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Abstract
Background Long non-coding RNAs (lncRNAs) are increasingly investigated in numerous carcinomas containing gastric 
cancer (GC). The aim of our research is to inquire about the expression profile and role of LBX2-AS1 in GC.
Methods The expressions of LBX2-AS1, miR-219a-2-3p, FUS and LBX2 were measured by qRT-PCR. Western blot evalu-
ated FUS and LBX2 protein levels. Cell proliferation and apoptosis were, respectively, evaluated by CCK-8, colony formation, 
EdU, flow cytometry and TUNEL assays. FISH and subcellular fractionation assays examined the position of LBX2-AS1. 
The binding between genes were certified by RIP, RNA pull-down, ChIP and luciferase reporter assays. Pearson correlation 
analysis analyzed the association of genes. Kaplan–Meier method detected the relationship of LBX2-AS1 expression with 
overall survival.
Results The up-regulation of LBX2-AS1 in GC tissues and cells was verified. Function assays proved that LBX2-AS1 
down-regulation restricted the proliferation ability. Then, we unveiled the LBX2-AS1/miR-219a-2-3p/FUS axis. Addition-
ally, LBX2-AS1 positively regulated LBX2 mRNA stability via FUS. LBX2 transcriptionally modulated LBX2-AS1. In the 
end, rescue and in vivo experiments validated the whole regulatory mechanism.
Conclusion LBX2-AS1/miR-219a-2-3p/FUS/LBX2 positive feedback loop mainly affected the proliferation and apoptosis 
abilities of GC cells, offering novel therapeutic targets for the treatment of patients with GC.

Keywords Gastric cancer (GC) · LBX2 antisense RNA 1 (LBX2-AS1) · miR-219a-2-3p · Fused in sarcoma (FUS) · 
Ladybird homeobox 2 (LBX2)

Introduction

Gastric cancer (GC) is a prevalent malignancy and also one 
of the leading causes of cancer-generated death all around 
the world [1–3]. Like other carcinomas, GC is featured by 
infinite cell proliferation and tumor growth, which is attrib-
uted to the promotive influences of oncogenic regulators and 
the inhibitory influences of tumor-suppressive regulators 
[4–6]. In the current time, the main treatment methods for 
GC patients are surgical operation, chemotherapy and radio-
therapy [7, 8]. Considering the low diagnosis rate and high 
recurrence rate of GC, it is imperative to investigate more 
GC therapeutic targets to fight against the serious disease 
for human beings.

It is noted that dysregulation of non-coding RNAs 
(ncRNAs) exerts pivotal properties in human tumors, GC 
included. For example, lncRNA GHET1 overexpression 
predicts a dismal survival rate and clinical parameters 
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of patients in different cancers [9]. LINC00441 binds to 
DNMT1 to modulate the methylation of RB1 in GC [10]. 
FER1L4/miR-372/E2F1 axis serves as a ceRNA model 

to affect the proliferation and cell cycle in glioma [11]. 
LncRNA UCA1 enhances tumor metastasis by targeting 
miR-203/ZEB2 pathway in gastric cancer [12]. In this 
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paper, LBX2 antisense RNA 1 (LBX2-AS1), a newly 
reported carcinogenic lncRNA in esophageal squamous 
cell carcinoma, was probed [13]. The expression profiling 
and function role of LBX2-AS1 in GC has barely been 
explored till now.

Fused in sarcoma (FUS) has been shown to be onco-
genic in numerous tumors, promoting cell proliferation and 
inhibiting cell apoptosis [14, 15]. For instance, NEAT1 is 
needed for the survival of breast cancer cells by miR-548/
FUS pathway [16]. A cytoplasmic lncRNA LINC00470 
acts as a AKT activator to promote glioblastoma cell 
autophagy [17]. LncRNA XIST facilitates cervical cancer 
progression through upregulation of FUS by competitive 
binding to miR-200a [18]. However, more detailed mecha-
nisms around FUS involved in cancers are unclear.

The purpose of our research is to investigate the expres-
sion and molecular mechanism of LBX2-AS1 in GC. In 
consistent with the high expression of LBX2-AS1 in 
stomach adenocarcinoma (STAD) tissues, LBX2-AS1 was 
higher in GC tissues and cells. LBX2-AS1 silencing sup-
pressed cell proliferation and exacerbated apoptosis. Based 
on the cytoplasm location of LBX2-AS1, we detected the 
LBX2-AS1/miR-219a-2-3p/FUS axis in GC. Additionally, 
LBX2-AS1 was found to positively regulate LBX2 via 
FUS. Meanwhile, LBX2 was proved to transcriptionally 
modulate LBX2-AS1. Eventually, rescue assay and in vivo 
experiments validated the whole regulatory mechanism.

Materials and methods

Tissue samples and cell lines

40 pairs of human GC tissues and adjacent normal tissues 
were acquired from GC patients who were diagnosed at 
the First Affiliated Hospital of Zhengzhou University. The 
experiment was permitted by the Research Medical Ethics 
Committee of the First Affiliated Hospital of Zhengzhou 
University and the written informed consent was signed 
by each GC patient. Prior to surgery, none of the patients 
was exposed to chemotherapy or radiotherapy. Harvested 

tissues were immediately snap-frozen at − 80 °C in liq-
uid nitrogen and kept until RNA extraction. This work 
was carried out obeying the Ethical requirements of the 
Declaration of Helsinki. Human gastric mucosa epithelial 
cell (GES-1) and GC cells (MGC-803, BGC-823, SGC-
7901, AGS) were obtained from the Chinese Academy of 
Sciences (Shanghai, China) and cultivated in RPMI-1640 
medium (Thermo Fisher Scientific, Waltham, MA, USA) 
with 10% FBS (Gemini Bioproducts, Calabasas, CA) in a 
moist condition with 5%  CO2 at 37 °C.

Cell transfection

AGS and SGC-7901 cells were plated into 6-well plates 
and grown to 80% confluence. Cells were transfected with 
shRNAs against LBX2-AS1 (shLBX2-AS1#1/2/3), FUS 
(shFUS#1/2/3) and LBX2 (shLBX2) and negative controls 
(shNCs) for RNA interference. shRNAs’ sequences were 
shown as follows: shNC: CCG CCT TAA TGT GCA ATA 
AAG CAG CCT CGA GGC TGC TTT ATT GCA CAT TAA 
GTT TTTG; shLBX2-AS1#1: CCG CGG AAT GTT TGC 
TGA ATT AAT GCT CGA GCA TTA ATT CAG CAA ACA TTC 
CTT TTTG; shLBX2-AS1#2: CCG CCC ATT TGT TTT TTA 
GAC TTC TCT CGA GAG AAG TCT AAA AAA CAA ATG 
GTT TTTG; shLBX2-AS1#3: CCG CCA AGT TAT AAA 
ACT ATA ATG CCT CGA GGC ATT ATA GTT TTA TAA CTT 
GTT TTTG; shFUS#1: CCG CGA TAA TTC AGA CAA CAA 
CAC CCT CGA GGG TGT TGT TGT CTG AAT TAT CTT 
TTTG; shFUS#2: CCG CGC TAA AGC AGC TAT TGA CTG 
GCT CGA GCC AGT CAA TAG CTG CTT TAG CTT TTTG; 
shFUS#3: CCG CCT ATG TAA TTG TAA CTA TAC CCT CGA 
GGG TAT AGT TAC AAT TAC ATA GTT TTTG; shLBX2: 
CCG CGT CTT CAA TCG TCC ACC TGT ACT CGA GTA 
CAG GTG GAC GAT TGA AGA CTT TTTG. The pcDNA3.1 
vector expressing LBX2 or FUS and the empty pcDNA3.1 
vector, as well as miR-219a-2-3p mimics and NC mimics 
were utilized for RNA overexpression. All above plasmids 
were bought from Genechem (Shanghai, China). Cells were 
reaped at 48 h after transfection using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA).

Quantitative real‑time PCR (qRT‑PCR)

qRT-PCR was conducted as before [19]. GAPDH and U6 
acted as the endogenous normalizations. PCR primers were 
listed as follows: LBX2-AS1 (Forward): AGT TTG TCC CAG 
GTT TGG CA; LBX2-AS1 (Reverse): CAT GCC AGG GTC 
CTT GTT CT; FUS (Forward): CTA TGG ACA GCA GGA 
CCG TG; FUS (Reverse): CCT CTG GGT TCA TAG CCA 
CC; miR-219a-2-3p (Forward): AGA AUU GUG GCU GGA 
CAU CUGU; miR-219a-2-3p (Reverse): CTC TAC AGC TAT 
ATT GCC AGC CAC; LBX2 (Forward): TAA GCT GCA CAG 

Fig. 1  LBX2-AS1 depletion negatively regulated GC cell prolif-
eration and positively modulated apoptosis. a, b LBX2-AS1 was 
upregulated in GC tissue samples from TCGA dataset or resected GC 
tumor tissues. c Kaplan–Meier analysis showed that high LBX2-AS1 
expression predicted poor prognosis of GC patients. d Upregulation 
of LBX2-AS1 in GC cells. e LBX2-AS1 expression was weakened 
with the specific shRNAs transfection in AGS and SGC-7901 cells. f, 
h CCK-8, colony formation and EdU assays presented the inhibition 
of shLBX2-AS1#1 on proliferative ability of AGS and SGC-7901 
cells. i, j Flow cytometry and TUNEL assay presented that LBX2-
AS1 knockdown induced more apoptotic GC cells. Results were 
expressed as the mean ± SD. *P < 0.05, **P < 0.01

◂
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GAC TTC CG; LBX2 (Reverse): CAG GTG GTC ACT TGG 
TTC CA; GAPDH (Forward): CCA CAT CGC TCA GAC ACC 
AT; GAPDH (Reverse): TGA CAA GCT TCC CGT TCT CA; 
U6 (Forward): CTC GCT TCG GCA GCACA; U6 (Reverse): 
AAC GCT TCA CGA ATT TGC GT.

Bioinformatics analysis

Through browsing GEPIA (http://gepia .cance r-pku.cn/
index .html), the relatively high expression of LBX2-AS1 in 
multiple malignancies, including stomach adenocarcinoma 
(STAD) was observed and identified. MiRNAs that had com-
plementary binding sites with LBX2-AS1 were predicted 
from starBase v(http://starb ase.sysu.edu.cn/). Downstream 
target mRNAs of miR-219a-2-3p were also obtained from 
starBase. DNA motif of LBX2 and its binding sites with 
LBX2-AS1 promoter were downloaded from JASPAR 
(http://jaspa r.gener eg.net/). The cytoplasmic or nuclear loca-
tion of LBX2-AS1 was analyzed using lnclocator (http://
www.csbio .sjtu.edu.cn/bioin f/lncLo cator /). Genomic posi-
tion of LBX2 or LBX2-AS1 was identified by screening 
UCSC genome browser (http://genom e.ucsc.edu/).

Actinomycin D assay

Transfected cells were treated with Actinomycin D (Sigma-
Aldrich) and analyzed by qRT-PCR at specific time points.

Cell proliferation assays

For colony formation, cells were seeded into 6-well plates. 2 
weeks later, colonies were fixed in methanol (Solarbio, Bei-
jing, China) and dyed by crystal violet (Solarbio), followed 
by manual calculation. CCK-8 and EdU staining were per-
formed as described previously [20].

Cell apoptosis assays

AGS and SGC-7901 cell apoptosis was evaluated using 
Click-iT® TUNEL Alexa  Fluor® Imageing Assay (Invitro-
gen). Cells were stained with DAPI (Thermo Fisher Scien-
tific) and observed by Olympus IX70 Inverted Microscope 
(Olympus, Tokyo, Japan). For flow cytometry analysis, cells 
were subjected to FITC Annexin V Apoptosis Detection Kit 
(Ruibo, Guangzhou, China) for 30 min in the dark, evalu-
ated by BD Accuri C6 Plus personal flow cytometer (Bec-
ton–Dickinson, Mountain View, USA).

Fluorescence in situ hybridization (FISH) assay

LBX2-AS1 subcellular localization was evaluated by FISH 
Tag™ DNA Multicolor Kit, Alexa Fluor™ dye combina-
tion (Thermo fisher, F32951). Cells were fixed by 4% para-
formaldehyde. LBX2-AS1 FISH probe (Sigma-Aldrich, 
Milan, Italy) hybridization solution was added into plate. 
Nucleus was stained with DAPI for 10 min. Laser Confocal 
Laser Scanning Microscope-FV3000 (Olympus) was used 
to obtain the fluorescence images.

Subcellular fractionation assay

Cytoplasmic and Nuclear RNA Purification Kit (Norgen, 
Ontario, Canada) was employed based on the specification. 
Expression levels of LBX2-AS1 were assessed by qRT-
PCR analysis. GAPDH and U6 were used for cytoplasmic 
or nuclear control.

RNA immunoprecipitation (RIP) and RNA pull‑down 
assays

MS2-RIP and Ago2-RIP were carried out based on the pre-
vious study [21]. As for RNA pull-down assay, cell lysates 
were incubated with biotinylated RNA overnight, then cul-
tivated with streptavidin agarose beads. Finally, the pulled-
down complex was assayed by qRT-PCR or western blotting.

Luciferase reporter assay

The wild-type or mutant binding sites of miR-219a-2-3p in 
LBX2-AS1 sequences or FUS 3′ UTR were sub-cloned into 
pmirGLO dual-luciferase vector, named as LBX2-AS1-WT/
MUT or FUS-WT/MUT, followed by co-transfection with 
miR-219a-2-3p mimics or NC mimics into AGS or SGC-
7901 cells. The pGL3-Basis luciferase vector (Promega) 
was utilized for the LBX2-AS1 promoter-luciferase analy-
sis. The luciferase activity was measured after 48 h using 

Fig. 2  LBX2-AS1 sponged miR-219a-2-3p in GC cells. a, b FISH 
and subcellular location assay indicated that LBX2-AS1 was mainly 
enriched in the cytoplasm of AGS and SGC-7901 cells. c LBX2-
AS1 abundance in precipitated Ago2 complex was assessed by 
RIP assay. d MS2-pull-down assay revealed the miRNAs interact-
ing with LBX2-AS1 in GC cells. e Luciferase reporters were estab-
lished based on predicted binding sites between miR-219a-2-3p and 
LBX2-AS1. f Transfection efficiency of miR-219a-2-3p mimics. g 
Luciferase reporter assay demonstrated the binding miR-219a-2-3p 
and LBX2-AS1-WT. h qRT-PCR analysis proved the downregula-
tion of miR-219a-2-3p in GC tissue samples. i The negative expres-
sion correlation of miR-219a-2-3p with LBX2-AS1. j qRT-PCR 
analysis proved the downregulation of miR-219a-2-3p in GC cells. 
k qRT-PCR analysis probed the LBX2-AS1 expression in the pres-
ence of miR-219a-2-3p mimics. l qRT-PCR analysis examined miR-
219a-2-3p expression in response to shLBX2-AS1#1. Results were 
expressed as the mean ± SD. *P < 0.05, **P < 0.01

◂
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Dual-Luciferase Report Assay System (Promega, Madison, 
WI, USA).

ChIP assay

Magna ChIP Kit (Millipore) was purchased for ChIP assay. 
After cross-linked chromatin fragments were sonicated, 
lysates were immunoprecipitated with anti-LBX2 or anti-
IgG antibody. Precipitated chromatin was detected by qRT-
PCR. Primers for ChIP-qPCR were as follows: Forward: 
TTC TAC TCT CCC CTG AGC CC; Reverse: ACT CCC CTT 
CCT GCG AAT TG.

In vivo tumor growth assay

Six-week-old male BALB/C athymic nude mice were 
commercially acquired from National Laboratory Animal 
Center (Beijing, China). Animal experiment was conducted 
strictly in light of the protocol approved by the Administra-
tive Panel on Laboratory Animal Care of the First Affiliated 
Hospital of Zhengzhou University. Ethical approval has been 
provided by the institute. The AGS cells transfected with 
shLBX2-AS1#1 or shNC were collected and subcutaneously 
injected into nude mice, with the measurement of tumor vol-
ume every 4 days. 28 days after injection, mice were killed. 
Tumors were excised and weighed for subsequent analysis.

Immunohistochemistry staining (IHC)

Tumor tissue samples from in vivo assay were fixed by 4% 
paraformaldehyde and immunostained with Hematoxylin 
& Eosin (H&E). IHC staining was conducted on consecu-
tive 4 μm thick sections of paraffin-embedded tissues. The 
specific antibody against Ki67 (ab15580, abcam), PCNA 
(ab92552, abcam), FUS (ab124923, abcam) or LBX2 (PA5-
60662, ThermoFisher) was obtained.

Western blot

Cells were lysed by RIPA buffer, subjected to SDS-PAGE 
and transferred to PVDF (Millipore, MA, USA). After seal-
ing with skim milk, membranes were incubated with pri-
mary antibodies including anti-FUS (ab228840, Abcam, 
Cambridge, USA), anti-LBX2 (ab164764, Abcam) and anti-
GAPDH (ab181602, Abcam). Proteins were detected using 
chemiluminescence system.

Statistical analysis

Data from three replications were analyzed by SPSS 22.0 
(SPSS, Chicago, USA) and GraphPad Prism 6 (GraphPad, 

San Diego, CA) and denoted as mean ± SD. Overall survival 
was calculated by Kaplan–Meier method. Gene expression 
correlation was assayed by Pearson’s correlation analysis. 
Significance of variances was evaluated by Student’s t test 
or ANOVA. P < 0.05 has statistical significance.

Results

LBX2‑AS1 was overexpressed in gastric cancer 
and its knockdown restrained cell proliferation 
and stimulated apoptosis

Through browsing GEPIA dataset, we observed the relatively 
high expression of LBX2-AS1 in multiple malignancies, 
including stomach adenocarcinoma (STAD) (Supplementary 
Fig. 1a, b and Fig. 1a). Our study aimed to explore possible 
molecular targets for gastric cancer (GC), hence we chose 
LBX2-AS1 for in-depth investigations. Accordingly, LBX2-
AS1 expression was significantly elevated in GC tissues in 
comparison with normal tissues (Fig. 1b). Kaplan–Meier 
analysis discovered that high LBX2-AS1 expression was 
in association with low survival rate (Fig. 1c). Similarly, 
LBX2-AS1 expression was also distinctly heightened in GC 
cells compared to normal GES-1 cells (Fig. 1d). Sequen-
tially, loss-of-function assays were conducted for determin-
ing the influences of LBX2-AS1 on GC cells. The shRNAs 
targeting LBX2-AS1 (shLBX2-AS1#1/2/3) were trans-
fected into AGS and SGC-7901 cells with higher levels of 
LBX2-AS1 to knock down LBX2-AS1 expression (Fig. 1e). 
CCK-8 assay demonstrated that cell viability was inhibited 
when LBX2-AS1 was silenced (Fig. 1f). Colony forming 
and EdU assays found that cell proliferation was repressed 
after silencing LBX2-AS1 (Fig. 1g, h). Via flow cytometry 
analysis, it was viewed that cell apoptosis rate was raised 
by LBX2-AS1 depletion, which was in accordant with the 
results of TUNEL assay (Fig. 1i, j). Totally, cell proliferation 
and apoptosis were, respectively, suppressed and promoted 
by LBX2-AS1 inhibition in GC.

LBX2‑AS1 exerted as a sponge for miR‑219a‑3p 
in GC

The function roles of lncRNAs are largely due to their loca-
tions in tumor cells [22, 23]. And LBX2-AS1 was assumed 
to be located in the cytosol of GC cells with the assistance 
of lncLocator website (http://www.csbio .sjtu.edu.cn/bioin 
f/lncLo cator /) (Supplementary Fig. 1c). Then FISH and 
subcellular fractionation experiments were employed to 
locate LBX2-AS1 in AGS and SGC-7901 cells. The results 
indicated that LBX2-AS1 was mainly seated in the cyto-
plasm of GC cells (Fig. 2a, b). The ceRNA network is a 
well-known model constituted by lncRNAs/circRNAs, 

http://www.csbio.sjtu.edu.cn/bioinf/lncLocator/
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Fig. 3  FUS acted as the target gene of miR-219a-2-3p. a qRT-PCR 
analysis for the possible mRNAs influenced by miR-219a-2-3p. b 
qRT-PCR analysis verified the high expression of FUS in GC tissues. 
c Pearson’s correlation analysis presented the correlation between 
FUS and LBX2-AS1 or miR-219a-2-3p expressions. d qRT-PCR 
and western blot analyses showed the elevated mRNA and protein 
levels of FUS in GC cells. e, f qRT-PCR and western blot analyses 
disclosed the impacts of depleted LBX2-AS1 or enhanced miR-219a-

2-3p on FUS expression AGS and SGC-7901 cells. g–i The combina-
tion of miR-219a-2-3p and FUS mRNA was verified by RNA pull-
down and luciferase reporter assays. j qRT-PCR and western blot 
analyses of FUS expression after transfection with shRNAs against 
FUS in GC cells. k–m Cell viability, proliferation and apoptosis of 
AGS and SGC-7901 cells were monitored. Results were expressed as 
the mean ± SD. **P < 0.01



456 Z. Yang et al.

1 3

microRNAs and mRNAs in the cytoplasm [24, 25], which 
prompted us to inquire about the associated mechanism. RIP 
experiment detected that a large proportion of LBX2-AS1 

was precipitated by anti-Ago2, hinting the participation of 
LBX2-AS1 in ceRNA model (Fig. 2c). Therefore, we utilized 
starBase, an online prediction tool for RNA interactions, to 
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look for downstream miRNAs. From starBase, 23 predicted 
miRNAs binding with LBX2-AS1 were found out. We 
analyzed the levels of these miRNAs in tumor versus con-
trol cells. Results showed that seven miRNAs (miR-4784, 
miR-3150a-3p, miR-384, miR-665, miR-650, miR-491-5p 
and miR-219a-2-3p) were overtly down-regulated (Supple-
mentary Table 1). Next, MS2-pull-down assay was applied 
to examine which miRNA possessed the highest binding 
affinity with LBX2-AS1. Consequently, miR-219a-2-3p 
represented the highest enrichment by MS2-LBX2-AS1-wt 
probe (Fig. 2d). For luciferase reporter assay, the binding 
sites between LBX2-AS1 and miR-219a-2-3p were shown 
and miR-219a-2-3p was up-regulated by miR-219a-2-3p 
mimics (Fig. 2e, f). The luciferase activity of LBX2-AS1-
WT was refrained by miR-219a-2-3p overexpression and 
that of LBX2-AS1-MUT varied not (Fig. 2g). Additionally, 
miR-219a-2-3p was markedly repressed in GC tissues, and 
Pearson correlation analysis revealed that miR-219a-2-3p 
expression was negatively associated with LBX2-AS1 
expression (Fig. 2h, i). In GC cells, miR-219a-2-3p levels 
were dramatically down-regulated (Fig. 2j). What’s more, 
LBX2-AS1 expression was silenced with miR-219a-2-3p 
overexpression and miR-219a-2-3p expression was increased 
with LBX2-AS1 down-regulation (Fig. 2k, l). These findings 
illustrated that miR-219a-2-3p was–negatively regulated by 
LBX2-AS1.

miR‑219a‑2‑3p targeted FUS which affected 
the proliferation and apoptosis of GC cells

MicroRNAs have been widely reported as tumor suppressors 
by regulating their downstream mRNAs [26, 27]. In this s 
regard, we analyzed the downstream targets of miR-219a-3p. 
Then top 200 target mRNAs (AgoExpNum) of miR-219a-
2-3p were unveiled from starBase v2.0 (http://starb ase.sysu.
edu.cn/). The levels of 200 mRNAs were compared in GES-
1, AGS, and SGC-7901 cells by qRT-PCR analysis to obtain 
the differentially expressed genes. The top five up-regulated 
mRNAs were FUS, SHOC2, FNDC3B, G3BP2 and NUFIP2 

(Fig. 3a). Subsequently, we examined five gene expressions 
in GC tissues. FUS was highly expressed in GC tissues 
(Supplementary Fig. 1d–g and Fig. 3b). Pearson correla-
tion analysis determined that FUS was positively correlated 
with LBX2-AS1 but inversely associated with miR-219a-
2-3p (Fig. 3c). FUS mRNA and protein levels were also 
higher in GC cells than that in GES-1 cells (Fig. 3d). In 
addition, the mRNA and protein levels of FUS were lowered 
by LBX2-AS1 knockdown or miR-219a-2-3p overexpression 
(Fig. 3e, f). After confirming the impact of LBX2-AS1 or 
miR-219a-2-3p on FUS expression, we attempted to verify 
the binding between miR-219a-2-3p and FUS mRNA. In 
RNA pull-down experiment, FUS was pulled down by bio-
miR-219a-2-3p-wt (Fig. 3g). Bioinformatics tools predicted 
the interaction between miR-219a-2-3p and FUS mRNA 
(Fig. 3h). Luciferase reporter assay presented miR-219a-
2-3p mimics impaired the luciferase activity of FUS-WT 
(Fig. 3i). Besides, the functional role of FUS in GC cells 
was probed. FUS expression at mRNA and protein levels 
was, respectively, knocked down by shFUS#1, shFUS#2 
and shFUS#3, among which shFUS#2 caused the lowest 
FUS levels (Fig. 3j). The results of CCK-8 and EdU assays 
indicated that FUS silencing suppressed cell proliferation 
(Fig. 3k, l). Flow cytometry analysis showed that cell apop-
tosis was activated upon FUS knockdown (Fig. 3m). These 
data elucidated that FUS was targeted by miR-219a-2-3p and 
upregulated by LBX2-AS1.

LBX2‑AS1 positively regulated LBX2 via FUS

LBX2 was discovered to be a nearby gene of LBX2-AS1 by 
UCSC genome browser. Whether LBX2-AS1 could modu-
late LBX2 was not clear, thereafter we tested the levels of 
LBX2 under transfection of shLBX2-AS1#1. It was noted 
that LBX2 mRNA and protein levels were decreased fol-
lowing LBX2-AS1 deficiency (Fig. 4a). Then we performed 
RIP assay to observe the participation of LBX2-AS1 and 
LBX2 in ceRNA model. LBX2-AS1 and LBX2 were not 
co-expressed in Ago2 protein, indicating that LBX2-AS1 
could not function as ceRNA to modulate LBX2 expres-
sion (Fig.  4b). Considering that RNA-binding protein 
(RBP) interaction is also a noted regulation mechanism in 
the cytoplasm [28]. We supposed that RBP may involve in 
LBX2-AS1-mediated LBX2 regulation. After the addition 
of Actinomycin D repressing RNA synthesis, the half-life 
of LBX2 was advanced by LBX2-AS1 down-regulation 
(Fig. 4c). To find the possible proteins binding with LBX2 
mRNA, Pull-down silver staining and mass-spectrometry 
analysis were implemented. Strikingly, FUS protein was 
emerged among those proteins. Additionally, the binding 
of FUS protein to LBX2 was further confirmed by perform-
ing RNA pull-down assay followed by western blot analy-
sis (Fig. 4d). Intriguingly, FUS silencing promoted the 

Fig. 4  LBX2-AS1 modulated LBX2 stability via FUS. a The mRNA 
and protein levels of LBX2 were diminished through transfecting 
cells with shLBX2-AS1#1. b LBX2-AS1 and LBX2 mRNA did not 
co-existed in Ago2 protein c LBX2 mRNA stability was destroyed 
by shLBX2-AS1#1 under Actinomycin D treatment. d Detection of 
the proteins binding to LBX2 by silver staining and RNA pull-down 
assays. e LBX2 mRNA stability was decreased by shFUS after treat-
ing cells with Actinomycin D. f Bioinformatics analysis predicted 
the binding region of LBX2 for FUS. g, h RNA pull-down and RIP 
assay proved the binding of FUS to LBX2 (3′UTR). i FUS overex-
pression vector strengthened the mRNA and protein levels of FUS in 
qRT-PCR analysis. j The reduced LBX2 mRNA stability by silenc-
ing LBX2-AS1 was restored via enhancing FUS expression in qRT-
PCR assay. Results were expressed as the mean ± SD. *P < 0.05, 
**P < 0.01

◂

http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/


458 Z. Yang et al.

1 3



459LBX2-AS1/miR-219a-2-3p/FUS/LBX2 positive feedback loop contributes to the proliferation…

1 3

degradation of LBX2 mRNA under Actinomycin D addi-
tion (Fig. 4e). As shown in Fig. 4f, three assumed bind-
ing sites (LBX2-201, LBX2-202 and LBX2-203) of LBX2 
mRNA for binding FUS were obtained. In RNA pull-down 
assay, FUS protein was only pulled down in LBX2-201 
group (Fig. 4g). The binding of FUS to LBX2 was testified 
again by RIP assay (Fig. 4h). To observe the co-impacts of 
LBX2-AS1 and FUS on LBX2, FUS was overexpressed by 
pcDNA3.1/FUS (Fig. 4i). As a result, LBX2 mRNA stability 
was reduced by shLBX2-AS1#1 but regained by pcDNA3.1/
FUS (Fig. 4j). Above results testified the hypothesis told us 
that LBX2-AS1 positively modulated LBX2 via FUS.

LBX2 transcriptionally regulated LBX2‑AS1

LBX2 has been reported to function as a transcription fac-
tor in cellular processes [29]. Interestingly, it was displayed 
that LBX2 knockdown or overexpression could negatively 
or positively mediate LBX2-AS1 (Fig. 5a, b). Further, we 
sought to explore whether LBX2 could serve as a transcrip-
tion factor of LBX2-AS1. Herein, JASPAR was utilized to 
investigate the DNA motif of transcription factor LBX2. The 
DNA motif of LBX2 was exhibited in Fig. 5c. The wild 
and mutated binding sites of LBX2-AS1 promoter were pre-
sented in Fig. 5d. The luciferase activity of LBX2-AS1-WT 
(wild LBX2-AS1 promoter) or LBX2-AS1-Mut2 (LBX2-
AS1 promoter with mutated P2) was significantly injured 
by the knockdown of LBX2, whereas that of LBX2-AS1-
Mut1 (LBX2-AS1 promoter with mutated P1) or LBX2-
AS1-Mut1 + 2 (LBX2-AS1 promoter with mutated P1 
and P2) changed not, indicating P1 was the actual binding 
sites (Fig. 5e). ChIP assay validated that LBX2 was largely 
enriched LBX2-AS1 promoter (Fig. 5f). We then estimated 
the levels of LBX2 in GC tissues. LBX2 expression was 
obviously up-regulated in GC tissues (Fig. 5g). Addition-
ally, LBX2 expression and LBX2-AS1 expression were in 
positive correlation (Fig. 5h). Moreover, LBX2 mRNA and 
protein levels were also heightened in GC cells (Fig. 5i). 
These conclusions hinted that LBX2-AS1 was under the 
transcriptional regulation of LBX2.

FUS or LBX2 overexpression abrogated 
the inhibitory effect of LBX2‑AS1 silence 
on the proliferation of GC cells

In the end, rescue assays were carried out to confirm the 
whole modulatory mechanism. In CCK-8 assay, cell viability 
inhibited by shLBX2-AS1#1 was regained by pcDNA3.1/
FUS or pcDNA3.1/LBX2 (Fig.  6a). In colony forming 
assay, the number of colonies was decreased upon LBX2-
AS1down-regulation but increased via FUS or LBX2 pro-
motion (Fig.  6b). EdU assay exhibited that LBX2-AS1 
silence repressed cell proliferation and this phenomenon was 
neutralized by overexpression of FUS or LBX2 (Fig. 6c). 
According to flow cytometry analysis, the increased cell 
apoptosis by LBX2-AS1 silencing was reduced by FUS 
or LBX2 enhancement (Fig. 6d). TUNEL assay indicated 
that the number of TUNEL positive cells was increased by 
LBX2-AS1 knockdown which was abolished with the intro-
duction of FUS or LBX2 (Fig. 6e). All these experiments 
proved that LBX2-AS1 regulated GC proliferation via FUS 
and LBX2.

LBX2‑AS1 promoted tumor growth of GC in vivo

To explore whether LBX2-AS1 could affect GC growth 
in vivo, we established animal models via the injection of 
AGS cells pre-treated with shNC or shLBX2-AS1#1 into 
mice. The volume of xenograft tumors was measured every 
four days. 28 days later, tumor weight was also weighed. As 
presented in Fig. 7a, shLBX2-AS1#1 group tumor devel-
oped slower than that in sh-NC group. Tumor weight in 
shLBX2-AS1#1 group was lighter compared with shNC 
group (Fig. 7b). qRT-PCR in xenograft tumors demon-
strated that LBX2-AS1, FUS and LBX2 levels were reduced 
in shLBX2-AS1#1 group while the level of miR-219a-2-3p 
was augmented (Fig. 7c). Western blot assay also proved 
the decreased protein level of FUS and LBX2 in shLBX2-
AS1#1 group (Fig. 7d). IHC staining discovered that Ki67 
and PCNA positivity was lowered in LBX2-AS1 knockdown 
tumors. FUS and LBX2 expression was accordingly declined 
in LBX2-AS1 knockdown tumors (Fig. 7e). In conclusion, 
LBX2-AS1 stimulated tumor growth of GC in vivo.

Discussion

The explorations of long non-coding RNAs (lncRNAs) in 
gastric cancer (GC) are broadly conducted. For example, 
LINC00707 promotes proliferation and metastasis in gastric 
cancer via interaction with HuR [30]. The lncRNA HOTAIR/
miR-17-5p/PTEN axis functions inversely with Shenqifuz-
heng (SQFZ) injection in relation to the chemosensitivity of 
GC cells [31]. LINC01234 sponges miR-204-5p to regulate 

Fig. 5  LBX2 affected LBX2-AS1 transcription in GC cells. a AGS 
and SGC-7901 cells transfected with shLBX2 or pcDNA3.1/LBX2 
were subjected to western blotting. b The expression changes of 
LBX2-AS1 in response to shLBX2 or pcDNA3.1/LBX2. c The 
DNA motif of LBX2 was shown. d The binding sequences between 
LBX2 protein and LBX2-AS1 promoter were shown. e, f Luciferase 
reporter and ChIP assays identified LBX2 as the transcription factor 
of LBX2-AS1. g qRT-PCR showed that LBX2 was expressed highly 
in GC tissues. h The positive correlation between LBX2-AS1 and 
LBX2was revealed by Pearson’s correlation analysis. i The mRNA 
and protein levels of LBX2 in GC cells. Results were expressed as the 
mean ± SD. *P < 0.05, **P < 0.01
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Fig. 6  LBX2-AS1 contributed to GC cell proliferation through miR-
219a-2-3p/FUS/LBX2 axis. a–c Cell proliferation assays implied that 
the proliferative capacity of AGS cells was weakened by LBX2-AS1 
knockdown, but was rescued after overexpressing FUS or LBX2. d, 

e Flow cytometry and TUNEL manifested that overexpression of 
FUS or LBX2 could decrease the amount of LBX2-AS1 depletion-
mediated apoptotic cells. Results were expressed as the mean ± SD. 
**P < 0.01
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CBFB expression by acting as a competing endogenous 
RNA in gastric cancer [32]. Nevertheless, more studies of 
functional lncRNAs are requisite.

Previous documentation revealed that elevated LBX2-
AS1 facilitates esophageal squamous cell carcinoma cell 
migration and EMT [13]. Besides, LBX2-AS1 was increased 
in non-small cell lung cancer and correlated with poor prog-
nosis and malignant cellular behaviors [33]. Via browsing 
the cancer genome atlas (TCGA) dataset, we viewed that 
LBX2-AS1 antisense RNA 1 (LBX2-AS1) was an overex-
pressed lncRNA in nearly 70% of cancers, implying its huge 
potential in tumor regulation. In stomach adenocarcinoma 

(STAD), LBX2-AS1 expression was also heightened. Cur-
rently, our group has concentrated on gastric cancer develop-
ment. Taken these data together, we determined to explore 
the undefined expression pattern and possible role of LBX2-
AS1 in GC. For the first time, our study revealed the LBX2-
AS1 was highly expressed and played oncogenic function 
in GC. LBX2-AS1 depletion attenuated the unlimited cell 
growth, migration and EMT process while increased cell 
apoptosis in GC.

Subsequently, we decided to excavate the specified mech-
anism underlying LBX2-AS1. Due to the cytoplasm location 
of LBX2-AS1, ceRNA model occurred in our mind where 

Fig. 7  LBX2-AS1 promoted GC cell growth in vivo. a Tumor growth 
curves of mice in two groups. b Tumor weights in two groups. c qRT-
PCR assay of LBX2-AS1, miR-219a-2-3p, FUS, and LBX2 level in 
mouse tumors from two groups. d Western blot assay of FUS and 
LBX2 protein in mouse tumors from two groups. e (h & e) staining 

and immunohistochemical (IHC) assay detection of Ki67, PCNA, 
FUS and LBX2 expressions. f Schematic model of the LBX2-AS1/
miR-219a-2-3p/FUS/LBX2 positive feedback loop in gastric cancer. 
Results were expressed as the mean ± SD. *P < 0.05, **P < 0.01
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lncRNAs can serve as sponges of microRNAs (miRNAs) 
targeting downstream genes. For instances, LINC00665 
boosts the progression of lung adenocarcinoma by regulating 
AKR1B10-ERK signaling through sponging miR-98 [34]; 
lncRNA NORAD activate the TGF-β pathway to facilitate 
hepatocellular carcinoma progression by miR-202-5p [35]; 
STAT3-induced upregulation of lncRNA MEG3 regulates 
the growth of cardiac hypertrophy through miR-361-5p/
HDAC9 axis [36]. Hence, 23 predicted target miRNAs of 
LBX2-AS1 obtained from starBase were analyzed by qRT-
PCR. Seven miRNAs were selected and further experi-
mented to find the miRNA binding with LBX2-AS1 to 
the largest extent. MS2-pull-down assay determined that 
miR-219a-2-3p owned the highest affinity with LBX2-AS1. 
Mechanism experiments affirmed that miR-219a-2-3p was 
expressed at low levels in GC tissues and cells, and also in 
negative relation with LBX2-AS1. Further, we sought out 
fused in sarcoma (FUS), the most possible downstream gene 
under LBX2-AS1/miR-219a-2-3p axis. FUS has already 
been reported to promote tumor progression by various 
researches [16–18]. In this paper, FUS was highly expressed 
in GC tissues and cells. FUS expression was in positive asso-
ciation with LBX2-AS1 and in negative association with 
miR-219a-2-3p. In addition, silencing of FUS could repress 
cell proliferation and activate cell apoptosis. Here, we dis-
covered the LBX2-AS1/miR-219a-2-3p/FUS pathway.

from UCSC website, we found that LBX2 was the host 
gene of LBX2-AS1. LBX2 was positively regulated by 
LBX2-AS1. Nevertheless, LBX2 and LBX2-AS1 was not 
as enriched in Ago2 protein. Eventually, we uncovered 
that the mRNA stability of LBX2 could be impaired when 
LBX2-AS1 was silenced. Since that, we supposed that there 
might be some RNA-binding protein (RBP) serving between 
LBX2-AS1 and LBX2. Strikingly, FUS was revealed to 
bind with LBX2. Then, LBX2-AS1 was proved to medi-
ate LBX2 stability via FUS. What’s more, LBX2 has been 
demonstrated to exert its function as a transcription factor 
[29]. Thereafter, we determined that LBX2 could modulate 
LBX2-AS1 at transcriptional level. Overall, LBX2-AS1 
post-transcriptionally modulated LBX2 via FUS and LBX2 
in turn transcriptionally regulated LBX2-AS1.

Both rescue experiments and in vivo assays testified that 
LBX2-AS1/miR-219a-2-3p/FUS/LBX2 axis positively 
worked in GC growth. In conclusion, LBX2-AS1 absorbed 
miR-219a-2-3p to increase FUS, therefore, promoting FUS 
protein levels to stabilize LBX2 that could activate LBX2-
AS1 (Fig. 7f). These findings provided us with new insights 
into the therapy of GC patients.
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