CA, USA) following
standard protocols. The culture medium was replaced with
complete RPMI-1640 medium 6h after transfection. Cells
were collected after 48 h of transfection, and quantitative
reverse transcription–polymerase chain reaction (RT-qPCR)
was performed to detect LINC01554 and miR-1267 expres-
sion for the analysis of transfection efficiency.

2.3. RT-qPCR. Total RNA from cells was extracted using the
TRIzol kit (Invitrogen, Carlsbad, CA, USA). A reverse tran-
scription kit (Takara, Dalian, China) was used to synthesise
the cDNA. Real-time PCR analyses were performed according
to the instructions of the SYBR Premix Ex Taq kit (Takara,
Otsu, Japan). The amplification conditions were as follows:
95°C for 10min, 40 cycles of 95°C for 15 s, 61°C for 30 s, and
72°C for 30 s. The relative quantification of genes was assessed
using the 2−ΔΔCtmethod [15]. The primers used were as follows:
LINC01554, GAGAGAGCCAACAGTCCAGG (forward) and
GCTACTCTGGCACTCTGCAT (reverse); ING3, AGACAC
TCCTTCACAGCCAGT (forward) and CTTCGTCCCTC
CTTCATCTGAG (reverse); miR-1267, ATCCAGTGCAG
GGTCCGAGG (forward) and GCGGCGGCTCCCAAAT
CTCCTG (reverse); GAPDH, CATGTTGCAACCGGGA
AGGA (forward) and GCCCAATACGACCAAATCAGAG
(reverse).

2.4. Cell Proliferation Assay. Cell proliferation was assessed
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay, as previously described [16]. Cells were
plated in 96-well plates at a density of 1 × 103 cells/well. Next,
20μL of MTT solution (Beyotime, Shanghai, China) was added
to each well for 4h. Absorbance was determined at 450nm
using a microplate reader (Molecular Devices, CA, USA).

2.5. Colony Formation Assay. As previously described, cells
were seeded into six-well plates (1 × 102 cells/well) and cul-
tured [17]. Colonies with more than 50 cells were fixed using
4% formaldehyde for 15min at 37°C. The colonies were sub-
sequently stained using crystal violet (Beyotime, Shanghai,
China). After 15min, colonies were counted and photo-
graphed under a microscope (Bethesda, MD, USA).

2.6. Wound Healing Assay. Cells were plated into six-well
plates containing serum-free medium until they reached at
least 80% confluency. The cell layer was then scratched using
a sterile 200μL pipette tip. Cells were washed with
phosphate-buffered saline to remove any debris, and the cell
culture medium was replaced. After 48 h of culture, repre-
sentative images were obtained using an inverted light
microscope (Olympus Corporation) [18].

2.7. Transwell Invasion Assay. Transwell chambers (Milli-
pore, Billerica, MA, USA) containing Matrigel were used to
determine the invasive ability of cells [16]. A total of 1 ×
105 cells in RPMI-1640 serum-free growth medium (Gibco,
USA) were seeded in the upper wells, whereas the lower
wells were filled with the same medium containing 10%
serum. After 24h incubation at 37°C, the cells invading the
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lower side of the chamber were fixed with 4% paraformalde-
hyde for 20min and stained with 0.1% crystal violet for
10min. Images were captured with a microscope (Olympus
Corporation).

2.8. Western Blot Analysis. Total protein was extracted and
separated using sodium dodecyl sulphate polyacrylamide gel
electrophoresis (10–12% gels), and the separated protein

bands were transferred onto polyvinylidene difluoride mem-
branes (Millipore, USA). The membranes were blocked with
5% nonfat milk diluted in Tris-buffered saline with 0.05%
Tween-20 and incubated with primary antibodies (E-cad-
herin, 1 : 1000, abs130068; snail, 1 : 1000, abs151371; vimentin,
1 : 1000, abs131996; glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH), 1 : 1000, abs132004; ING3, 1 : 1000,
abs137556; Akt, 1 : 1000, abs131788; p-Akt, 1 : 1000,
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Figure 1: LINC01554 expression was downregulated in NSCLC and associated with its prognosis. (a) LINC01554 expression level in LUSC
from TCGA database. (b) Survival analysis based on LINC01554 expression levels in LUSC patients from high and low expression groups.
(c) LINC01554 expression level in LUAD from TCGA database. (d) Survival analysis based on LINC01554 expression levels in LUAD
patients from high and low expression groups.

3BioMed Research International



16
H

BE H
23

H
12

99

N
CI

-H
52

0

A
54

9

0.0

0.5

1.0

1.5

Re
la

tiv
e e

xp
re

ss
io

n 
of

 L
IN

C0
15

54

⁎⁎

⁎⁎

⁎⁎

⁎

(a)

0.0

0.5

1.0

1.5

Re
la

tiv
e e

xp
re

ss
io

n 
of

LI
N

C0
15

54

NCI-H520
⁎⁎

⁎⁎

0.0

0.5

1.0

1.5

2.0

2.5

Re
la

tiv
e e

xp
re

ss
io

n 
of

LI
N

C0
15

54

H1299
⁎⁎

si-
N

C

si-
LI

N
C0

15
54

-1

si-
LI

N
C0

15
54

-2

pc
D

N
A

3.
1-

N
C

pc
D

N
A

3.
1-

LI
N

C0
15

54

pc
D

N
A

3.
1-

N
C

pc
D

N
A

3.
1-

LI
N

C0
15

54

0

1

2

3

Re
la

tiv
e e

xp
re

ss
io

n 
of

LI
N

C0
15

54

H23
⁎⁎

(b)

0.0

0.2

0.4

0.6

0.8

O
D

 v
al

ue
 (4

50
 n

m
)

H23

24 h 48 h 72 h
0.0

0.2

0.4

0.6

0.8

O
D

 v
al

ue
 (4

50
 n

m
)

si-LINC01554-1

NCI-H520

si-NC
pcDNA3.1-LINC01554
pcDNA3.1-NC

24 h 48 h 72 h

⁎

⁎

0.0

0.2

0.4

0.6

0.8

O
D

 v
al

ue
 (4

50
 n

m
) H1299

24 h 48 h 72 h

⁎

⁎⁎

⁎

(c)

Figure 2: Continued.
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abs130889; mTOR, 1 : 1000, abs131824; p-mTOR, 1 : 1000,
abs130933) overnight at 4°C. After rinsing, the membranes
were probed with a goat antirabbit antibody (1 : 2000,
abs20040, Absin Bioscience, Shanghai, China) for 2h. Protein
signals were visualised by chemiluminescence using an
enhanced chemiluminescence kit (Millipore, USA) [17].

2.9. Dual-Luciferase Reporter Assay. StarBase (http://starbase
.sysu.edu.cn/) was used to predict the potential miRNAs that
interact with LINC01554. TargetScan (http://www
.targetscan.org/vert_71/) and StarBase tools were used to
identify potential miR-1267 mRNA targets. The wild-type-
(WT-) LINC01554, mutant-type- (MUT-) LINC01554,
WT-ING3, and MUT-ING3 containing binding sites for
miR-1267 were inserted into the pGL3 luciferase reporter
vector (Promega, Madison, WI, USA). Subsequently, the
reporter vector and miR-1267 mimic or negative control
were transfected into H23 and H1299 cells using Lipofecta-
mine 3000. After 48 h from transfection, the luciferase activ-
ity was assessed using a dual-luciferase detection kit
(Promega Corporation) [16].

2.10. Lung Cancer Xenograft. Male BALB/c nude mice pur-
chased from Jinan Pengyue Laboratory Animal Co., Ltd
(Jinan, China) were divided into two groups (n = 4 per
group) as follows: pcDNA3.1 LINC01554 and pcDNA3.1

NC. The animal experiments in this study were approved
by the Animal Care and Use Committee of Chinese PLA
General Hospital (S2021-001-12). To establish an in vivo
tumour model, 5 × 106 H23 cells pretransfected with
pcDNA3.1 LINC01554 or pcDNA3.1 NC were subcutane-
ously injected into nude mice. Ten days after injection,
tumour growth was recorded every 5 days. The length and
width of tumours were calculated using callipers. Tumour
volume was calculated as follows: tumour volume = ðlength
× width2Þ/2. Mice were euthanised with prior anaesthesia
by an intraperitoneal injection of 3% sodium pentobarbital
(30mg/kg) 30 days after injection [17].

2.11. Statistical Analyses. All experiments were repeated at
least thrice. Data are shown as the mean ± standard
deviation. Data were assessed by the Student’s t-test when
comparing two groups and one-way analysis of variance
for experiments with more than two groups. Statistical sig-
nificance was set at P < 0:05.

3. Results

3.1. LINC01554 Expression and Prognosis of NSCLC. The
comparative analysis of LUSC and LUAD tumour tissues
and paracancerous tissues from TCGA database showed that
the expression of LINC01554 was down regulated in
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Figure 2: LINC01554 overexpression suppressed NSCLC cell proliferation. (a) The relative expression of LINC01554 in NSCLC cell lines
and normal human bronchial epithelial cell lines was verified via RT-qPCR. (b) pcDNA3.1-LINC01554, the empty pcDNA3.1 vector, si-NC,
and si-LINC01554 were transfected in H23, H1299, and NCI-H520 cells, and the transfection efficiency was determined via RT-qPCR. (c)
Cell viability was tested via the MTT assay. (d) Cell vitality was detected via a colony formation assay. ∗P < 0:05, and ∗∗P < 0:01.
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Figure 3: Continued.
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Figure 3: LINC01554 overexpression suppressed NSCLC cell migration and invasion. (a) Cell migration was detected and quantitated via
the wound healing assay in H23, H1299, and NCI-H520 cells. (b) Cell invasion was tested and quantitated via the transwell assay in H23,
H1299, and NCI-H520 cells. (c) E-cadherin, snail, and vimentin expression were detected and quantitated via western blotting. (d) The
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Figure 4: LINC01554 expression directly targeted miR-1267 expression, which in turn directly regulated ING3 expression. (a) Predicted
binding sites between LINC01554 and miR-1267. (b) The binding of miR-1267 to LINC01554 was confirmed via the dual-luciferase
reporter assay. (c) Predicted binding sites between miR-1267 and ING3. (d) The binding of ING3 to miR-1267 was verified via the dual-
luciferase reporter gene assay. (e) Relative expression of miR-1267 in H23 and H1299 cells was examined via RT-qPCR. (f) ING3
expression level was detected via western blotting. ∗∗P < 0:01.
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tumours compared with normal tissues (Figures 1(a) and
1(c), P < 0:05). Based on the median expression of
LINC01554, LUSC and LUAD specimens were divided into
high and low LINC01554 groups. The survival analysis indi-
cated that patients with lower expression of LINC01554 in
LUSC and LUAD had a poorer prognosis and lower survival
than those with higher LINC01554 expression (Figures 1(b)
and 1(d), P < 0:05).

3.2. LINC01554 Overexpression Suppressed NSCLC Cell
Proliferation In Vitro.We tested LINC01554 expression level
in normal 16HBE cells and NSCLC cells and found it to be
significantly downregulated in H23 and H1299 cells as com-
pared with that in 16HBE cells (Figure 2(a), P < 0:05). As
shown in Figure 2(b), LINC01554 expression was notably
elevated and suppressed following transfection with
LINC01554-overexpressing vectors and small-interfering
RNAs (siRNAs; si-LINC01554-1 and si-LINC01554-2),
respectively (P < 0:05). The results of MTT and colony for-
mation assays revealed that cell viability and proliferation
were suppressed in LINC01554 overexpression group but
elevated in the si-LINC01554 transfection group
(Figures 2(c) and 2(d), P < 0:05).

3.3. LINC01554 Overexpression Suppressed NSCLC Cell
Migration, Invasion, and EMT In Vitro. As shown in
Figures 3(a) and 3(b), the cell invasion capacity was signifi-
cantly inhibited by LINC01554 overexpression (P < 0:05).
Western blot analysis results of EMT-related protein expres-
sion in H23 and H1299 cells showed that the expression of
E-cadherin evidently increased but that of snail and vimen-
tin was markedly downregulated upon LINC01554 overex-
pression (Figure 3(c), P < 0:05). Nevertheless, LINC01554
knockdown exerted the opposite effect on NCI-H520 cells.

3.4. LINC01554 Overexpression Suppressed NSCLC Tumour
Growth In Vivo. To evaluate the effect of LINC01554 on
NSCLC in vivo, we established a xenograft tumour model
using nude mice that were injected with H23 cells trans-
fected with pcDNA3.1 LINC01554 or pcDNA3.1 NC. As
shown in Figures 3(d)–3(f), LINC01554 overexpression sig-
nificantly inhibited NSCLC tumour growth (P < 0:05).

3.5. LINC01554 Expression Directly Targeted miR-1267
Expression, Which in Turn Directly Targeted ING3
Expression. To elucidate the potential mechanism by which
LINC01554 regulates NSCLC cell proliferation and invasion,

pcDNA3.1-NC +
mimic NC

pcDNA3.1-LINC01554
+ mimic NC

pcDNA3.1-LINC01554
+ has-miR-1267 mimic

H
23

H
12

99

0

100

200

300

N
um

be
r o

f i
nv

as
io

n 
ce

lls

H23 H1299

⁎⁎

⁎⁎

⁎⁎

⁎⁎

pcDNA3.1-NC + mimic
NC
pcDNA3.1-LINC01554 +
mimic NC
pcDNA3.1-LINC01554 +
has-miR-1267 mimic

(c)

pcDNA3.1-NC
pcDNA3.1-LINC01554

mimic NC
has-miR-127 mimic

+
–
+
–

–
+
+
–

–
+
–
+

+
–
+
–

–
+
+
–

–
+
–
+

E-cadherin

Snail

Vimentin

GAPDH

H23 H1299

(d)

Figure 5: miR-1267 overexpression reversed the LINC01554 upregulation–induced tumour-suppressive effects on NSCLC cells. (a) The
vitality of H23 and H1299 cells was tested via the MTT assay. (b) Cell migration was detected and quantitated via the wound healing
assay in H23 and H1299 cells. (c) Cell invasion was tested and quantitated via the transwell assay in H23 and H1299 cells. (d) E-
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we initially predicted the miRNA targets of LINC01554
using the StarBase tool. In addition, we found the expres-
sions of miRNAs that were significantly upregulated from
TCGA-LUSC and TCGA-LUAD databases. The signifi-
cantly upregulated miRNAs overlapped with the predicted
miRNA targets of LINC01554, and one potential target
miRNA (miR-1267; Figure 4(a)) was identified. Moreover,
the dual-luciferase reporter gene assay results showed that
the luciferase activity of the wild-type pGL3-promoter
LINC01554 3-UTR was significantly decreased in the
miR-1267 mimic group, whereas that of the mutant-type
pGL3-promoter LINC01554 3-UTR remained unchanged
(Figure 4(b), P < 0:05). We used TargetScan and StarBase
tools to identify the potential downstream target genes of
miR-1267. We also collected the genes whose expressions
were significantly downregulated from TCGA-LUSC and
TCGA-LUAD databases. The significantly downregulated
genes overlapped with the predicted downstream target
genes of miR-1267, and one potential downstream target
gene (ING3; Figure 4(c)) was identified. The luciferase
activity markedly decreased when the wild-type pGL3-
promoter ING3 3-UTR and miR-1267 mimic were
cotransfected into cells, as compared with the luciferase
activity in negative control cells (Figure 4(d), P < 0:05).
We overexpressed and inhibited the expression of miR-
1267 using the miR-1267 mimic and inhibitor
(Figure 4(e)), respectively, and detected the expression of
ING3 via western blot analysis. As shown in Figure 4(f),

the miR-1267 mimic significantly reduced ING3 expres-
sion, and the miR-1267 inhibitor observably elevated
ING3 expression (P < 0:05).

3.6. miR-1267 Overexpression Reversed the LINC01554
Upregulation–Induced Tumour-Suppressive Effects on
NSCLC Cells. To determine whether LINC01554 contrib-
utes to NSCLC progression by targeting miR-1267, we
further investigated the function of miR-1267 in NSCLC
cells. The MTT assay result indicated that LINC01554
overexpression led to a considerable decrease in the pro-
liferation ability of H23 and H1299 cells, and this effect
was abrogated following the cotransfection with
pcDNA3.1 LINC01554 and miR-1267 mimic
(Figure 5(a), P < 0:05). Wound healing and transwell
invasion assays revealed that the migration and invasion
of NSCLC cells were significantly reduced by LINC01554
overexpression. However, the migration and invasion
capabilities of cells were dramatically enhanced following
cotransfection with pcDNA3.1 LINC01554 and miR-1267
mimic (Figures 5(b) and 5(c), P < 0:05). Likewise, as pre-
sented in Figure 5(d), LINC01554 overexpression sub-
stantially inhibited the expression of snail and vimentin
and improved the expression of E-cadherin in NSCLC
cells (P < 0:05). In comparison with the NC group, the
group cotransfected with pcDNA3.1 LINC01554 and
miR-1267 mimic showed significant EMT (Figure 5(d),
P < 0:05).
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Figure 6: Both LINC01554 and miR-1267 overexpression modulated the ING3/Akt/mTOR pathway. (a, b) LINC01554 was associated with
Akt/mTOR signalling. (c) The expression of ING3 and Akt/mTOR pathway-related proteins (Akt, p-Akt, mTOR, and p-mTOR) was
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3.7. Both LINC01554 and miR-1267 Overexpression
Modulated the ING3/Akt/mTOR Pathway. To understand
the underlying mechanism of LINC01554 in NSCLC pro-
gression, gene set enrichment analysis (GSEA) was per-
formed on TCGA-LUSD datasets. The results showed that
LINC01554 expression was associated with PI3K-Akt-
mTOR signalling (Figures 6(a) and 6(b)), thereby indicating
that the PI3K-Akt-mTOR pathway might be involved in the
growth-inhibiting effect of LINC01554. The overexpression
of LINC01554 significantly elevated ING3 expression but
suppressed p-Akt and p-mTOR expressions. However, the
total level of Akt and mTOR protein remained unchanged
(Figure 6(c), P < 0:05). Moreover, H23 and H1299 cells were
cotransfected with LINC01554 and miR-1267 mimic; as
expected, the expression of ING3, p-Akt, and p-mTOR was
recovered. The miR-1267 mimic blocked the effect of the
upregulated LINC01554 (Figure 6(d), P < 0:05).

4. Discussion

NSCLC has seriously endangered human health, but due to
the complexity of the pathogenesis of NSCLC, there is no
effective treatment in clinic [12]. Previous studies have con-
firmed that dysregulation in lncRNA expression plays a key
role in many biological processes in different cancers,
including NSCLC. In our study, results showed that NSCLC
cell proliferation could be inhibited by overexpressed
LINC01554 both in vivo and in vitro. The above results were
in accordance with the previous study [2, 12, 19, 20], which
indicated that LINC01554 played a tumour suppressive role
in NSCLC development.

Recently, the research on lncRNA-miRNA-mRNA
ceRNA network provides a basis for a better understanding
of the role of lncRNA-miRNA interaction in mRNA regula-
tion and NSCLC development [21, 22]. miRNAs can interact
with target mRNA to degrade mRNA or inhibit mRNA
translation [7]. Compared to miRNAs, lncRNAs are longer
ncRNAs that play a role through more diverse mechanisms
[23]. In addition to directly targeting mRNAs, it has also
been proved to have the function of ceRNAs, which interact
with miRNAs and indirectly regulate mRNAs [24]. Based on
bioinformatic analysis and dual-luciferase assay results, we
confirmed that LINC01554 directly targets miR-1267 and
that miR-1267 in turn regulates ING3 expression. miR-
1267 was reported to be upregulated in breast cancer, and
its expression was significantly related to cancer grade and
stage [25]. A recent study stated that the lncRNA SNHG11
is involved in the progression of gastric cancer through reg-
ulation of the expression of catenin-β1 and autophagy-
related 12 via miR-1276 [26]. However, the biological func-
tion of miR-1267 in NSCLC progression has not been clari-
fied. Notably, in this study, we found that miR-1267
overexpression reversed the LINC01554 upregulation–
induced tumour-suppressive effects on NSCLC cells and in
line with the previous study.

As a crucial inhibitor of the growth gene family, ING3 is
usually abnormally expressed in both the cytoplasm and
nucleus of tumour cells and has been shown to be involved
in the progression of many tumours. Studies have shown

that ING3 regulates cell proliferation, apoptosis, and cell
cycle arrest in gastric cancer by inactivating the PI3K/Akt
pathway and promoting cell death [27]. Downregulation of
ING3 expression and its transfer to the cytoplasm can regu-
late cell cycle arrest, senescence, and apoptosis in head and
neck squamous cell carcinoma [28]. ING3 level is markedly
decreased in breast cancer where its expression is closely
correlated with cancer prognosis [29]. These results are con-
sistent with our results, which indicate that LINC01554
might directly regulate ING3 through miR-1267 and modu-
late the proliferation, migration, invasion, and EMT of
NSCLC cells.

Abnormal expression of lncRNAs has been also reported
to be involved in the progression of NSCLC through inacti-
vation or activation of the PI3K/Akt signalling pathway. For
instance, the lncRNA HULC facilitates NSCLC cell growth
and suppresses cell apoptosis by stimulating the PI3K/Akt
signalling pathway [30]. HOXB-AS3 stimulates NSCLC cell
proliferation, migration, and invasion by dysregulating the
PI3K/Akt signalling pathway [31]. The lncRNA TBX5-AS1
modulates tumour progression in NSCLC by suppressing
the PI3K/Akt signalling pathway [32]. To identify the down-
stream signal pathway of LINC01554 in anti-NSCLC, we
performed a GSEA analysis. The results showed that
LINC01554 could inhibit Akt/mTOR pathway. Collectively,
overregulation of LINC01554 inhibits cell viability, migra-
tion, and proliferation by inhibiting the Akt/mTOR
pathway.

In summary, we report for the first time that LINC01554
directly regulates ING3 expression through miR-1267 and
thus affects the proliferation, migration, invasion, and
EMT of NSCLC cells by regulating the Akt/mTOR pathway.
LINC01554 may function as a novel prospective therapeutic
target for the treatment of NSCLC.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Ethical Approval

The animal experiments in this study were approved by the
Animal Care and Use Committee of Chinese PLA General
Hospital (S2021-001-12).

Conflicts of Interest

The authors declare that they have no competing interests.

Authors’ Contributions

Conception and design were done by Zizong Wang. Collec-
tion and assembly of data were done by Bin Yang and Jin
Zhang. Data analysis and interpretation were done by Xian-
gyang Chu. Manuscript writing was done by all authors.
Final approval of manuscript was done by all authors. All
authors have read the manuscript and agreed to publish.

14 BioMed Research International



References

[1] F. Bray, J. Ferlay, I. Soerjomataram, R. L. Siegel, L. A. Torre,
and A. Jemal, “Global cancer statistics 2018: GLOBOCAN esti-
mates of incidence and mortality worldwide for 36 cancers in
185 countries,” Ca: A Cancer Journal For Clinicians, vol. 68,
no. 6, pp. 394–424, 2018.

[2] Q. Y. Hao, L. H. Gao,W. Y. Niu et al., “Long-chain non-coding
RNA LINC01554 promotes NGFR expression and inhibits cell
proliferation, migration, and invasion in hepatocellular carci-
noma by binding to microRNA-3681-3p,” European Review
For Medical And Pharmacological Sciences, vol. 24, no. 24,
pp. 12667–12674, 2020.

[3] Z. Chen, X. Chen, T. Lei et al., “Integrative analysis of NSCLC
identifies LINC01234 as an oncogenic lncRNA that interacts
with HNRNPA2B1 and regulates miR-106b biogenesis,”
Molecular therapy: the Journal of the American Society of Gene
Therapy, vol. 28, no. 6, pp. 1479–1493, 2020.

[4] S. L. Topalian, F. S. Hodi, J. R. Brahmer et al., “Five-year sur-
vival and correlates among patients with advanced melanoma,
renal cell carcinoma, or non-small cell lung cancer treated with
nivolumab,” JAMA Oncology, vol. 5, no. 10, pp. 1411–1420,
2019.

[5] R. Manshouri, E. Coyaud, S. T. Kundu et al., “ZEB1/NuRD
complex suppresses TBC1D2b to stimulate E-cadherin inter-
nalization and promote metastasis in lung cancer,” Nature
Communications, vol. 10, no. 1, p. 5125, 2019.

[6] J. Liz and M. Esteller, “lncRNAs and microRNAs with a role in
cancer development,” Biochimica et Biophysica Acta, vol. 1859,
no. 1, pp. 169–176, 2016.

[7] R. Garzon, G. A. Calin, and C. M. Croce, “MicroRNAs in
cancer-annual review of medicine,” Annual Reviews, vol. 60,
no. 1, p. 167, 2009.

[8] M. Huarte, “The emerging role of lncRNAs in cancer,” Nature
Medicine, vol. 21, no. 11, pp. 1253–1261, 2015.

[9] M. Jin, J. Ren, M. Luo et al., “Long non-coding RNA JPX cor-
relates with poor prognosis and tumor progression in non-
small-cell lung cancer by interacting with miR-145-5p and
CCND2,” Carcinogenesis, vol. 41, no. 5, pp. 634–645, 2020.

[10] S. Wei, J. Liu, X. Li, and X. Liu, “lncRNA MIR17HG inhibits
non-small cell lung cancer by upregulating miR-142-3p to
downregulate Bach-1,” BMC Pulmonary Medicine, vol. 20,
no. 1, p. 78, 2020.

[11] A. Wang and J. Wang, “E2F1-induced overexpression of long
noncoding RNA SBF2-AS1 promotes non-small-cell lung can-
cer metastasis through regulating miR-362-3p/GRB2 axis,”
DNA and Cell Biology, vol. 39, no. 7, pp. 1290–1298, 2020.

[12] Y. Ding, Z. Sun, S. Zhang et al., “Down-regulation of long non-
coding RNA LINC01554 in hepatocellular cancer and its clin-
ical significance,” Disease Markers, vol. 11, 3374 pages, 2020.

[13] T. Luo, Y. Jiang, and J. Yang, “Long noncoding RNA
LINC01554 as a novel biomarker for diagnosis and prognosis
prediction of epithelial ovarian cancer,” Cancer, vol. 2021,
no. 1244612, pp. 1–5, 2021.

[14] B. Li, L. Zhu, L. Li, and R. Ma, “lncRNA OXCT1-AS1 pro-
motes metastasis in non-small-cell lung cancer by stabilizing
LEF1, in vitro and in vivo,” Bio Med Research International,
vol. 2021, article 4959381, p. 15, 2021.

[15] J. Y. Zhang, K. Z. Shi, X. Y. Liao et al., “The silence of PSMC6
inhibits cell growth and metastasis in lung adenocarcinoma,”
Biomed Research International, vol. 2021, Article ID
9922185, 2021.

[16] H. Li, M. Huhe, and J. Lou, “MicroRNA-103a-3p promotes cell
proliferation and invasion in non-small-cell lung cancer cells
through Akt pathway by targeting PTEN,” Biomed Research
International, vol. 2021, 7590910 pages, 2021.

[17] L. Feng, S. Feng, Z. Nie et al., “TRAF6 promoted tumor glycol-
ysis in non-small-cell lung cancer by activating the Akt-HIFα
pathway3431245,” BioMed Research International, vol. 2021,
2021.

[18] X. M. Lin, S. B. Liu, Y. H. Luo et al., “10-HDA induces ROS-
mediated apoptosis in A549 human lung cancer cells by regu-
lating the MAPK, STAT3, NF-κB, and TGF-β1 signaling path-
ways,” BioMed Research International, vol. 2020, Article ID
3042636, 2020.

[19] Y. L. Zheng, L. Li, Y. X. Jia et al., “LINC01554-mediated glu-
cose metabolism reprogramming suppresses Tumorigenicity
in hepatocellular carcinoma via downregulating PKM2 expres-
sion and inhibiting Akt/mTOR signaling pathway,” Theranos-
tics, vol. 9, no. 3, pp. 796–810, 2019.

[20] L. Li, K. Huang, Z. Lu et al., “Bioinformatics analysis of
LINC01554 and its co-expressed genes in hepatocellular carci-
noma,” Oncology Reports, vol. 44, no. 5, pp. 2185–2197, 2020.

[21] D. S. Li, J. L. Ainiwaer, I. Sheyhiding, Z. Zhang, and L. W.
Zhang, “Identification of key long non-coding RNAs as com-
peting endogenous RNAs for miRNA-mRNA in lung adeno-
carcinoma,” European Review for Medical & Pharmacological
Sciences, vol. 20, no. 11, pp. 2285–2295, 2016.

[22] J. Sui, Y. H. Li, Y. Q. Zhang et al., “Integrated analysis of long
non-coding RNA-associated ceRNA network reveals potential
lncRNA biomarkers in human lung adenocarcinoma,” Inter-
national Journal of Oncology, vol. 49, no. 5, pp. 2023–2036,
2016.

[23] J. Sui, Y. H. Li, Y. Q. Zhang et al., “Characterization of long
non-coding RNA-associated ce RNA network to reveal poten-
tial lncRNA biomarkers in human lung adenocarcinoma,”
International Journal Of Molecular Medicine, vol. 49, no. 5,
pp. 2023–2036, 2016.

[24] Y. Tay, J. Rinn, and P. P. Pandolfi, “The multilayered complex-
ity of ceRNA crosstalk and competition,” Nature, vol. 505,
no. 7483, pp. 344–352, 2014.

[25] S. Torkashvand, Z. Damavandi, B. Mirzaei, M. Tavallaei,
M. Vasei, and S. J. Mowla, “Decreased expression of bioinfor-
matically predicted piwil2-targetting microRNAs, miR-1267
and miR-2276 in breast cancer,” Archives Of Iranian Medicine,
vol. 19, no. 6, pp. 420–425, 2016.

[26] Q.Wu, J. Ma, J. Wei, W. Meng, Y. Wang, andM. Shi, “lncRNA
SNHG11 promotes gastric cancer progression by activating
the Wnt/β-catenin pathway and oncogenic autophagy,”
Molecular Therapy: The Journal Of The American Society Of
Gene Therapy, vol. 29, no. 3, pp. 1258–1278, 2021.

[27] S. Zhao, L. Wang, C. Zhang et al., “Inhibitor of growth 3
induces cell death by regulating cell proliferation, apoptosis
and cell cycle arrest by blocking the PI3K/AKT pathway,”
Cancer Gene Therapy, vol. 25, no. 9-10, pp. 240–247, 2018.

[28] X. Li, Q. Zhang, M. Zhang, Y. Luo, and Y. Fu, “Downregula-
tion of nuclear ING3 expression and translocalization to cyto-
plasm promotes tumorigenesis and progression in head and
neck squamous cell carcinoma (HNSCC),” Histology And His-
topathology, vol. 35, no. 7, pp. 681–690, 2020.

[29] X.Wu, C. Chen, B. Luo et al., “Nuclear ING3 expression is cor-
related with a good prognosis of breast cancer,” Frontiers In
Oncology, vol. 10, article 589009, 2021.

15BioMed Research International



[30] L. Liu, X. Y. Zhou, J. Q. Zhang et al., “lncRNAHULC promotes
non-small cell lung cancer cell proliferation and inhibits the
apoptosis by up-regulating sphingosine kinase 1 (SPHK1)
and its downstream PI3K/Akt pathway,” European Review
For Medical And Pharmacological Sciences, vol. 22, no. 24,
pp. 8722–8730, 2018.

[31] W. Jiang, J. Kai, D. Li, Z. Wei, Y. Wang, and W. Wang,
“lncRNA HOXB-AS3 exacerbates proliferation, migration,
and invasion of lung cancer via activating the PI3K-AKT path-
way,” Journal Of Cellular Physiology, vol. 235, no. 10,
pp. 7194–7203, 2020.

[32] Q. H. Qu, S. Z. Jiang, and X. Y. Li, “lncRNA TBX5-AS1 regu-
lates the tumor progression through the PI3K/AKT pathway
in non-small cell lung cancer,” Onco Targets And Therapy,
vol. 13, pp. 7949–7961, 2020.

16 BioMed Research International


	Long Noncoding RNA LINC01554 Inhibits the Progression of NSCLC Progression by Functioning as a ceRNA for miR-1267 and Regulating ING3/Akt/mTOR Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Bioinformatic Analysis Based on the Cancer Genome Atlas (TCGA) Database
	2.2. Cell Culture and Transfection
	2.3. RT-qPCR
	2.4. Cell Proliferation Assay
	2.5. Colony Formation Assay
	2.6. Wound Healing Assay
	2.7. Transwell Invasion Assay
	2.8. Western Blot Analysis
	2.9. Dual-Luciferase Reporter Assay
	2.10. Lung Cancer Xenograft
	2.11. Statistical Analyses

	3. Results
	3.1. LINC01554 Expression and Prognosis of NSCLC
	3.2. LINC01554 Overexpression Suppressed NSCLC Cell Proliferation In Vitro
	3.3. LINC01554 Overexpression Suppressed NSCLC Cell Migration, Invasion, and EMT In Vitro
	3.4. LINC01554 Overexpression Suppressed NSCLC Tumour Growth In Vivo
	3.5. LINC01554 Expression Directly Targeted miR-1267 Expression, Which in Turn Directly Targeted ING3 Expression
	3.6. miR-1267 Overexpression Reversed the LINC01554 Upregulation–Induced Tumour-Suppressive Effects on NSCLC Cells
	3.7. Both LINC01554 and miR-1267 Overexpression Modulated the ING3/Akt/mTOR Pathway

	4. Discussion
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions

