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Abbreviations

Long noncoding RNAs (IncRNAs) can compete with endogenous RNAs
to modulate the gene expression and contribute to oncogenesis and tumor
metastasis. IncRNA NKX2-1-AS1 (NKX2-1 antisense RNA 1) plays a piv-
otal role in cancer progression and metastasis; however, the contribution
of aberrant expression of NKX2-1-AS1 and the mechanism by which it
functions as a competing endogenous RNA (ceRNA) in gastric cancer
(GC) remains elusive. NKX2-1-AS1 expression was detected in paired
tumor and nontumor tissues of 178 GC patients by quantitative reverse
transcription PCR (qRT-PCR). Using loss-of-function and gain-of-function
experiments, the biological functions of NKX2-1-AS1 were evaluated both
in vitro and in vivo. Further, to assess that NKX2-1-AS1 regulates angio-
genic processes, tube formation and co-culture assays were performed.
RNA binding protein immunoprecipitation (RIP) assay, a dual-luciferase
reporter assay, quantitative PCR, Western blot, and fluorescence in situ
hybridization (FISH) assays were performed to determine the potential
molecular mechanism underlying this ceRNA. The results indicated that
NKX2-1-AS1 expression was upregulated in GC cell lines and tumor tis-
sues. Overexpression of NKX2-1-AS1 was significantly associated with
tumor progression and enhanced angiogenesis. Functionally, NKX2-1-AS1
overexpression promoted GC cell proliferation, metastasis, invasion, and
angiogenesis, while NKX2-1-AS1 knockdown restored these effects, both
in vitro and in vivo. RIP and dual-luciferase assays revealed that the micro-
RNA miR-145-5p is a direct target of NKX2-1-AS1 and that NKX2-1-
AS1 serves as a ceRNA to sponge miRNA and regulate angiogenesis in
GC. Moreover, serpin family E member 1 (SERPINE]) is an explicit target
for miR-145-5p; besides, the NKX2-1-AS1/miR-145-5p axis induces the

AJCC, American Joint Committee on Cancer; ATAD2, AAA domain containing 2; ceRNA, competing endogenous RNA; DIG, digoxigenin; FC,
fold change; FDR, false discovery rate; FISH, fluorescence in situ hybridization; GC, gastric cancer; HEK, human embryonic kidney; HRP,
horseradish peroxidase; H-score, histoscore; HUVECs, human umbilical vein endothelial cells; IHC, immunohistochemistry; KIF23, kinesin
family member 23; IncRNAs, long noncoding RNAs; MACC1-AS1, MACC1 antisense RNA 1; MEST, mesoderm-specific transcript; miRNAs,
microRNAs; NC, negative control; NKX2-1-AS1, NKX2-1 antisense RNA 1; PAI-1, plasminogen activator inhibitor-1; PFS, progression-free
survival; Pl, propidium iodide; SERPINE1, serpin family E member 1; shRNAs, short-hairpin RNAs; STAD, stomach adenocarcinoma; TCGA,
The Cancer Genome Atlas; TMEM100, transmembrane protein 100; TRIBS3, tribbles pseudokinase 3; uPA, urokinase-type plasminogen
activator; uPAR, cellular receptor for urokinase-type plasminogen activator.
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translation of SERPINEI, thus activating the VEGFR-2 signaling pathway
to promote tumor progression and angiogenesis. NKX2-1-AS1 overexpres-
sion is associated with enhanced tumor cell proliferation, angiogenesis, and
poor prognosis in GC. Collectively, NKX2-1-AS1 functions as a ceRNA
to miR-145-5p and promotes tumor progression and angiogenesis by acti-
vating the VEGFR-2 signaling pathway via SERPINEI.

1. Introduction

Gastric cancer (GC) ranks the fifth most frequent
malignancy with over 1.22 million diagnosed GC cases
annually and represents the third leading cause of can-
cer-associated mortality (nearly 865 000 deaths) world-
wide, constituting and reported in 2017 [1]. East Asia,
particularly China and Japan [2], contributes to more
than half of the global burden of stomach cancer. Due
to the lack of early symptoms, most GC patients are
diagnosed in the advanced stages at the time of diag-
nosis [3]. Despite substantial advances in GC diagnosis
and management of advanced-stage GC over the
recent decades, the five-year survival rate for GC
patients with the advanced disease continues to be
poor [4,5]. Notably, GC tumor-associated angiogenesis
is the predominant event associated with an increased
risk of tumor recurrence and unfavorable prognosis
[6]. Thus, an enhanced understanding of the molecular
mechanisms underlying tumor angiogenesis represents
the key to prevent recurrence or progression and facili-
tate early detection and prediction of therapeutic out-
comes in patients with GC.

Long noncoding RNAs (IncRNAs) represent a class
of RNA polymerase II transcripts of > 200 nucleotides
that are not translated into proteins [7]. Increasing evi-
dence in recent years suggested that IncRNAs are inti-
mately involved in regulating multiple processes
underlying cancer development [8,9]. Moreover, the
dysregulated expression of IncRNAs has been impli-
cated in multiple cancer types and shown to be differ-
entially expressed across various tumor differentiation
stages. Unlike microRNAs (miRNAs), IncRNAs exhi-
bit extremely complicated mechanisms to regulate gene
expression; notably, IncRNA can interact with DNA,
RNA, and proteins to modulate transcriptional
machinery assembly [10]. Accumulating studies have
also indicated that some IncRNAs can act as miRNA
sponges and competitively inhibit the biological func-
tions of miRNAs [11,12]. The IncRNA NKX2-1-ASl1
was identified to be highly expressed in primary lung
adenocarcinomas and found to be associated with lung
carcinoma cell migration [13].  Furthermore,

bioinformatics studies have revealed that NKX2-1-AS1
may act as a competing endogenous RNA (ceRNA) in
GC [14]. However, the contribution of aberrant
expression of NKX2-1-AS1 in GC tumorigenesis and
its prognostic relevance in GC remains elusive.

The plasminogen activation system, comprising the
urokinase-type plasminogen activator (uPA), the cellu-
lar receptor for uPA (uPAR), and its specific inhibitor
plasminogen activator inhibitor-1 (PAI-1 or SER-
PINEL1), is recognized to play a vital role in tumor
progression and angiogenesis [15,16]. Numerous stud-
ies demonstrated that the association of SERPINEI
overexpression with tumor progression and unfavor-
able outcomes in various cancers, including GC
[17,18]. Aberrant expression of SERPINEI has been
observed in numerous cancer types and is associated
with poor prognosis. In particular, the role of SER-
PINEl in tumor angiogenesis has been intensively
investigated. Studies with SERPINEI-deficient mice
indicated that host SERPINEI1 expression is crucial
for tumor angiogenesis [19-21], and its effects are
mediated by the modulation of endothelial cell plas-
min-mediated proteolysis [22], migration [23,24], and
apoptosis [25]. Emerging studies have demonstrated
that the inhibition of SERPINE1 with SK-216 (a
specific PAL-1 inhibitor) can reduce the extent of
angiogenesis in the tumors and suppress progression
in vivo angiogenesis. Moreover, in vitro studies have
demonstrated suppression of VEGF-induced migration
and tube formation by human umbilical vein endothe-
lial cells (HUVECSs) [26]. Based on these findings, it
was speculated that the aberrant expression of SER-
PINEI might be associated with GC progression due
to increased tumor angiogenesis promoted by SER-
PINEI.

2. Materials and methods

2.1. Data mining and analysis

RNAseq dataset of GC patients was retrieved from
The Cancer Genome Atlas (TCGA) database (https://
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portal.gdc.cancer.gov). The following inclusion criteria
were applied to the present study, (1) histopathologi-
cally confirmed diagnosis of stomach adenocarcinoma
(STAD); (2) access to sufficient data for analysis; (3)
no diagnosis of other malignancies or distant metas-
tases before surgery; (4) no previous adjuvant radia-
tion or chemotherapy before surgery. A total of 373
samples, comprising of 343 STAD tissues and 30 adja-
cent noncancerous gastric tissues, were included in this
analysis. This study was conducted in accordance with
the publication guidelines provided by the TCGA
database (www.cancergenome.nih.gov/publications/pub
licationlines).

2.2. Identification of differentially expressed
RNAs

The level three mRNA expression profiles of the STAD
patients and corresponding clinical data were obtained
from the TCGA-STAD dataset (up to Sep. 1, 2017).
TCGA database provided the normalized RNA
sequencing data, including IncRNA, miRNA, and
mRNA profiles from STAD patients. Data from each
sample included the RNAseq, miRNAseq, and corre-
sponding clinical data. We compared the STAD patients
and adjacent noncancerous tissues to identify the differ-
ential expression of IncRNA, miRNA, and mRNA by
using the edgeR package of R software [27] (version
3.4.3, 2017, https://www.r-project.org) with a rigorous
threshold as log2 fold change (FC) of > 2 and a false
discovery rate (FDR)-adjusted P-value of < 0.01 were
considered to be differentially expressed (DEIncRNA,
DEmiRNA, and DEmRNA, respectively). Heatmaps
and volcano plots of DEIncRNAs, DEmRNAs, and
DEmiRNAs were generated using the pheatmap (www.
rdocumentation.org/packages/pheatmap) and ggplot2
(www.ggplot.yhathq.com/) packages in R software [28]
and performed the hierarchical clustering analysis to
distinguish  statistically  significant  differentially
expressed RNAs (DERNAs). Kyoto Encyclopedia of
Genes and Genomes (KEGGQG) pathway enrichment
analyses were performed to detect the function of the
DEmRNASs with the clusterProfiler and visualized using
ggplot2 packages in R. The association between the
DEmRNAs, DEIncRNAs, and DEmiRNAs in the
ceRNA network and the overall survival (OS) of STAD
patients was analyzed by survival and gvalue packages
in R. Statistical significance was set at P < 0.05.

2.3. Construction of the ceRNA network

To determine putative IncRNA-miRNA-mRNA inter-
actions, we considered only the pool of dysregulated
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IncRNAs and mRNAs. Then, we identified the
miRNA seed sequences that function as shared (over-
lapping) binding sites for these IncRNAs and mRNAs.
IncRNA-miRNA interaction was predicted using the
miRcode (www.mircode.org/), a comprehensive,
searchable map of putative microRNA target sites in
the long noncoding transcriptome. The target genes of
DEmiRNAs, and the miRNA-mRNA binding site
were predicted using the starBase v2.0 (http://starbase.
sysu.edu.cn/). Subsequently, the target DEmRNAs of
DEmiRNA were predicted using miRDB (www.mirdb.
org), TargetScan (www.targetscan.org), and miRTar-
Base (mirtarbase.mbc.nctu.edu.tw) databases. To fur-
ther enhance the ceRNA network’s reliability, we
selected IncRNAs, which potentially interacted with
mRNAs in the miRNA predictions and TCGA-STAD
differential expression data. Then, cyToscape (v3.5.0;
www.cytoscape.org) was used to visualize and con-
struct the ceRNA network [29].

2.4. Gastric cancer patients and tissue
specimens

For the present study, a total of 178 samples, consist-
ing of GC tissues and their matched adjacent nontu-
mor tissues, were obtained from GC patients who
underwent surgical resections at Minhang Hospital,
Fudan University, between 2011 and 2019. None of
the patients received radiation therapy or chemother-
apy prior to surgery. Only histopathologically con-
firmed cases were included in this study. However,
patients who received chemo- or radiotherapy before
surgery and those with incomplete clinical data were
excluded from the study. For all patients, pathological
stages were determined according to the seventh edi-
tion American Joint Committee on Cancer (AJCC)
manual cancer staging system using available clinical
and pathologic tumor, node, and metastasis data. The
histopathological examination was performed for all
the specimens by two experienced pathologists. The
fresh tissue specimens were immediately frozen in lig-
uid nitrogen and stored at —80 °C until subsequent
RNA extraction. The present study was approved by
the Human Research Ethics Review Board of Min-
hang Hospital, and informed consent was also
obtained from all patients.

2.5. Gastric cancer cell lines and cell culture

The human GC cell lines (BGC-823, AGS, MGC-803,
HGC-27, MKN-45, and SGC-7901), the immortalized
gastric normal mucosal cell line (GES-1), human
umbilical vein endothelial cells (HUVECs), and human
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embryonic kidney (HEK) 293 FT cells were procured
from the Chinese Academy of Sciences (CAS) (Shang-
hai) Cell Bank. All cell lines were cultured in RPMI-
1640 medium (Hyclone, Logan, UT, USA) supple-
mented with 10% fetal bovine serum (FBS; Invitrogen)
in a humidified atmosphere of 5% CO, at 37 °C.
When the cells reached a confluence of > 90%, cells
were passaged and reseeded at an appropriate density.

2.6. Quantitative real-time PCR

Total RNA was extracted from GC tissues and
matched adjacent nontumor tissues and cells using
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) fol-
lowing the manufacturer’s protocol. The concentration
and purity of total RNA were measured on a Nan-
odrop spectrophotometer (Thermo Scientific, Wal-
tham, MA, USA). The high-quality cDNA was
synthesized using the Moloney Leukemia Virus Rev-
erse Transcriptase Kit (Promega, Madison, WI, USA)
following the manufacturer’s protocols. qRT-PCR was
performed to measure IncRNA and mRNA expression
with SYBR Green Mix (Promega) following the manu-
facturer’s instructions. The GAPDH was used as an
internal reference. miRNA expression was measured
by qRT-PCR using the All-in-One™ miRNA qRT-
PCR kit (GeneCopoeia, Carlsbad, CA, USA) and ABI
7500 fast real-time PCR system (Applied Biosystems,
Waltham, MA, USA). U6 snRNA was used as an
internal reference gene. The relative gene expression as
fold change was calculated using the 2724¢T. All
experiments were performed in triplicate. Primer
sequences used in this study are listed in Table S1.

2.7. Immunohistochemistry

SERPINE] protein expression was determined by
immunohistochemistry (IHC), and the extent of
immunological staining was semi-quantitatively ana-
lyzed as described previously. The formalin-fixed,
paraffin-embedded (FFPE) tissue samples were sec-
tioned at a thickness of 5 pm thickness. In brief, tissue
sections were deparaffinized in xylene and rehydrated
in an ethanol gradient. Antigen retrieval was per-
formed by heating the tissue sections at 100 °C in
sodium citrate buffer for 20 min. Subsequently, the
sections were incubated with anti-CD34 (cat.3569S,
CST 1:300) primary antibody at 4°C overnight, then
incubated with anti-HRP secondary antibody (Dako,
Glostrup, Denmark) at room temperature for 2 h. The
sections were stained with Mayer’s hematoxylin solu-
tion and examined under a microscope. Two indepen-
dent pathologists performed THC staining scoring. The
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staining intensity was scored as follows: 0 for negative
staining, 1 for weakly positive, 2 for moderately posi-
tive, and 3 for strongly positive. The positive propor-
tion of stained tumor cells was scored as follows: <5%
positive cells (score of 0+), 6% to 25% positive cells
(score of 1+), 26% to 50% positive cells (score of 2+),
>51% positive cells (score of 3+). To evaluate the
mean staining intensity of tumor samples, at least 100
cells from multiple tumor areas were analyzed. Cyto-
plasmic expression was scored for staining intensity
and proportion of tissue stained using a Histoscore
(H-score, from 0 to 300), using the formula: His-
toscore = 3 (I x Pi), where I = Intensity, Pi = percent-
age of positively stained tumor cells [30]. Scoring was
performed by two independent pathologists, blinded to
the clinical outcomes. For animal studies, subcuta-
neous tumors were harvested from nude mice, fixed in
formalin, embedded in paraffin, sectioned, and stained
as described in the IHC section.

2.8. Cell proliferation and colony formation
assays

Cell proliferation was determined using the Cell count-
ing kit-8 (CCK-8; Dojindo, Tokyo, Japan) assay.
Briefly, tumor cells were seeded into 96-well plates at
24 h post-transfection and incubated for 7 days. Sub-
sequently, cells were incubated for an additional 4 h
with 10 pL of CCK-8. Cell proliferation was measured
by absorbance at 450 nm with a microplate reader.
For colony formation, tumor cells were seeded into 6-
well plates at a density of 500 cells/well at 24 h post-
transfection and incubated at 37 °C with 5% CO,.
After 2 weeks, cells were fixed with methanol and
stained with 0.1% crystal violet for 1 h at RT. Colo-
nies were counted using Quantity One (Bio-Rad, Her-
cules, CA, USA). All experiments were performed
triplicate, and the mean values were calculated.

2.9. Lentivirus production and cell transfection

Two lentivirus vectors containing NKX2-1-AS1 short-
hairpin RNAs (shRNAs) were purchased from Gene-
Pharma (Shanghai, China) and transfected into GC
cell lines. NKX2-1-AS1-overexpressing or SERPINEI-
overexpressing pLVX-IRES-ZsGreen vector was pur-
chased from Takara Bio (Catalog no. 632187, CA,
USA). shRNA and empty vector were transfected into
the GC cell lines, respectively. At 48 h post-transfec-
tion, cells were incubated in 2 pg/mL puromycin for
2 weeks for selecting transfected cells with stable
knockdown or overexpression of NKX2-1-AS1. Trans-
fection efficiency was quantified by qRT-PCR. The

Molecular Oncology 15 (2021) 1234-1255 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd 1237

on behalf of Federation of European Biochemical Societies.



NKX2-1-AS1 promotes GC progression and angiogenesis

knockdown efficiencies of shNKX2-1-AS1-1 in AGS
and HGC-27 were 81% and 76%, respectively; the
knockdown efficiencies of shNKX2-1-AS1-2 in AGS
and HGC-27 were 55% and 75%, respectively. Hsa-
miR-145-5p mimic, hsa-miR-145-5p inhibitor, and neg-
ative control (NC) oligonucleotides were procured
from Ribobio (Guangzhou, China). GC cell lines were
transiently transfected with the above-mentioned
oligonucleotides and plasmids using Lipofectamine
3000 (Invitrogen), following the manufacturer’s
instructions.

2.10. Cell migration and invasion assays

To detect the migration and invasion potential, a tran-
swell migration assay (8-pum pore size; Corning Costar,
Cambridge, MA, USA) was performed. Briefly, nonad-
herent tumor cells cultured in serum-free RPMI-1640
medium were seeded into the upper chamber, and
RPMI-1640 medium supplemented with 20% FBS was
added into the lower chamber as a chemoattractant.
After 24 h to 48 h of incubation, the inserted mem-
branes were then fixed in methanol and stained with
0.1% crystal violet (Beyotime Institute of Biotechnol-
ogy, Shanghai, China). The upper surface of the mem-
branes was gently wiped, and cells migrating to the
bottom surface of the membrane were counted and
observed under the microscope. Similarly, the cell
invasion assay was performed, but with the addition
of a layer of Matrigel on the upper side of the tran-
swell membrane.

2.11. Cell cycle and cell apoptosis

For cell cycle analysis, cells were seeded in 6-well
plates at a density of 3 x 10° cells/well and incubated
overnight at 37 °C. Adherent cells were collected and
washed twice with PBS. After fixed in cold 70% etha-
nol at 4 °C overnight, the cells were incubated with
10 mg/mL RNase and 1 mg/mL propidium iodide (PI)
according to the manufacturer’s instructions. The cell
cycle was analyzed by flow cytometry (BD Biosciences,
San Diego, CA, USA), and the percentage of cells in
the GO/G1, S, and G2/M phases was determined using
Cell Quest acquisition software (BD Biosciences). For
apoptosis analysis, the annexin V/propidium iodide
assay was performed according to the manufacturer’s
instructions. In brief, cells were cultured in 2 mL cul-
ture medium in 6-well plates at 37 °C for 18-24 h.
Cells were then collected, washed twice in cold PBS,
centrifuged, and resuspended in 100 puL binding buffer
(BD Pharmingen) containing 5 uL. Annexin V-FITC
and 5 uL PI solution for 20 min in the dark. The
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stained cells were analyzed by flow cytometry (FACS
Calibur, BD Biosciences, San Jose, CA, USA) within
30 min after staining. The following criteria distin-
guished different subpopulations: Q1 (Annexin V-neg-
ative but PI-positive) as necrotic cells; Q2 (Annexin V/
PI-double-positive) as of late apoptotic cells; Q3
(Annexin V/PI-double negative), as live cells; Q4
(Annexin V-positive but Pl-negative), as early apop-
totic cells. The apoptotic rate was determined as the
percentage of early apoptotic (Q4) + late apoptotic
(Q2).

2.12. In vivo tumor formation

All the animal experiments were approved by the Ani-
mal Ethics Committee of Fudan University. Mice were
cared for in accordance with the National Institute of
Health (NIH) Guide for the Care and Use of Labora-
tory Animals. Four-week-old female BALB/c nude
mice were purchased from Shanghai SLAC Labora-
tory Animal Co., Ltd. Mice were housed under specific
pathogen-free conditions with a 12-h light/dark cycle
and provided ad libitum access to tap water and food.
AGS cells transfected with the NKX2-1-AS1 vector or
the empty vector or AGS cells transfected with the
shNKX2-1-AS1-1 or shRNA-NC were subcutaneously
injected into the right axillary of BALB/c nude mice.
Tumor volume was measured once every 4 days using
a Vernier caliper. Mice were monitored daily for
tumor growth and sacrificed 4 weeks postinjection.
Tumors and major organs were harvested, weighed,
and analyzed by qRT-PCR and IHC.

2.13. Fluorescence in situ hybridization

The AGS cells were fixed in 4% paraformaldehyde
(PFA) at room temperature for 15 min, followed by
PBS wash. Cells were then permeabilized with 0.5%
Triton X-100 at 4 °C for 15 min. Subsequently, cells
were incubated with digoxigenin (DIG)-labeled
NKX2-1-AS1 probes or Control-FISH probes at 55°C
for 4 h and washed with 2X PBS for 10 min. The sig-
nal was detected by horseradish peroxidase (HRP)-
conjugated anti-DIG secondary antibodies (Jackson,
West Grove, PA, USA). DAPI was used to counter-
stain nuclear. Olympus confocal laser scanning micro-
scope was used to obtain the images.

2.14. Luciferase reporter assays

The reporter vector pmirGLO-NKX2-1-AS1-WT was
constructed by cloning NKX2-1-AS1 ¢cDNA, which
contained a predictive binding site of miR-145-5p, into
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the pmirGLO Dual-Luciferase miRNA Target Expres-
sion Vector (Promega). The mutant NKX2-1-AS1 con-
taining point mutations of the miR-145-5p seed region
binding site was specifically synthesized and inserted
into the above-mentioned vector, which was designated
as pmirGLO-NKX2-1-AS1-Mut. HEK-293FT cells
were cultured into 96-well plates and co-transfected
with pmirGLO-NKX2-1-AS1-3’-UTR vectors, includ-
ing wild-type or mutant fragments and miR-145-5p,
mimic, and the pmirGLO vector was used as the NC.
To confirm the direct interaction of miR-145-5p and
SERPINE]I, wild-type and mutant SERPINE1 3’-UTR
fragments were amplified by qRT-PCR and cloned
into the pmirGLO vector (Promega) using the one-step
directed cloning kit (Novoprotein, Shanghai, China);
the resultant vectors were designated as SERPINEI-
WT and SERPINEI1-Mut, respectively. The miR-145-
Sp mimic was co-transfected with SERPINEI-WT or
SERPINE1-Mut vector into HEK-293FT cells using
Lipofectamine 3000 (Invitrogen). Using the Dual-Luci-
ferase Reporter Assay System (Promega), the luciferase
assay was performed at 48 h post-transfection accord-
ing to the manufacturer’s instructions. The relative
luciferase activity was normalized to Renilla luciferase
activity as a control for transfection efficiency. The
primers used for vector construction were provided in
Additional file 1: Table S1. Data were presented as the
mean =+ standard deviation (SD) of three independent
experiments performed in triplicate.

2.15. RNA binding protein immunoprecipitation
(RIP) analysis

The RIP assay was performed using a Magna RIP
RNA binding protein immunoprecipitation kit (Merck
Millipore, Billerica, MA, USA) according to the man-
ufacturer’s instructions. AGS and HGC-27 cells were
lysed in RIP buffer and then coupled with Ago2 anti-
body (ab32381; Abcam Inc., Cambridge, MA, USA)
or IgG antibody (ab172730; 1 : 5000; Abcam Inc.) and
incubated with magnetic beads. Subsequently, the
immunoprecipitated RNA was subjected to RT-qPCR.

2.16. In vitro tube formation assay

Using Matrigel’s tube formation assay, the angiogenic
potential of HUVEC cells was evaluated based on
their capacity to form tube-like structures in vitro [31].
Briefly, HUVEC cells were seeded in DMEM with
10% FBS for 24 h prior to transfection. Then, NKX2-
1-AS1-overexpressing vector and shNKX2-1-ASI1-1
were transfected into HUVEC for 24 h, as described
previously. Then, cells were harvested and cultured on
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the Matrigel-coated plates for 24 h. Calcein-AM (cat.
C326, Dojindo, Japan) was used to stain cells. Tube
formation was evaluated by fluorescence microscopy.
ImageJ (version 1.52a) was used to quantify the tube
length and number of branches.

2.17. Western blot assay

Total protein was extracted from the cultured cells
(1 x 10% on ice using RIPA buffer (Cell Signaling
Technology, Danvers, MA, USA) supplemented with a
protease inhibitors cocktail. Protein concentrations
were measured with the BCA Protein Assay Kit (Key-
GEN BioTECH, Nanjing, China). Total cytoplasmic
and nucleic proteins were extracted using the PROT-
TOT-1KT ProteoPrep kit (Sigma-Aldrich, St. Louis,
MO, USA). Equal amounts (30 pg) of protein from
individual samples were separated using SDS/PAGE
and transferred the proteins onto a polyvinylidene
difluoride (PVDF) membrane. Membranes were
blocked with 5% BSA in PBS. Subsequently, the mem-
brane was incubated with primary antibodies followed
by incubation with the corresponding secondary anti-
bodies. The target bands were visualized using the
Chemiluminescence Western Lightning Plus-ECL kit
(PerkinElmer, Waltham, Massachusetts, USA). Fol-
lowing primary antibodies were used: anti-SERPINEI1
(cat.11907, CST; 1 :1000), anti-VEGFR-2 (cat.9698,
CST; 1:1000), anti-p-VEGFR-2 (cat.2478, CST;
1 : 1000), anti-PLC-A (cat.5690, CST; 1 : 1000), anti-
p-PLC-A  (cat.8713, CST; 1 :1000), anti-Erkl/2
(cat.4695, CST; 1 :1000), anti-p-Erk1/2 (cat.4370,
CST; 1:1000), anti-P38 (cat.8690, CST; 1 : 1000),
anti-p-P38 (cat.4511, CST; 1:1000), anti-FAK
(cat.71433, CST; 1 :1000), anti-p-FAK (cat.8556,
CST; 1 :1000), anti-Src (cat.2109, CST; 1 : 1000),
anti-p-Src  (cat.6943, CST; 1:1000), anti-Akt
(cat.4685, CST; 1 :1000), anti-p-Akt (cat.4060, CST;
1 : 1000), anti-GAPDH (cat.51332, CST; 1 : 1000),
and HRP-conjugated goat anti-rabbit (cat.7074, CST;
1 : 3000) or anti-mouse IgG (cat.7076, CST; 1 : 3000)
antibodies.

2.18. Statistical analysis

All statistical analyses were performed using spss 23.0
(SPSS, Chicago, IL, USA) and GRAPHPAD PRISM 7
(GraphPad Prism, Inc., La Jolla, CA, USA). Data are
expressed as the mean + SD of three independent
experiments unless otherwise indicated. A two-tailed
Student z-test was used to analyze the differences
between the two groups. Comparisons among three or
more groups were assessed using one-way analysis of
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variance (ANOVA) followed by post hoc test through
Student—-Newman—Keuls test. A chi-square test or
Fisher’s exact test was used to evaluate the differences
between NKX2-1-AS1 expression and clinicopathologi-
cal characteristics. Survival analysis was performed
using the Kaplan—-Meier method and was compared
with the log-rank test. All tests were two-tailed, and a
P-value of < 0.05 was considered statistically signifi-
cant.

3. Results

3.1. Differentially Expressed RNAs (DERNAs) in
GC

The RNA-Seq dataset of 343 STAD patients and 30
adjacent nontumor samples were included in the pre-
sent study from the TCGA-STAD database; 1660
DEmRNAs (910/54.8% upregulated and 750/45.2%
downregulated), 102 miRNAs (85/83.3% upregulated
and 17/16.7% downregulated) and 1034 IncRNAs
(819/79.2% upregulated and 215/20.8% downregu-
lated) were identified (Fig. 1A—F). Using miRDB, Tar-
getscan, and miRTarBase, we determined the potential
binding miRNAs of all DEmRNAs, and considered
the intersection of these potential binding miRNAs
and DEmiRNAs, and identified 29 DEmiRNAs as the
research objective. Then, the 471 mRNAs that these
29 DEmiRNAs can bind to and a total of 1660
DEmRNAs were selected to intersect, and finally, 9
DEmRNAs were obtained as the research objective.
Nine intersecting mRNAs interacting with 10 DEmiR-
NAs were selected of the 471 predicted target mRNAs
and 1660 DEmRNAs and used to construct the
ceRNA network (Fig. 1G). To further elucidate the
potential functional implication of these 1660 DEmR-
NAs, KEGG pathway enrichment analysis was per-
formed. In addition, 15 pathways associated with
upregulated DEmRNAs and 28 pathways related to
downregulated DEmRNAs were identified. Notably,
the up- and downregulated DEmRNAs were primarily
enriched in biological processes (BP) and associated
with cell cycle and neuroactive ligand-receptor interac-
tion, respectively (Fig. 1H). To better understand the
mechanisms by which IncRNAs bind to miRNAs and
regulate mRNA expression in GC, a IncRNA-
miRNA-mRNA regulatory axis was extracted from
the ceRNA network involving 62 DEIncRNAs, 10
DEmiRNAS, and 9 DEmRNASs constructed by Cytos-
cape 3.5.0 (Fig. 11). Of note, some DEmRNAs includ-
ing Tribbles Pseudokinase 3 (TRIB3), Serpin Family E
Member 1 (SERPINE1), Mesoderm Specific Transcript

F. Teng et al.

(MEST), Kinesin Family Member 23 (KIF23), Trans-
membrane Protein 100 (TMEMI100), and AAA
Domain Containing 2 (ATAD?2) in the ceRNA net-
work were previously reported to be associated with
cancer. Next, the association between the differentially
expressed genes in the ceRNA network and the sur-
vival outcomes of GC patients was analyzed to iden-
tify the potential prognostic factors. We found that 9
of the 62 DEIncRNAs and 2 of the 9 DEmRNAsSs,
including NKX2-1-AS1 and SERPINEI, were signifi-
cantly associated with OS (Fig. 1J,K, and data not
shown). Given that the NKX2-1-AS1/miR145-5p/SER-
PINEl was the only ceRNA regulatory axis that
revealed a negative association with OS at both its
IncRNA and mRNA levels and that miR-145-5p was
expressed at a low level in cancer tissues, our data sug-
gested that the NKX2-1-AS1/miR-145-5p/SERPINEI
axis might have a potential role in predicting the prog-
nosis of GC patients.

3.2. Overexpression of NKX2-1-AS1 in GC

NKX2-1-AS1 expression in 178 paired tumor/nontu-
mor tissue from GC patients was determined by qRT-
PCR. Compared with nontumor tissues, GC tumor tis-
sues exhibited overexpression of NKX2-1-ASI
(P =10.0001) and SERPINEI expression (P = 0.0004)
and downregulation of miR145-5p expression
(P =0.0033; Fig. 2A—C). Further analysis of distinct
clinical subgroups revealed that overexpression of
NKX2-1-AS1 was significantly associated with
advanced TNM staging (stage III-IV) and lymph node
metastases (>6 positive lymph nodes) (Fig. 2D, E).
Although NKX2-1-AS1 expression was positively cor-
related with increased tumor size, higher infiltration of
peritumoral tissues, peritoneum dissemination, and
presence of distant metastasis, no statistically signifi-
cant differences were observed among these subgroups
(Additional file 2: Fig. SIA-D). Overall, the clinical
data indicated that overexpression of NKX2-1-AS1 is
associated with GC and may have a role in GC metas-
tasis and tumor progression.

3.3. Association of NKX2-1-AS1 and SERPINE1
overexpression with GC progression and
prognosis

To evaluate the prognostic value of NKX2-1-ASI
overexpression, we divided the expression levels in GC
patients into high-expression and low-expression
groups based on the median expression of NKX2-1-
ASI1 in GC patients. (Additional file 2: Fig. SIE). The
association of NKX2-1-AS1 expression with the OS
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Fig. 1. RNAseq data analysis of STAD samples retrieved from the TCGA database. (A-C) Clustered heat maps of differentially expressed
RNAs (DERNAs) in STAD tissues and adjacent nontumor tissues. Individual rows represent distinct RNAs, and columns represent distinct
samples. Differentially expressed IncRNAs, miRNAs, and mRNAs, in STAD and adjacent non-tumor tissues are defined by the standard of
log2FC > 2 and FDR < 0.01. FC, folds change; FDR, false discovery rate. (D-F) Volcano plots are used to evaluate changes in the
expression levels of (D) long noncoding RNAs, (E) microRNAs, and (F) mRNAs between GC tissues and normal adjacent tissues. The values
of the x- and y-axes indicate the normalized signal values of the group (log scaled). (G) Identification of 471 commonly differentially
expressed mMRNAs is defined as the targeted of 29 DEmiRNAs from three publicly profile datasets (miRDB, Targetscan, and miRTarBase).
The shared areas represent the most commonly altered mRNAs between DEmMRNAs and target mRNAs, which include SERPINE1. (H)
Enrichment analysis of differentially expressed mRNAs, based on the KEGG, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
databases (bar plot shows the enrichment scores of significantly enriched KEGG pathways). (I) INcRNA-mMiRNA-mRNA ceRNA network.
Green squares indicate downregulated miRNAs; green circles indicate downregulated mRNAs; and green diamonds indicate downregulated
IncRNAs. Orange squares indicate upregulated miRNAs; orange circles indicate upregulated mRNAs; and orange diamonds indicate

upregulated IncRNAs. (J, K) Kaplan-Meier survival curves for NKX2-1-AS1 and SERPINE1.

and progression-free survival (PFS) in GC patients
was investigated. The Kaplan-Meier analysis revealed
that patients with high expression of NKX2-1-AS1 in
tumor tissues exhibited significantly shorter 5-year OS
(40.52% vs. 58.89%, P =0.0051) and S-year PFS
(36.67% vs. 59.93%, P = 0.0019), than patients with
low NKX-2-1AS1 expression (Fig. 2F,G). Univariate
analysis revealed that OS and PFS were positively cor-
related with T, N, and TNM staging, presence of dis-
tant metastasis, tumor tissue infiltration, peritoneal
dissemination, and NKX2-1-AS1 overexpression
(P <0.01, Table 1). Multivariate analysis indicated
that NKX2-1-AS1 was an independent predictor for
OS and PFS (Table 1). Besides, TNM staging, distant
metastasis, and peripheral tumor tissue infiltration
were also found to be independent risk factors for OS
and PFS (Table 1). To determine the association
between SERPINEI expression and patient survival,
GC patients were divided into low SERPINEI] expres-
sion (0 + and 1+; n = 89) or high SERPINEI expres-
sion groups (2+ and 3+; n = 89), based on SERPINEI1
H-score in the corresponding tumor tissue specimens
(Fig. 2H). The median H-score (0.50) was considered
as the cutoff value for classifying all GC patients into
high- and low-expression groups (Additional file 2:
Fig. S1F). Compared with patients with low SER-
PINEI expression, those with high SERPINE1 expres-
sion exhibited shorter 5-year OS (39.48% vs. 60.68%,
P =0.0073) (Fig. 2I). Taken together, the results sug-
gested that NKX2-1-AS1 and SERPINEI may serve
as potential prognostic predictors in GC patients.

3.4. NKX2-1-AS1 overexpression regulates GC
cell proliferation, migration, and invasion

Considering that NKX2-1-AS1 upregulation was posi-
tively associated with GC progression and metastasis,
loss-of-function experiments were performed to con-
firm the effect of NKX2-1-AS1 on cell proliferation,
migration, and invasion of GC cells. The expression

level of NKX2-1-AS1 in all GC cells was significantly
higher than that of the immortalized gastric normal
mucosal cell-line GES-1. AGS and HGC-27 cells with
the highest and lowest NKX2-1-AS1 expression,
respectively, were used for further analysis (Fig. 3A).
shRINA against NKX2-1-AS1 was used to abrogate its
expression, and knockdown efficiency was assessed by
gRT-PCR (Fig. 3B). Cell count and colony formation
assays indicated that NKX2-1-AS1 knockdown inhib-
ited GC cell growth and colony formation (Fig. 3C,
D), both of which were reversed by NKX2-1-ASl
overexpression (Fig. 4A-C). Furthermore, NKX2-1-
ASI1 knockdown suppressed the migratory and inva-
sive characteristics of GC cells (Fig. 3E,F), both of
which were rescued by NKX2-1-AS1 overexpression
(Fig. 4D.E). Interestingly, there were no significant
changes in the cell cycle and apoptosis rate of GC cells
after NKX2-1-AS1 knockdown (Fig. 3G,H) or overex-
pression (Fig. 4F,G). Collectively, these findings sug-
gested that NKX2-1-AS1 overexpression regulated GC
cell growth, migration, and invasion in vitro; however,
it had no impact on GC cell cycle and apoptosis.

3.5. NKX2-1-AS1 regulates GC cell proliferation
and angiogenesis in vivo

To evaluate the effect of NKX2-1-AS1 on GC tissues
in vivo, AGS cells with stable overexpression of
NKX2-1-AS1 were subcutaneously injected into female
nude mice (Fig. 5A). As anticipated, xenograft tumors
were significantly larger and heavier in the AGS-
NKX2-1-AS1 group than in the negative control (NC)
group (Fig. 5B,C). Similarly, NKX2-1-AS1 shRNA-
transfected AGS cells were also injected subcuta-
neously in female nude mice, and it was observed that
the tumors were significantly smaller and lighter in the
shNKX2-1-AS1-1 group as compared to the shRNA—
NC group (Fig. SD,E). During necropsy, tumors
appeared paler in the sSiNKX2-1-AS1-1 group than in
the shRNA-NC group; based on this observation, we
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Fig. 2. Association of NKX2-1-AS1 and SERPINE1 overexpression with the progression and prognosis of GC. (A-C) Expression of NKX2-1-
AS1, miR-145-5p, and SERPINE1 detected by gRT-PCR in 178 paired GC tissues and adjacent nontumor tissues. Data are presented as the
relative expression in tumor tissues relative to adjacent nontumor tissues. (D, E) Relative expression of NKX2-1-AS1 in GC with different
TNM stages and the different number of positive regional lymph nodes. (F, G) Kaplan-Meier plots of the overall survival (OS) and
progression-free survival (PFS) of GC patients with high (n = 89) and low (n = 89) levels of NKX2-1-AS1 expression. The data shown are
the mean + SD (error bars). *P < 0.05, **P < 0.01, and ***P < 0.001. (H) Immunohistochemistry (IHC) staining of SERPINE1 in GC
patients; (a) tumor tissue with negative staining (IHC 0+); (b) tumor tissue with weak staining (IHC 1+); (c) tumor tissue with weak to
moderate staining (IHC 2+); (d) tumor tissue with strong staining (IHC 3+). (I) Kaplan-Meier plots of the OS of GC patients with high
(n=89) and low (n = 89) protein expression levels of SERPINE1. The data shown are the mean + SD (error bars). *P < 0.05, **P < 0.01
and ***P < 0.001.

hypothesized that NKX2-1-AS1 expression might be tumor specimens with NKX2-1-AS1 overexpression
associated with angiogenesis in GC tissue that may revealed enhanced CD34 expression, which was
affect tumor growth and progression. IHC staining in reversed by NKX2-1-AS1 knockdown (Fig. SF-H).
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Table 1. Univariate and multivariate Cox regression analysis of NKX2-1-AS1 and survival in patients with gastric cancer. Cl, confidence

interval; HR, hazard ratio; TNM, tumor node metastasis.

Univariate analysis

Multivariate analysis

Clinical variables HR 95% CI P value HR 95% ClI P value
Overall survival

Gender (male vs. female) 0.736 0.498-1.196 0.276

Age (>60y vs. <60y) 0.949 0.621-1.448 0.936

Tumor location (down vs. upper/middle) 0.806 0.518-1.267 0.293

Tumor size (>5 cm vs. <5 cm) 1.521 1.020-2.276 0.134

Differentiation (poor vs. moderate/well) 1.845 0.937-3.745 0.071

T stage (T3-T4 vs. T1-T2) 4.245 1.640-11.018 0.005

N stage (N2-N3 vs. NO-N1) 2.317 1.287-3.546 0.002

TNM stage (II-IV vs. 1I-]) 3.898 2.136-6.945 <0.001 2.745 1.575-5.136 0.004
Distant metastasis (yes vs. no) 3.389 1.955-5.896 <0.001 2.054 1.201-3.634 0.008
Infiltration of peritumoral tissues (yes vs. no) 2.753 1.743-3.845 <0.001 1.934 1.245-3.121 0.003
Peritoneum dissemination (yes vs. no) 3.834 2.034-7.145 <0.001

NKX2-1-AS1 expression (high vs. low) 0.358 0.261-0.448 <0.001 0.383 0.297-0.501 0.005
Progression-free survival

Gender (male vs. female) 0.856 0.534-1.319 0.390

Age (>60y vs. <60y) 0.813 0.498-1.289 0.359

Tumor location (down vs. upper/middle) 0.764 0.491-1.125 0.163

Tumor size (>5 cm vs. <5 cm) 1.296 0.759-1.868 0.387

Differentiation (poor vs. moderate/well) 1.176 0.618-2.065 0.721

T stage (T3-T4 vs. T1-T2) 5.780 1.792-17.265 0.003

N stage (N2-N3 vs. NO-N1) 2.578 1.389-4.179 0.002

TNM stage (llI-IV vs. 1I-1) 3.619 1.895-6.191 <0.001 2.571 1.378-4.701 0.002
Distant metastasis (yes vs. no) 3.197 1.765-5.329 <0.001 1.921 1.102-3.397 0.037
Infiltration of peritumoral tissues (yes vs. no) 2.486 1.576-3.793 <0.001 1.846 1.138-2.878 0.009
Peritoneum dissemination (yes vs. no) 2.354 1.104-4.943 0.039

NKX2-1-AS1 expression (high vs. low) 0.319 0.223-0.407 <0.001 0.337 0.227-0.438 0.001

The bold type represents P values smaller than 0.05.

These findings strongly suggested that NKX2-1-ASI
was associated with enhanced growth and increased
angiogenesis in GC in vivo.

3.6. NKX2-1-AS1 act as a ceRNA of miR-145-5p
in GC

To further elucidate the regulatory mechanism of
NKX2-1-AS1 in GC, the subcellular localization of
NKX2-1-AS1 was determined by FISH. As illustrated
in Fig. 6A, the NKX2-1-AS1 transcript was predomi-
nantly localized to the cytoplasm. Cytoplasmic
IncRNAs are known to function as ceRNAs that
attenuate the negative regulation of target mRNAs by
sponging miRNAs [32]. Based on our TCGA data
analysis and validation of clinical samples, we hypoth-
esized that NKX2-1-AS1, miR-145-5p, and SER-
PINEl might be involved in a regulatory ceRNA
network. We predicted the binding sites between
NKX2-1-AS1 and miR-145-5p (Fig. 6B) and between
miR-145-5p and SERPINEI (Fig. 6C) using miRcode

and StarBase, respectively. To validate our hypothesis,
AGS and HGC-27 cells were transfected with miR-
145-5p mimic or inhibitor (Fig. 6D) to up- and down-
regulate miR-145-5p expression, respectively. Notably,
NKX2-1-AS1 knockdown significantly upregulated the
expression of miR-145-5p. Conversely, under- and
overexpression of miR-145-5p markedly up- and
downregulated the expression of NKX2-1-AS1, respec-
tively (Fig. 6E,F). Meanwhile, we also identified that
NKX2-1-AS1 expression and miR-145-5p expression
were significantly negatively correlated in GC tis-
sues (Fig. 6G). To identify the direct evidence of
interaction between NKX2-1-AS1 and miR-145-5p,
NKX2-1-AS1 was subcloned with a wild-type (NKX2-
1-AS1-WT) or mutated (NKX2-1-AS1-Mut) miR-145-
5p binding site into a dual-luciferase reporter. As
depicted in Fig. 6H, after co-transfection with miR-
145-5p mimic, the relative luciferase activity of NKX2-
1-AS1-WT in HEK293FT cells was significantly
reduced, but the luciferase activity of NKX2-1-AS1-
Mut remained unchanged, demonstrating that
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Fig. 3. NKX2-1-AS1 knockdown inhibits GC cell proliferation, migration, and invasion. (A) gRT-PCR analysis of the expression of NKX2-1-AS1
in six GC cell lines and the immortalized gastric normal mucosal cell line (GES-1). (B) gRT-PCR analysis of the expression of NKX2-1-AS1 in
AGS and HGC-27 cells, transfected with two independent shRNAs targeting NKX2-1-AS1. (C) Cell proliferation assay in AGS and HGC-27
cells following knockdown of NKX2-1-AS1. (D-H) Representative images of the colony formation (scale bar = 500 pm), transwell (scale
bar = 100 um), cell cycle assay, and apoptosis assays in AGS and HGC-27 cells following transfection with shNKX2-1-AS1-1 or shNKX2-
1-AS1-2. The data shown are the mean + SD (error bars, n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001.

miR-145-5p was a direct target of NKX2-1-ASl.
Together, the data indicated that NKX2-1-AS1 acts as
a ceRNA that regulates miR-145-5p.

3.7. NKX2-1-AS1 promotes angiogenesis in GC
tissue by targeting miR-145-5p/SERPINE1

miRNA-mediated regulation of protein expression is
accomplished by inhibiting mRNA translation or
degradation of mRNAs [33]. Based on our RNAseq
analysis and binding site predictions, miR-145-5p is
predicted to bind to both SERPINEl and MEST
(Fig. 1I). Of these two upregulated mRNAs, SER-
PINEI overexpression was negatively correlated with
the survival of GC patients. Luciferase assay revealed
that miR-145-5p could directly bind to complementary
sequences in the 3’-UTR of SERPINEI (Fig. 7A).
Furthermore, we observed that SERPINEI expression
was correlated with that of NKX2-1-AS1 (Fig. 7B).
Consistently, the miR-145-5p inhibitor could partially
rescue the inhibitory effect of NKX2-1-AS1 on SER-
PINEI expression (Fig. 7C). Similarly, AGS cells co-
transfected with miR-145-5p mimic and pLVX-SER-
PINEI partially restored the expression of SERPINE1
as compared with cells transfected with miR-145-5p
mimic only (Fig. 7D). At the same time, rescue of
SERPINE1 expression in NKX2-1-AS1 knockdown
GC cells is able to restore, or even to promote, the
ability of growth, migration, invasion in GC cells
(Additional file 3: Fig. S2A-C). The RIP assay
revealed that NKX2-1-AS1, miR-145-5p, and SER-
PINE1 were significantly enriched in the anti-Ago2
group as compared to the NC (anti-IgG) group
(Fig. 7E, F). Using the tube formation assay, we
established that HUVECs with high expression of
NKX2-1-AS1 produced a significantly increased num-
ber of vascular structures in a short period. In con-
trast, HUVEC cells with low expression of NKX2-1-
AS1 exhibited significantly poor angiogenic ability
compared to the NC group (Fig. 7G-I). Meanwhile,
compared with HGC-27, the expression of NKX2-1-
AS1 in HUVEGC: is significantly lower, while a signifi-
cantly high expression of SERPINEI was observed in
NKX2-1-AS1-overexpressed HUVECs (Additional file

3: Fig. S2D, E). Furthermore, HUVECs co-cultured
with AGS exhibited enhanced proliferation compared
with HUVECs in a single culture (Fig. 7J). Besides,
HUVECs co-cultured with AGS that overexpressed
both NKX2-1-AS1 and SERPINE exhibited higher
proliferative capabilities than those co-cultured with
NKX2-1-AS1  knockdown (Fig. 7K). Collectively,
these findings demonstrated that the effect of NKX2-
1-AS1 in GC angiogenesis was predominantly medi-
ated through the miR-145-5p/SERPINEI] axis.

3.8. NKX2-1-AS1/miR-145-5p/SERPINE1 axis
regulates GC proliferation, metastasis, invasion,
and angiogenesis via activation of the VEGFR-2
signaling pathway

SERPINE!I was reported to play a crucial role in tis-
sue angiogenesis. Thus, to determine whether NKX2-
1-AS1/miR-145-5p regulated the canonical VEGFR-2
signaling via SERPINEI, the expression and phospho-
rylation status of key proteins in the VEGFR-2 signal-
ing pathway were analyzed in GC cells following
NKX2-1-AS1 overexpression or knockdown. Using
Western blot assays, angiogenesis-related VEGFR-2,
proliferation-related PLCyl and ErK1/2, migration-re-
lated p38, FAK, and Src, as well as survival-related
Akt proteins, were analyzed. The results revealed that
NKX2-1-AS1 knockdown and overexpression exhib-
ited no significant effect on total protein expression. In
contrast, NKX2-1-AS1 knockdown caused reduced
protein phosphorylation, whereas NKX2-1-AS1 over-
expression resulted in increased protein phosphoryla-
tion, suggesting an active role of NKX2-1-AS1 in the
regulation of VEGFR-2 signaling (Fig. 8A). Similar
findings were obtained in HUVECS co-cultured with
AGS cells (Fig. 8B). Meanwhile, rescue of SERPINEI
expression in NKX2-1-AS1 knockdown AGS cells is
able to restore, or even to increase, the expression of
p-ERK, p-FAK, p-Akt, p-Src in AGS cells (Additional
file 3: Fig. S2F). Overall, these findings confirmed our
hypothesis that the NKX2-1-AS1/miR-145-5p/SER-
PINELI axis regulated GC cell proliferation, metastasis,
invasion, and angiogenesis through the activation of
the VEGFR-2 signaling pathway.
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Fig. 4. NKX2-1-AS1 overexpression promotes cell proliferation, migration, and invasion. (A) Expression of NKX2-1-AS1 is detected by qRT-
PCR in AGS and HGC-27 cells with NKX2-1-AS1 overexpression. (B-E) Proliferation, migration, and invasion assays using AGS and HGC-27
cells with NKX2-1-AS1 overexpression, by the cell proliferation and transwell assays (scale bars = 100 um). F, G Representative images of
cell cycle and apoptosis assays in AGS and HGC-27 cells following NKX2-1-AS1 overexpression. The data shown are the mean + SD (error

bars, n=3). *P < 0.05, **P < 0.01 and ***P < 0.001.

4. Discussion

Dysregulation of IncRNA expression has been recently
associated with GC and other gastrointestinal cancers
[34]. An increasing number of recent studies have
revealed the role of IncRNAs in regulating crucial can-
cer-associated pathways both at transcriptional and at
post-transcriptional levels. However, for the majority
of the annotated IncRNAs, the functional relevance
remains enigmatic. Evidence indicates that NKX2-1-
AS1, a IncRNA, suppresses the migration of human
carcinoma cells by negatively regulating CD274/PD-L1
and cell-cell interaction genes [13]. In addition, the
close proximity of NKX2-1-ASI to the NKX2-1 tran-
scription factor has been associated with the progres-
sion of GC [35]. The present study indicated that
NKX2-1-AS1 expression is significantly upregulated in
GC, promoting cell proliferation and supporting
angiogenesis, both in vitro and in vivo. Furthermore,
in vitro experiments showed a positive correlation of
NKX2-1-AS1 with metastasis and invasion potential.
Taken together, the results suggested that NKX2-1-
AS1 promotes GC progression and may serve as a
potential candidate diagnostic and prognostic biomar-
ker for GC.

Accumulating studies have suggested that the bio-
logical functions of IncRNAs are largely dependent on
their distinct unique subcellular localization [36]. Cyto-
plasmic IncRNAs can function as mRNA decoys and
modulate mRNA export, stability, localization, trans-
lation, and influence signal transduction pathways to
regulate cellular metabolism [32]. Previously, the miR-
145 has been reported to inhibit GC cell migration
and metastasis, likely due to the suppression of myosin
VI (MYOG6) expression [37]. Using bioinformatic anal-
yses, luciferase reporter assay, and RIP assay, this
study demonstrated that NKX2-1-AS1 could directly
bind and inhibit miR-145-5p expression and indicated
that miR-145-5p expression was significantly downreg-
ulated and negatively correlated with NKX2-1-AS1
expression in GC cells. The under-expression of miR-
145-5p, due to the ceRNA nature of NKX2-1-ASI,
alleviated the downregulation of SERPINEI, thereby
promoted GC progression. A similar ceRNA-related
mechanism has been reported in nasopharyngeal can-
cer, wherein MACCI antisense RNA 1 (MACCI1-ASI1)
acts as a molecular sponge of miR-145 [38]. Recent

studies have unveiled the role of miRNAs in cancer as
crucial modulators of signal transduction, leading to
either translational inhibition or degradation of
mRNAs [8].

It is well established that tumor angiogenesis is a
key mechanism in promoting tumor growth, invasion,
and metastasis [39]. An increasing number of studies
indicated that miRNAs interact with several mRNA
targets of the VEGF-A pathway and regulate GC-re-
lated angiogenesis [40]. Conversely, miR-145 has been
shown to inhibit GC cell invasion, metastasis, and
angiogenesis by targeting v-ets erythroblastosis virus
E26 oncogene homolog 1 (ETS1) [41]. Moreover, inhi-
bition of miRNA-mediated SERPINEI1 suppresses
tumor angiogenesis, regardless of the angiogenic stim-
uli, in malignant pleural mesothelioma [42]. In the pre-
sent study, we found that SERPINEI as a direct
target of miR-145-5p. Further analysis revealed that
the loss of SERPINEI inhibition by miR-145-5p sig-
nificantly enhanced the activity of the VEGFR-2 path-
way. Similarly, the VEGFR-2 pathway was
significantly activated in GC cells overexpressing
NKX2-1-AS1. Besides SERPINE]1 and MEST mRNA,
which exhibits potential miR-145-5p binding sites,
were also significantly downregulated in GC on the
basis of TCGA data. However, MEST overexpression
was not associated with the prognosis of GC patients,
and no significant differential expression was observed
between tumor and nontumor tissues in the samples
analyzed by this study (data not shown). Thus, we
hypothesized that miR-145-5p regulated SERPINEI
expression in GC. By tube formation assay and co-cul-
ture of GC cells with HUVECs, the present study pro-
vided evidence of direct interaction of NKX2-1-ASI
and SERPINEI in ameliorating the proliferation of
vascular endothelial cells, further confirming its crucial
role in angiogenesis. During the proliferation of GC
cells, we also observed that GC cells with high expres-
sion of NKX2-1-AS1 exhibited stronger proliferation
activity. However, in cell cycle experiments, we did not
observe statistically significant differences between GC
cells with high NKX2-1-AS1 expression and the con-
trol group. This may be attributed to the fact that we
counted the proportion of each cycle; however, we did
not evaluate the overall cycle rate. In future research,
we will consider including the cell cycle rate to explain
this concern better. Taken together, the findings of the
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Fig. 5. NKX2-1-AS1 regulates GC cell proliferation and angiogenesis in vivo. (A) Upper panel: AGS cells transfected with an NKX2-1-AS1
expression vector or empty vector and shNKX2-1-AS1-1 or shRNA-NC were injected into the right armpit of BALB/c nude mice. Bottom
panel: Representative images of xenograft tumors. (B, C) Volume and weight of the tumor xenograft in NKX2-1-AS1 overexpressing group
and control group. (D, E) Weight and volume of the tumor xenograft in the NKX2-1-AS1 knockdown group and control group. (F)
Representative IHC staining images of CD34 in corresponding xenograft specimens (scale bar = 50 um). (G, H) Statistical analyses of H-
score of CD34 expression in corresponding xenografts. Error bars: mean + SD from three independent experiments. The data shown are
the mean + SD (error bars). *P < 0.05, **P < 0.01 and ***P < 0.001.
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present study indicated that the NKX2-1-AS1/miR-
145-5p axis activated the VEGFR-2 signaling path-
ways via the upregulation of SERPINE] expression in
GC.

VEGFR-2 is mainly expressed by both vascular
endothelial and GC cells. Conversely, SERPINE1 pro-
teins are mainly found in the cytoplasm and are

directly associated with extracellular matrix remodel-
ing. This suggests that SERPINEI proteins are trans-
ported out of GC cells, possibly via exosomes, and act
on the tumor microenvironment to promote GC tissue
angiogenesis and enhance GC cell proliferation and
metastasis (Fig. 8C). Collectively, the present study
highlighted the significance of NKX2-1-AS1 as a
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exact drivers of SERPINEI localization remain to be
elucidated; thus, further mechanistic studies underlying
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Fig. 7. NKX2-1-AS1 expression promotes GC tissue angiogenesis by targeting miR-145-5p/SERPINE1. (A) Luciferase reporter assay in HEK-
293FT cells co-transfected with the wild-type (WT) or mutated (Mut) SERPINE1 3'-UTR reporter vector and miR-145-5p mimic. (B) Relative
expression of SERPINET mRNA in AGS cells with NKX2-1-AS1 knockdown and HGC-27 cells with NKX2-1-AS1 overexpression. (C) gRT-PCR
analysis of SERPINE1 expression in AGS cells following transfection with shRNA targeting NKX2-1-AS1 and/or inhibition of miR-145-5p. (D)
gRT-PCR analysis of SERPINE1 expression in AGS cells following the ectopic expression of miR-145-5p and/or pLVX-SERPINE1 expression
vector lacking the 3'-UTR. (E, F) RIP assay for detecting the binding capacity of NKX2-1-AS1, miR-145-5p, and SERPINE1 to anti-Ago2 in
AGS and HGC-27 (anti-lgG was used as control). (G) Tube formation assay evaluates the angiogenic capacity of HUVEC cells with
overexpression or knockdown of NKX2-1-AS1 (scale bar = 250 um). (H, 1) Quantitative analysis of the tube length and number of branches
in the tube formation assay. (J) CCK-8 assay to detect HUVEC cell proliferation when cultured alone and co-cultured with AGS cells. (K)
NKX2-1-AS1 knocked down or overexpressed, or SERPINET overexpressed AGS cells were co-cultured with HUVECs cells; CCK-8
experiment was used to detect HUVECs cells proliferation activity. The data shown are the mean + SD (error bars, n=3). n.s, not
significant, *P < 0.05, **P < 0.01 and ***P < 0.001.
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Fig. 8. The NKX2-1-AS1/miR-145-5p/SERPINE1 axis regulates GC metastasis, invasion, and angiogenesis via activation of VEGFR-2 signaling
pathway. (A) Western blot assay was used to detect the expression of SERPINE1, VEGFR-2, p-VEGFR-2, PLC-:, p-PLC-)A, Erk1/2, p-Erk1/2,
P38, p-P38, FAK, p-FAK, Src, p-Src, Akt, and p-Akt proteins in AGS and HGC-27 cells transfected with or without shRNA-NC, shNKX2-1-
AS1-1, vector-NC, or NKX2-1-AS1. Numbers correspond to protein quantification, using GAPDH as a loading control. (B) After HUVECs cells
were co-cultured with corresponding AGS or HGC-27 cells with or without transfection for 7 days, the content of VEGFR-2 and p-VEGFR-2
protein was determined. GAPDH serves as an internal reference. (C) Schematic representation of the regulatory mechanism associated with
the NKX2-1-AS1/miR-145-5p/SERPINE1 axis in promoting GC cell proliferation, metastasis, and angiogenesis.
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SERPINE1-VEGFR-2 interaction are warranted fur-
ther to clarify the implication of this interaction in GC
progression.

5. Conclusion

In summary, this study revealed that NKX2-1-AS1
upregulation was frequently associated with GC and
might serve as an independent prognostic biomarker in
GC. Furthermore, NKX2-1-AS1 promoted cell prolif-
eration and tumor angiogenesis in GC both in vitro
and in vivo. The present study also highlighted the
molecular mechanisms by which NKX2-1-AS1 directly
targets miR-145-5p to upregulate SERPINEI and acti-
vate the VEGFR-2 signaling pathways that promoted
tumor progression and angiogenesis in GC cells
(Fig. 8C). Collectively, this study suggested that
NKX2-1-AS1 might serve as a new prognostic indica-
tor and a potential therapeutic target for GC.
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